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Chapter 1

1.1 Introduction

This thesis deals with YBa2Cu306+x , one of the so called "high Tc"

superconductors. Since 1986, the year that Bednorz and Muller published

their famous first paper [1], the study of these materials has grown out to

one of the most popular fields in solid state physics in the last decennia.

Very few discoveries have evoked so immense an activity among scientists

all over the world, theorists as well as experimentalists, as this Nobel

prize winning one.

This first chapter will be started with a sketch of the history of

superconductivity, after which we shall focus on the high Tc

superconductors and briefly summarize some of the experimental results and

the theoretical ideas.

1.2 A short history of superconductivity.

Superconductivity has been observed for the first time by H. Kamerlingh

Onnes at the university of Leiden in 1911, three years after he had

succeeded in liquefying helium. He found that the resistivity of mercury

dropped to zero at T = 4.2 K [2]. A second basic feature of

superconductivity, the fact that spontaneously all magnetic flux is

expelled when cooled through the superconducting transition, was discovered

by Meissner and Ochsenfeld in 1933 [3]. The first - phenomenological -

theory was introduced by F. and H. London in 1934, consisting of a set of

equations accounting for the observed properties of zero resistance and

perfect diamagnetism. Eventually the London theory was extended to include

the two-fluid concept, the idea that a superconductor consists of two

interpenetrating fluids, a normal fluid that exhibits resistance and a

superconducting one that obeys the London equations [4].
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In 1950 Ginzburg and Landau introduced a pseudo wave function and described

superconductivity as a macroscopic quantum phenomenon [5]. The London

equations follow directly from their theory and its predictions describe so

correctly the qualitative behaviour of superconductors that it is still a

subject of study. One of the consequences of the Ginzburg Landau theory was

published by Abrikosov [6] in 1957, who predicted the type II

superconductors, which have a lattice of vortices containing a flux quantum

in the presence of sufficiently large magnetic fields.

Shortly afterwards (1957) a microscopic theory was proposed by Bardeen,

Cooper and Schrieffer, covering all the superconductors at that time (the

highest Tc was about 18 K for Nb3Sn ) [7], In this theory independent

electrons are coupled through an electron-phonon interaction, which leads

to a gap between the ground state and the excited levels. That this BCS

theory contained the macroscopic quantum nature of superconductivity was

proved by Gor'kov, who showed that one could derive the Ginzburg Landau

theory from the BCS one [8].

After the confirmation of the electron-phonon coupling it was tried to find

a high Tc in unusual materials and to invent new (non electon-phonon)

interactions. Out of this came e.g. organic superconductors and heavy

fermion superconductors, which remain exotic to this day. Nevertheless the

highest Tc stayed 23.3 K for Nb3Ge (obtained in 1973), a classic BCS

superconductor, until September 1986, when the announcement of (possible)

superconductivity in the 30 K range in a Ba-La-Cu-0 system [1] opened a new

era in the field of superconductivity.

This first high Tc compound was soon confirmed and refined by a number of

laboratories. It was established that a Tc occurs between 20 and 40 K for

La2_x MxCuO4 (where Ba, Sr and Ca are possibilities for M) with x between

0.06 and 0.20 with a maximum at x = 0.15. The next step followed soon

after. Because they had seen a large effect on increasing the pressure, Wu

et al. replaced the La by the smaller Y, which led to YBa2Cu306+x ,

superconducting at T_ = 92 K for x =; 1 [9]. In early 1988 another

breackthrough came from Maeda et al. [10] and Chu et al. [11] with the

discovery of Bi2Sr2CaCu208S , with a TC around 80 K , which was rapidly

followed by Tl2Sr2CaCu20B_s [12], superconducting below about 100 K.

All these compounds had several special features in common, particularly

the existence of (nearly) square CuO2 layers separated by more-or-less

ionic regions. La2_x MxCuO4 contains one of these layers, the other

compounds two. Therefore it was tried to increase this number, which

resulted in BijSrjCa^ Cun04+2n and Tl2Sr2Can_, Cun04+2n with n = 1, 2 or 3

and indeed increasing T 's. It is claimed, however, that an n = 4 compound
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has a lower Tc, which should indicate that the 2-dimensional character is

important.

A large number of variants has been reported, which are all related to one

or the other of the mentioned compounds, and all have these Cuo2 layers.

One of these is of particular interest: Nd2_x CexCu04 [13], because it has

electrons as the charge carriers, in contrast to all the other high Tc

superconductors (till today), which have positive charge carriers (holes).

An important compound to mention, which stands a bit apart, is Ba1_x KxBi03,

with a Tc at about 30 K [14]. Very remarkable is here that it does not

contain any copper or other magnetic ions, and that the 2-diraensionality

seems to be absent. However, as yet there is no agreement on wether this

compound must be considered to be close to the copper oxide ones, or as an

extreme example of a BCS superconductor.

1.3 The high T superconductors.

Before going into the details of these M g h Tc superconductors, it will be

fruitful to compare some of the basic properties of these materials to

those of conventional ones, which are appropriately described by the BCS

theory (see e.g. [15]).

Of course both the conventional and the high Tc superconductors exhibit

infinite conductivity. Also they show perfect diamagnetism (the Meissner-

Ochsenfeld effect), although a 100 % expulsion of the magnetic field is for

the high Tc compounds only obtained in high quality samples at very low

fields (of the order of 1 Oe). The penetration depth X (which determines

the distance over which an external magnetic field penetrates the surface

of a specimen) of the high Tc materials is larger (anisotropic, but of the

order of 1000 A [16]) than for conventional compounds (e.g. Al: A = 16 A,

Pb: X = 37 A).

Flux quantization experiments have shown that in high Tc compounds the

charge carriers are bound in pairs [17], like in the BCS theory. The

intrinsic correlation length Sv0 in the high Tc compounds is smaller (also

anistropic, but in the range of 10 A [16]) than in classic compounds (e.g.

Al: Zo = 1600 A, Pb: £0 = 83 A). The high Tc compounds are type II

superconductors (compare section 1.2), in agreement with £0 < X.

So far both classes of superconductors can be compared rather well.

However, there are several examples where this is more difficult. For
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instance, for BCS superconductors an energy gap Eg = 3.5 kflTc separates

superconducting electrons below the gap from normal electrons above. This

gap can be determined from heat capacity, infrared absorption or tunneling

measurements. For high Tc compounds this appears to be very difficult.

Various experiments might be interpreted by such a gap, but the obtained

Eg's vary between 2kBTc and 8kBTc [16]. Moreover, especially spectroscopic

studies indicate a large amount of quasiparticles below these energies.

Another BCS feature that is not observed in the high Tc superconductors is

the isotope effect, i.e. the variation of the critical temperature as a

function of the isotopic mass as Tc ~ VL . The observed effect is at least

10 times smaller than the BCS prediction.

Also the specific heat behaviour near Tc is very different from

conventional superconductors. In most compounds the anomaly at Tc is very

small or even absent.

Finally, and important for this study, conventional superconductors are

very sensitive to magnetic impurities, even at very low concentrations

[18]. In contrast to this, the high Tc superconductors contain CuO2 layers

with magnetic Cu2+ ions (as will be described in this thesis). These

magnetic moments are even ordered antiferromagnetioally in compounds that

are basically identical, but not superconducting (e.g. YBa2Cu306+x for x <

0.4). When a few percent of these copper ions are replaced by e.g. Zn2+

(non-magnetic) or Ni2+ (S = 1), the superconductivity vanishes [19].

In the picture of the classic superconductors this is hard tc explain, and

indeed several theoreticians have based new models on magnetic grounds, or

at least take them into account. This was for us the reason to start a

detailed study of the magnetic properties of a representative member of the

high Tc superconducting family: YBa2Cu305+x .

1.4 YBa2Cu306+x

In this section we shall give a short introduction to YBa2Cu306+x (for a

detailed and complete overview of this compound, several reviews already

appeared in the literature [16,20,21]).

The first thing to say is that the oxygen content in YBa2Cu306+x can be

varied (0 < x < 1), which changes the physical properties dramatically. In

the reduced state (x = 0), the compound is tetragonal (see chapter 3),

insulating, non-superconducting and (see chapter 4) there exists an
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antiferromagnetic order. When increasing the oxygen content, at about x =

0.4 a series of important phase transitions takes place: the compound

becomes orthorhombic (chapter 3), conducting, superconducting (below a

certain Tc) and it looses its long range 3-dimensional magnetic order. A

schematic phase diagram is given in figure 1 . It has not yet been proved

unambiguously that all these transitions occur at exactly the same oxygen

content, but in any case they all take place in a narrow oxygen range

between, say, x = 0.35 and 0.45. Because the orthorhombicity is very small

(~2 % ) , in the orthorhombic phase twinning is observed, i.e. the crystal is

divided into domains with interchanged axes in the basal plane. This

complicates several experimental techniques. When increasing the oxygen

content up to x a 1, a final superconducting critical temperature of Tc=

92 K is obtained.

Using Hall measurements, in most ceramic samples positive charge carriers

are observed [22]. However, experiments on single crystals have shown

strong orientation effects here. YBa2Cu306+x shows a lamellar,

2-dimensional structure (chapter 3). It is therefore not surprising that

these important anisotropy effects are seen. This is also the case for the

normal state resistivity. For fully oxydated single crystals of good

quality both within the layers and perpendicular to them a metallic

behaviour is observed, the resistivity for the latter orientation being a

factor of 20 to 50 higher than for the former [22-24]. In samples of less

quality, especially for directions perpendicular to the layers, in general

no clear linear temperature dependence of R is observed [25]. Also the

magnetic susceptibility in the normal state (chapter 6) and the critical

fields in the superconducting state are anisotropic [16,21].

Interesting features of the specific heat experiments are the rather large

linear electronic term "r (about 10-10~3 J/K2mol [26], more or less

independent of x) and the small anomaly at Tc [25,26].

Especially these macroscopic measurements appear to be very difficult to

perform in these compounds, since they are very sensitive to impurities,

lattice defects such as twins, etcetera, in the samples, which is the

reason why, especially in the beginning, several disagreeing results were

published. Often these methods are now being used to characterize the

quality of the samples.

Other experimental techniques which encounter enormous complications in

YBa2Cu306+)( are the high-energy spectroscopies, using electrons or photons,

and the same is true for positron annihilation. The reason is that these

methods are extremely surface sensitive. Here again not many clear results

have been reported (for an overview see e.g. [20,22]). One of the main
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results is that electron energy loss spectra [27] show the absence of any

states at the Fermi energy Ef for the x =± 0 compound, consistent with an

insulating gap. However, when increasing the oxygen concentration above x a

0.5 a small density of states is observed at Ef.

We shall end this brief summary of experimental work on YBa2Cu306+x here.

Some other techniques, such as NMR or \iSR, will be discussed in comparison

with our neutron scattering experiments. As was already said, for more

extensive reviews the reader is referred to the existing literature

[16,20,21,22].

1.5 Survey of existing theories

We shall now turn briefly towards the theoretical situation of the high Tc

superconductors. Again several overviews have already been published

[20,22,28-32].

As has already been shown in section 1.3, at first sight several properties

of the high Tc superconductors are in disagreement with the BCS theory.

Actually, one of the first important questions is wether we deal in the

superconducting state with a metal, with electrons {or better: holes) in

band states, or with an insulator, in which tha electrons should be

described in terms of localized states. Even on this point up to now there

is no consensus. Some experiments are claimed to favour the former (e.g.

spectroscopy, see the preceding section) or the latter possibility (see

e.g. further on in this thesis), and in general the authors only mention

some specific results in the light of their own theory. In view of the

enormous amount of experimental work that has been performed up to now, and

the encountered difficulties and controversies herein, and the equally

large quantity of theoretical efforts that has been made, it is extremely

difficult to get an overall insight in the mechanism of the

high Tc superconductivity. Therefore, in order to avoid premature

statements, a prudent attitude is advisable.

One of the main issues of discussion is wether the physics of these copper

oxide superconductors is, in analogy to other transition-metal oxides,

dominated, not by one electon effects, but by correlated electronic

behaviour. The earliest attempts to describe the electronic structure were
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based on one electron band structure calculations. One of the first

difficulties that are encountered in this case is that band structure

calculations include correlations only if they occur in a homogeneous

electron gas. Correlations arising from strong inhomogeneities of the

electron density (leading to a Hubbard-Mott gap) are not taken into account

in this approach. This results for instance in the prediction [35-37] that

the undoped La2 CuO4 (comparable to YBa2 Cu3 06) should be a conductor.

Moreover, its ground state is calculated to be non-magnetic. These two

statements are in contradiction to the experiments and indicate that a

straightforward band theory is not sufficient in this case.

In order to describe the pairing of the charge carriers in this case,

mostly BCS-like ideas are followed, in the sense of conventional

superconductors with an angular and total momentum 1 = 0 and S = 0, or of

the superfluidity of 3He, where 1 = 1 and S = 1. The main question remains

then wether the interaction between charge carriers is based on lattice

vibrations (phonons), charge fluctuations (like excitons or plasmons) or

spin fluctuations (like spin polarons, magnons or spin bags). Although it

was generally believed that the conventional phonon approach cannot lead to

a Tc above 40 or 50 K, and, moreover, the isotope effect is extremely

small, still some attempts to explain the superconductivity in this way

have been published [38].

By replacing the phonon by a charge excitation [39], one might hope to

raise Tc, since their frequency scales can at least be an order of

magnitude larger than the one for phonons. Similar arguments apply to spin

excitations [40,41], in view of the enormous magnetic exchange in the

insulating compounds.

In the other limit the strong correlation between the electrons, resulting

from a large interatomic Coulomb repulsion, have to be taken into account.

Due to these correlations a Mott-Hubbard gap can be formed, which causes

insulating behaviour.

One of the most general models in this category is an extended Hubbard

hamiltonian [44], which describes a single CuO2 plane:

H =

ud Z niTnU + °p Z nlTnU
i 1
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where i and 1 refer to Cu and 0 sites, respectively, d*^ creates a Cu-d

hole of spin a, and p*a an 0-p hole of spin a. Ud and U denote the the

intraatomic Coulomb repulsion between Cu-d and 0-p holes, respectively.

Nearest-neighbour hopping is described by t n . An important parameter is

formed by the charge transfer energy A = € - ed, associated with the

process Cu2+ 02' -» Cu+0". If A < Ud , any additional holes will have

primarily an 0-p character, whereas in the opposite case they will mainly

go into the Cu-d orbitals. in any case there will be a strong hybridization

between (some of) the oxygens i.n the square and the copper in its centre

[34]. In this way quasiparticles are formed which are responsible for the

conductivity, due to hopping. The superconductivity is caused by a pairing

mechanism of these quasiparticles, or by Bose-Einstein condensation (like

the superfluidity of AHe) of particles which already exist above Tc (as was

proposed long before the discovery of the high Tc compounds [45]).

As an example of a theory which starts from the point of view that the hole

is localized on the copper atoms, we mention the work of De Jongh [46-48],

where, due to mixed valence charge transfer, a disproportionation of Cu2+

(and Bi4+ in K.,̂  BaxBi03) to a Cu3+/Cu+ (and Bi5+/Bi3+ ) alternation is

used, where the Cu3+ (3d8) is in the low spin state. This will yield a

strong deformation of the surrounding oxygens. In Y.Ba2Cu306+x a distinction

has to be made between the copper ions in the chains, C u d ) , and those in

the planes, Cu(2) (see chapter 3). In the Cu(i) chains, defects, which form

spinless polarons in the sequence Cu3* - Cu+, are responsible for the

conductivity, and Bose-Einstein condensation of bipolarons for the

superconductivity. We remark that therefore also the Cu(1) chains

contribute to the superconductivity in this model. In the Cu(2) planes the

defects should be formed merely by Cu2+ - Cu3+ exchanges. We notice that in

that case a pair of defects is used to form an intersite bipolaron, whereas

a single defect in the Cu3+ /Cu+ sequence forms an intrasite bipolaron on

its own. Important to remark is that these bipolarons exist already above

V
An overview of the theories based on similar ideas is given in ref. [32].

Also in models, where the holes are assumed to be chiefly positioned on the

oxygen atoms (A < Ud) a quasiparticle is formed. In ref. [42], for

instance, it is assumed that the hole is shared by the square of oxygen

atoms and strongly binds it this to the central copper atom to form a local

singlet. They show that this charged singlet moves through the lattice in a

similar way as a hole in a single band Hubbard hamiltonian, but with an

effective U and t (the so-called "t-J model"). This picture is extended in
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ref. [43] to a two band model by admitting not only the hopping of the

quasiparticle to its nearest neighbours (parameter t), but also to its next

nearest neighbours ( f ) . In a second model [44] it is claimed that a hole,

located in an 0-2p state, strongly interacts with the copper atoms on both

sides. The resulting quasiparticle moves through a lattice of spins,

localized on the copper atoms. In contrast to the Cu-0 singlet in the first

model these quasiparticles have both charge and spin. In both models a

pairing of the respective quasiparticles causes the superconductivity.

Unfortunately, as has already been said, up to now no consensus is achieved

on the theoretical situation. Therefore a confrontation with the

experimentally obtained results is of great value.

1 .6 Survey

The aim of the work described in this thesis is to clarify some of the

magnetic aspects of these high Tc superconductors across the phase diagram

as a function of doping and temperature, for which we choose YBa2Cu306+x .

Any valuable theory must at least be able to account for the magnetic

behaviour of this compound, which is at first sight so different from the

one found in conventional superconductors.

We have mainly used the neutron scattering technique, which supplies a very

powerful tool for this kind of research, for it directly shows the

microscopic phenomena of the involved magnetism.

As we shall see in the next chapters, the magnetic behaviour is

unexpectedly rich in YBa2Cu306+x .

This thesis is organised as follows:

In chapter 2 an introduction to the neutron scattering technique is given

and a description is given of the employed spectrometers.

In chapter 3 the determination of the crystal structure of YBa2Cu306+)< is

described, and the single crystals which were used during all the

experiments on the magnetic properties as described in this thesis, are

characterized.

Chapter 4 deals with the phase diagram of the insulating antiferromagnetic

phase in of YBa2Cu306+J< , as obtained with neutron scattering. The inelastic

scattering experiments on the magnetic excitations in this system are
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presented in chapter 5.

In chapter 6 the total susceptibility, measured with a SQUID, is discussed.

The local magnetizations, as determined with a polarized neutron scattering

technique, are the subject of chapter 7.

In chapter 8, finally, a short summary of the obtained results is given.

REFERENCES

[1] J.G. Bednorz, K.A. Muller, Z. Phys. B 64 (1986) 189.

[2] H. Kamerlingh Onnes, Leiden Comm. 120b. 122b. 124c (1911).

[3] W. Meissner, R. Ochsenfeld, Naturwissenschaften, 21 (1933) 787.

[4] C.J. Gorter, H.B.G. Casimir, Physica 1 (1934) 306 and Phys. Z. 35

(1934) 963.

[5] V.L. Ginzburg, L.D. Landau, Zh. Eksperim. i Teor. Fiz. 20 (1950) 1064.

[6] A.A. Abrikosov, Zh. Eksperim. i Teor. Fiz. 32 (1957) 1442, JETP 5

(1957) 1174.

[7] J. Bardeen, L.N. Cooper, J.R. Schrieffer, Phys. Rev. 108 (1957) 1175.

[8] L.P. Gcr'kov, Zh. Eksperim. i Teor. Fiz. 36 (1959) 1918, JETP 9

(1959) 1364.

[9] M.K. Wu, J.R. Ashburn, C.J. Torng, P.H. Hor, R.L. Meng, L. Gao, Z.H.

Huang, Y.Q. Wang, C.W. Chu, Phys. Rev. Lett. 58 (1987) 908.

110] H. Maeda, Y. Tanaka, M. Fukutomi, T. Asano, Jpn. J. Appl. Phys. Lett.

4 (1988) L209.

[11] C.W. Chu, J. Bechthold, L. Gao, P.H. Hor, z.H. Huang, R.L. Meng, Y.Y.

Sun, Y.Q. Wang, Y.Y. Xue, Phys. Rev. Lett. 60 (1988) 941.

[12] Z.Z. Sheng, A.M. Hermann, A. El Ali, C. Almasan, J. Estrada, T.

Datta, R.J. Matson, Phys. Rev. Lett. 60 (1988) 937.

[13] Y. Tokura, H. Takagi, S. Uchida, Nature 337 (1989) 345.

[14] L.F. Mattheiss, E.M. Gyorgy, D.W. Johnson jr., Phys. Rev. B 37 (1988)

3745.

[15] C. Kittel, "Introduction to Solid State Physics", J. Wiley & Sons,

New York, 1986 and R.J. Birgeneau, unpublished.

[16] For a general overview see e.g. "Physical properties of high

temperature superconductors" I and H, ed. D.H. Ginsberg, World

Scientific, Singapore, 1989.

[17] C.E. Gough, M.S. Colclough, E.M. Forgan, R.G. Jordan, M. Keene, CM.

Muirhead, A.I.M. Rae, N. Thomas, J.S. Abell, S. Sutton, Nature 326



20

(1987) 355.

[18] M.B. Maple, Appl. Phys. 9 (1976) 179.

[19] Gang Xiao, M.Z. Cieplak, D. Musser, A. Garvin, F.M. Streitz, C.L.

Chien, J.J. Rhyne, J.A. Gotaas, Nature 328 (1988) 512 and Phys. Rev.

B 39 (1989) 315.

[20] Solid State Physics, Vol 42, ed. H. Ehrenreich, D. Turnbull,

Academic, New York, 1989.

[21] Proceedings of the International conferences on high temperature

superconductors and materials and mechanisms of superconductivity, 23

feb - 4 march 1988, Interlaken, Switserland, and 23 - 28 July 1989,

Stanford, USA.

[22] W.E. Pickett, Rev. Mod. Phys. 61 (1989) 433.

[23] C. Ayache, to be published.

[24] Y. lye, T. Tamegai, T. Sakakibara, T. Goto, N. Miura, H. Takeya, H.

Takei, Physica C 153-155 (1988) 26.

[25] H.E. Fisher, S.K. Watson, D.G. Cahill, Comm. Cond. Matt. Phys. 14

(1988) 65.

[26] C. Ayache, B. Barbara, E. Bonjour, P. Burlet, R. Calemczuk, M.

Couach, M.J.G.M. Jürgens, J.Y. Henry, J. Rossat-Mignod, Physica B 148

(1987) 305.

[27] J. Fink, N. Nücker, H. Romberg, J.C. Fuggle, in press.

[28] T.M. Rice, Z. Phys B 67 (1987) 141.

[29] J.R. Schrieffer, X.G. Wen, S.C. Zhang, Physica C 153-155 (1988) 21.

[30] P. Fulde, Physica C 153-155 (1988) 1769.

[31] M. Cyrot, J. Phys. France 49 (1988) C8-2215.

[32] R. Micnas, J. Ranningei, S. Robaszkiewicz, Rev. Mod. Phys. nov. 1989.

[33] "Mechanisms of high temperature superconductivity", ed. H. Kamimura,

A. Oshiyama, Springer, Berlin, 1989.

[34] P.W. Anderson, Science 235 (1987) 1196.

[35] L.F. Matheiss, Phys. Rev. Lett. 58 (1987) 1028.

[36] L.F. Matheiss, D.R. Hamman, Solid State Comm. 63. (1987) 395.

[37] J. Yu, A.J. Freeman, J.H. Xu, Phys. Rev. Lett. 58 (1987) 1035.

[38] J. Friedel, preprint.

[39] C M . Varma, S. Schmitt-Rink, E. Abrahams, Solid State Comm. 62 (1987)

681.

[40] D.j. Scalapino, F. Loh, J.E. Hirsch, Phys. Rev. B 35 (1987) 6694.

[41] J.R. Schrieffer, X.G. Wen, S.C. Zhang, Phys. Rev. Lett. 60 (1988) 944.

[42] F.C. Zhang, T.M. Rice, Phys. Rev. B 37 (1988) 3759.

[43] H. Eskes, G.A. Sawatzky, Phys. Rev. Lett. 61 (1988) 1415.

[44] V.J. Emery, G. Reiter, Phys. Rev. B 38 (1988) 4547; ibidem B 38



21

(1988) 11938.

[45] B.K. Chakraverty, J. Phys. France Lett. 40 (1979) 99.

[46] L.J. de Jongh, Solid State Coram. 65 (1988) 963.

[47] L.J. de Jongh, Physica C 152 (1988) 171.

[48] L.J. de Jongh, in "Advances in superconductivity", ed. K. Kitazawa,

T. Ishigura, Springer, Tokyo, 1989, p. 133.



23

Chapter 2

INTRODUCTION TO NEUTRON SCATTERING

2.1 Introduction

As the main part of this thesis is concerned with neutron scattering

experiments, we shall give here a short introduction to this experimental

technique.

Neutron scattering for measuring the structure and the dynamics of

condensed matter has become a widely used tool in physics. The usefulness

arises from the basic properties of the neutron. The most important are:

1 Neutrons carry no charge, so that in most cases their penetration

length is of the order of several millimeters, permitting to study

bulk samples.

2 Since thermal neutron wavelengths (1-4 A) are well matched to

interatomic distances, there will be strong interference between

the neutrons and the lattice.

3 The energy of neutrons (0.1-100 meV) is of the same order as that of

many excitations in condensed matter (e.g. phonons, magnons, crystal

field splittings), so that they will be scattered inelastically by

these excitations, providing a good means to study the latter.

4 As the neutron has a magnetic moment (u.n = -1.913 \irl), neutrons will

interact with the unpaired electrons in magnetic atoms, so that

magnetic structures and magnetic excitations can be studied.

5 Scattering lengths vary irregularly with Z (generally good for light

atoms, e.g. H, in contrast to X-rays) and A, which makes it possible

to discriminate between almost all the elements and isotopes of the

periodic table.
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2.2 A theoretical overview

The results of the various types of scattering experiments can be expressed

in terms of a quantity known as the partial differential cross section

giving the fraction of neutrons scattered into a small solid angle

dQ in the direction (8,<p) with final energy between Into and

When the incident as well as the scattered neutrons are represented by a

plane wavefunction, perturbation theory can be used to derive a master

formula [1-5] :

dfidu
A, A,

(2.1)

where k,, kf : the incident and the scattered neutron wavevectors,

respectively.

IA> : the state of the target.

pK : the probability of the occurence of a state IA>.

<..lvl..>: the matrix element describing the interaction between

neutron and target,

m : the neutron mass.

This expression is the first Born approximation to the cross section. It

can be used for both nuclear and magnetic processes, by finding an

appropriate form of V.

2.2.1 Nuclear scattering

We know from experimental results that the nucleon-nucleon interaction has

a very short range (1(T15 m), about an order of magnitude smaller than the

nuclear radius. Because the thermal neutron wavelength is much larger than

these two, the scattering is isotropic and can be characterized by a single

parameter b, called the scattering length.

For a rigid array of nuclei the interaction potential for purely nuclear

neutron scattering is
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Vfr) = 2,b, &(r - R, ) (2.2)
mP 1

where R, is the position vector of the nucleus 1.

Substituting eq. (2.2) in (2.1) gives

? Ir

- V iV • — I 2 K * <

dnd^ " ~ \ p* [<xi ZPi exP(1G-Ri xf> + E^- %

with Q = ki- kf.

To consider only the elastic scattering we integrate over to, ki= kf and,

with

2 - I b l 2P x < A l b * . b , U > = b*, b , = Ibl + & l i V ( I b l 2 - I b l 2 ) ( 2 . 4 )

we obtain

da 2-f)3

" 2) IFN(H)I
2 (2.6)

T ^ = Ibl2 [ 2 ] e x p U Q - R , ) ] 2 + N (Ibl 2 - Ibl 2) (2.5)

In the last term, coming from the incoherent scattering, there is no j

interference at all and the cross section is isotropic. ;

The first term, the coherent cross section, contains structural

information, resulting from strong interference between the waves coming

from the different nuclei.

When the nuclear sites form a Bravais lattice, the coherent cross section

becomes

FN
H
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where FN(H) = ̂  exp(iH-Hi ) bj (2.7)

j

is the nuclear structure factor, H is a reciprocal lattice vector and v is

the volume of the lattice unit cell.

The position vector of an atom j can be split up in two parts

Rj = dj + iij (2.8)

The second term, changing in time, but with an average value of zero, is

due to heat effects and will modify the cross section slightly. It is taken

into account by the so called Debye-Waller factor:

<exp(2niH-Uj)> = exp(-Wj(H)) (2.9)

In general we may use the following formula for elastic nuclear scattering:

IN(Q) = K C(Q) |FN I
2 6(H - Q) (2.10)

with FN(Q) = ̂  expUQ-dj) exp(-Wj(Q)) (2.11)

j

and:

for a powder sample [6]

C(H) = L(Q) A(Q) p (2.12)

with L(Q) = 1/sin9 sin29 the Lorentz factor (8 is the Bragg angle),

A(Q) the absorption factor

p the multiplicity of the Bragg peak.

for a single crystal sample
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C(H) = L(Q) A(Q) yp ys (2.13)

with HQ) - 1/sin28 the Lorentz factor

and yp and ys the primary and secondary exstinction factors.

2.2.2 Magnetic scattering

This section is concerned with the scattering of neutrons through their

magnetic interaction with unpaired electrons. The corresponding moments are

(!„ = -yi^o and jle = -2|iBs . According to the standard results of quantum

mechanics, the interaction potential is [7,8,9]:

2 s x r 2 p x r
V(r) = --Y ^ ^ a. (curl + - - ) (2.14)

r3 " r3

where p is the momentum of the electron and "Y = -1.913.

In the dipolar approximation the matrix elements <kfAfIVlki\i > between

plane wave states lki> and lkf> are now given by

<kfAf IVIk^ > = 4ir -Y p. NH3 CT-Dj^fk,- kf ) (2.15)

where D±(Q) is the magnetic interaction operator:

DX(Q) = 2- — e-(2Sl.x Q) + — (p.x Q) e n (2.16)
• r*2 V n /

where the sommation is done over the unpaired electrons i in the atom.

D^(Q) is in fact the projection of a vector operator D(Q) on a plane

perpendicular to Q
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-, Q x b x 6
D1= - (2.17)

Q2

where D is simply related to the Fourier transform of the magnetization, if

the electrons couple with LS coupling

5(Q,t) = ]T fj(Q) (Ijft) e
l Q' RJ ( t ) (2.18)

j

where jx. is the magnetic moment of atom j,

fj(Q) is the atomic form factor,

D(Q,t) is a Heisenberg operator (real time representation).

In terms of D(Q,t) the master formula eq. (2.1) has the form

(2.19)
1 0£,P(

J dt (2.20)

where a, p denote the x, y and z component of Q, and rQ= "Ye
2/mec

2.

An important feature of magnetic scattering is the directional dependence

( Q a Qp)
through the tensor S&p- < which picks out the components of the

\ Q2 )

magnetization perpendicular to the the momentum transfer Q.

When the magnetic atoms form a regular lattice, neglecting magnon-phonon

interaction, eg. (2.20) can be written as
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J <M?( (2.2,)

Here <|xf(O) |x?(t)> is the magnetic correlation function, describing the

dynamics of the system.

2.2.2.1 Elastic magnetic scattering

For a Bravais lattice with localized electrons the elastic cross section is

obtained from eq. (2.21) by replacing the matrix elements by their limiting

values at t -» oo. In that case

(2.22)

Substituting eq. (2.22) in eq. (2.21) and integrating with respect to w

gives the elastic cross section:

%• 4

e n J e ' e J (2.23)

In general the following formula can be used for elastic magnetic

scattering:

2 - I ? M .IM(Q) = (0.27)
2 K C(Q) |lFMl

2 ^y-) (2.24)



30

where K and C(Q) have the same significance as in eq. (2.10), and the

magnetic structure factor is

FM(Q) = 2, f-i CQ> <«!,> e " e ' (2.25)

where <mi > is the thermal average value of the moment of ion i.

If the magnetic ions are situated on a regular lattice, this can be written

as a Fourier series

m > T m- e U d i (2.26)
rr k,i
k

where m- is the Fourier component of the magnetization associated with

wavevector k. So the elastic magnetic scattering adds extra peaks around

the nuclear ones at positions Q = H + k.

2.2.2.2 Inelastic magnetic scattering

For inelastic scattering, eq. (2.21) can be written as

. rĴ- f* ,8, e-< ?) | J & a p - r?!j S«3(Q,U)

with Sa(5(Q,w) = JL ^ e 1 0 ' ^ 1 ' " ^ J e i w t
 <M«(0) v*U)> dt (2.28)

17 i j

S^^fQ/to), called the dynamic structure factor, can, by use of the

fluctuation-dissipation theorem, be linked to the imaginairy part of the

generalized susceptibility x<QfW) • Ifc t n u s represents the dynamic behaviour

of the system. Unfortunately, it is only possible to calculate this
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in some special cases.

In order to obtain a formula describing real experiments we have to take

into account the non ideal circumstances of the measurements, such as the

divergence of the incident beam and the mosaic spread of the monochromator,

the analyzer and the target.

The experimentally observed intensity is the convolution of the scattering

d2a
function with the instrumental resolution function R(Q,w)

dfJdw

f - -
= R(Q-Q

- - da -
R(Q-Q',w-W) T-r r - (Q ' ,u ' ) dQ'dw' (2.29)

d&2dh)

In most cases however, if the instrumental resolution is smaller than the

width of the dynamical structure factor, the obtained data can be described

by [10,11,12]

f2(Q) e-2w<= CMCA k? cot9M k? cot9A r
2 f2(Q) e-

a,

where 9A and 9M denote the Bragg angles of the analyzer and the

monochromator, respectively.

2.2.3 Polarized neutron scattering

In this section we shall see that the analysis of the behaviour of the spin

of the neutron during the interaction with the lattice can give important

additional information on the magnetism of the sample [13].

We consider only elastic scattering, with this restriction the interaction

potential (see eq. (2.1)) can be written as

V « b + ra a-DjJQ) (2.31)
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where ra = r0 .
2irK2

with a neutron beam polarized along the z direction, we are then able to

measure the four matrix elements of the interaction potential between the

lt> and U> of the neutron spin before and after the scattering process;

these can be written as:

<t|VlT> = b + ra D±(Q) (2.32)

<4.|V|1> = b - ra D^(Q)

<1IV|T> = ra (D^(Q) + iD^IQ))

<TIVU> = ra (D*(Q) - iD̂ [(

So we obtain two kinds of structure factors:

<TlF(Q)|t> = FN(Q) + F^X(Q) (2.33)

<ilF(Q)U> = FN(Q) - Ffj±(Q)

<HF(Q)lT> = F*±(Q) + iF^(Q)

<TIF(Q)U> = F*±(Q) - iF^(Q)

Two main applications emerge from these equations.

In the first one, by making an appropriate choice for the initial atomic

spin direction by using a magnetic field, we can distinguish between the

nuclear and magnetic contributions to the scattering. Of course, we need to j

be able to direct and analyze the polarization of the incident and •

diffracted neutrons.

This can be very useful when nuclear and magnetic Bragg peaks are

superposed, or when there is any doubt about the origin of a peak.

The second case where polarized neutrons are often used is when F£x= 0 and
FM_L" ° ' f o r instance when paramagnetic ions in the sample are oriented by

an external field in the same direction as the neutron spins. The partial

differential cross section can then be written as
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•J-J- (FN(Q) * P0 F^(Q))
2 (2.34)

n" - n"
where po= , and n and n" are the probability for a spin up and a

n* + n"
spin down in the incoming beam, respectively.

in the case of ideal polarization, the flipping ratio R, the ratio of the

number of counts in the detector for a polarized incident beam, becomes:

FN + 2 < 3 ? F N F M + <34FM
R = (2.35)

FN " 2q2FNFM • q
4F?

where g = sina , with oc the angle between Q and FM .

For q = 1, i.e. for scattering vectors perpendicular to the spin direction

of the ions, eq. (2.35) takes the simple form (assuming FM < FN)

(2.36)

where y = — .

FN

If the magnetic contribution is weak ("r < 1), this becomes

R = 1 + 4-r (2.37)

This method enables us to measure very weak magnetizations (as small as

lO^ng). It is much more sensitive than the integration of the magnetic

Bragg intensity, which behaves like "r2 . On the other hand, if FH and FN are

of the same order of magnitude, the latter technique is the more

appropriate one.

When applying the polarized neutron method, it is of capital interest to

know the nuclear structure factors with high precision, for the magnetic

structure factor is deduced by experiment from FH = "y FN .

In general, some care is required to get accurate results. The A/2

contamination and the degree of polarization have to be taken into account

and sometimes a correction has to be made for extinction effects.
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2.3 Experimental arrangement

After this short theoretical introduction to neutron scattering, we shall

discuss in the next few paragraphs the experimental set up that was used

for the work presented in this thesis.

2.3.1 The reactor

Most of the experiments have been performed at the High Flux Reactor of the

Institut Laue Langevin (ILL) in Grenoble. This reactor operates at a power

of 57 MW (thermal) [14], giving a maximum thermal neutron flux in the

reflector of 1.2 -1015 n/cm2s. The single fuel element contains

approximately 9 kg of uranium enriched to 93 % by U235 . Cooling and

moderation are effected by heavy water circulation passing through heat

exchangers and biological protection is provided by a light water swimming

pool type assembly surrounding the core and encased in dense concrete. The

reactor has an operating cycle of 44 days followed by a 12 day shut-down

for element transfer and replacement. The average consumption of U235 is

30 %.

The thermal flux, in equilibrium with the D20 moderator (T = 300 K), has a

peak in the Maxwallian distribution at A =1.2 ft. This is modified for

certain beam and guide tubes by the inclusion of a Hot Source (10 dm3

graphite at 2400 K) and a Cold Sourse (25 dm3 liquid Deuterium at 25 K),

giving an enhancement of the neutron intensity in the wavelength range of

0 . 4 A < A < 0 . 8 A and A > 4.0 A, respectively.

2.3.2 Triple axis spectrometers

Most of the work presented in this thesis has been performed on triple axis

spectrometers. Their basic configuration is shown in fig. 2.1 (IN20 at the

ILL) [14], The three axes are those of the monochromator, sample and

analyzer table, which need to be independently controllable, each together

with its concentric crystal axis. The monochromator determines the incident
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Fig. 1. Basic configuration of the triple axis spectrometer IN20

at the ILL.

energy tiw, whereas the final energy is selected by the analyzer. The

flexibility of the triple axis for its main purpose of inelastic scattering

from a single crystal lies in its ability to view a chosen point in (Q,tiw)

space with one degree of freedom left to chose, for example tiui or tiuf .

The divergence of the beam is limited by interchangable collimators,

typically to 30', 40' or 60' of an arc. Due to beam focussing, by means of

a curvature of the monochromator and the analyzer, a gain in flux of a

factor up to 3 can be achieved. Higher order contamination (A/2, A/3, etc)

can be reduced by a factor of 1000 for certain wavelengths (e.g.
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X = 2.36 A) by means of a pyrolytic graphite filter, or to a still higher

degree by a Germanium monochromator or analyzer, the flux being diminished

by about 20 % and 50 %, respectively.

The major part of the measurements have been done on the triple axis

spectrometers IN8 and IN20 at a thermal beam of the ILL. Both instruments

are equipped with Cu(111), pyrolytic graphite (002)/(004), monochromators,

IN8 also with Cu(220) and Ge(111) and IN20 with a Heuslerd11). The

resulting flux is about 5-107 n/cm2s (PG(002), X = 2.36 A). The useful

range of incident energy is 5 < E (meV) < 160 , which enables energy

transfers up to 100 meV with a resolution of 1 to 10 %. Analyzers made of

the same materials as the monochromators are available. IN20 is equipped

for polarization analysis with 'spin flippers'. The detection is done with

He3 counters with 5 cm aperture.

During two measuring series IN1 and brand new IN14 (on hot and cold source,

respectively) have been used.

In all cases standard ILL cryostats or cryofurnaces were used. These

cryostats, with an aluminum tail to avoid absorption of the the neutron

beam, use a helium gas flow to cool the sample, providing a temperature

range of 1.5 - 300 K {cryostat) and 1.5 - 550 K (cryofurnace). The

temperature regulation (using platinum and carbon thermometers) is fully

computer controlled.

2.3.3 The polarized neutron diffractometer

The experiments described in chapter 7 have been performed on the polarized

neutron spectrometer D3B at the ILL, installed on a hot source.

In comparison to a normal two axes instrument several necessary

modifications have been made [13,14]. First of all a polarized beam has to

be obtained. This is done by using such a monochromator that one of its

reflexions has FN = + FM. In that case, if the neutrons are aligned (as in

our case) by a vertical external field, eq. 2.34 shows that for one of the
da

polarization directions — = 0.
dQ

This polarized beam proceeds then in a weak magnetic field with the same

direction, to prevent depolarization, to the spin flipper. This device

consists of two short guide field coils, placed before and after a cryostat
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containing a superconducting foil, in the flipper 'off condition the

fields produced by these coils are arranged to be parallel with the other

permanent magnet guide fields in the diffractometer. In the flipper 'on'

condition the fields from these two coils are antiparallel. The

superconducting foil placed in between separates the two regions of

antiparallel fields. By entering this abrupt field-reversal region the spin

of the neutron is caused to flip.

Next the neutron beam is guided towards the sample, which is mounted in a

vertical magnetic field with the same orientation as that in the last coil

of the spin flipper. This field must be so intense as to be able to align a

detectable part of the ionic moments in the sample in the vertical

direction.

The scattered neutrons are detected by a standard counter.

On D3B two different polarizing monochromators are available [14]:

Co0 92 Fe 0 0 8 (reflexion (200), d = 1.771 A) , giving a flux of about

2-106 n/cm2s at X = 0.843 A with a good resolution, or a Heusler

monochromator: Cu2MnAl (reflexion (111), d = 3.362 A) for a higher flux but

a lower resolution.

In order to suppress higher order contamination several filters are

available.

The standard superconducting coil produces a field up to H = 46.5 kOe at

the sample, it is possible, however, to mount more powerful magnets. For

one measurement we used a H = 100 kOe coil.

2.3.4 The elastic time-of-flight diffractoaeter

The crystal structure of YBa2Cu306+x has been determined using an elastic

time-of-flight diffractometer, installed in the reactor Melusine (8MW) of

the Centre d'Etudes Nucleaires de Grenoble.

The principle of this method to study powdered materials is as follows. The

neutrons come from a white beam, which proceeds directly from the reactor

(no monochromator is used) and falls on a powder sample. The detector is

fixed at a constant position angle 29 = 90° and 120° (in our case). It will

collect the diffracted neutrons from each set of interlayer planes, but in

each case the wavelength will be different, depending on the interlayer

distance d by Bragg's law: A = 2 d sin3.
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For the determination of the wavelength a time-of-flight analysis has to be

made. To do so we need a pulsed incident neutron beam, which is obtained by

means of a chopper.

While travelling the distance from the chopper via the sample to the

counter, the neutrons will be dispersed in time and arive at the counter

after a certain time proportional to their wavelength, since the wavelength

is related to the neutron velocity by A = ti/mv.

In order to analyze the spectrum it is necessary to know the form of the

incident spectrum as a function of the wavelength. For this reason a

supplementary counter is placed in the direct beam after the sample.

The big advantage of this time-of-flight method is that all the available

neutron wavelengths can be used (a monochromatic beam contains only a few

percent of the reactor spectrum). On the other hand, in a constant flux

method this chopping technique is rather wasteful, a normal chopper is open

for one percent or less of the time. This operating time can be increased

considerably, to approach 50 %, by a correlation technique. The reactor

beam is modulated by a chosen pseudo random sequence of pulses. The

observed diffraction spectrum will be a function both of the modulation

function and the normal time-of-flight spectrum, and the latter can be

calculated by suitable analysis of the observed pattern.

To analyze the finally obtained spectra a Rietveld-like [16] refinement

procedure is used, enabling to calculate the crystal structure with a

maximum of 40 variable parameters.
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Chapter 3

SAMPLE PREPARATION AND CHARACTERIZATION,

DETERMINATION OF THE CRYSTAL STRUCTURE

3.1 Introduction

The logical first step in the research program to investigate the magnetic

properties of the superconducting oxide YBa2Cu306+x was to determine in

detail the crystal structure. Firstly, the knowledge of the symmetry, the

lattice parameters, the atomic positions with their occupation and possible

defects is of capital interest for the further study (e.g. the structure

factors depend directly on this information). Secondly, neutron diffraction

constitutes a very powerful tool for structure studies. This technique is

in this case even preferable to X-ray diffraction, for with the latter the

oxygen positions and occupancies are difficult to establish because of the

low scattering power of X-rays by smaller atoms in the presence of 'heavy'

ones. Neutron diffraction, however, has nearly the same scattering length

for all the elements in this compound and provides an unambiguous method to

determine the oxygen atomic positions and site occupancies.

We performed a neutron diffraction study on powder samples of YBa2Cu306+x ,

varying systematically the oxygen content from the reduced (x = 0) to the

most oxydized (x ~ 1) phase, in the temperature range from T = 5 K to

T = 300 K. The reason for this temperature variation is that most of the

work on the magnetic behaviour of this compound is performed at lower

temperatures, and so it is indeed quite important to detect any phase

transition and measure the variation of the lattice structure between

liquid helium and room temperature.

The experiments described in this chapter have been performed with an

elastic time-of-flight spectrometer as described in section 2.3.4.

Next we shall turn to the single crystals that have been used in all the

further experiments throughout this thesis. Section 3.5 will be devoted to

the thorough characterization of the features of these crystals and to the

methods of intercalation and its control. Two lattice structure
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determinations of these single crystals will be reported.

3.2 Powder sample preparation

The study of the crystal structure has been carried out on five different

powder samples, prepared according to the following procedure [1], Sample A

with the formula YBa2Cu306 92 was obtained from a mixture of BaCO3, CuO,

and *2°3 ' heated in air at 950 °C during 12 hours, quenched to room

temperature, annealed at 480 °C under 1.2 bar of oxygen and then slowly

cooled down to room temperature in 12 hours. Sample B was obtained from

sample A by heating up to 670°C under vacuum (p =s 10"2bar) to get a sample

resistivity higher than 1 Mftam at room temperature. Samples C and E were

prepared by heating (T = 480°C) under an argon atmosphere of 200 mbar two

mixtures of sample A and sample B. Finally sample D is an oxydized version

of sample B, obtained by heating to 480°C at 1.2 bar of oxygen and slowly

cooling down to room temperature in 12 hours.

In all the samples a first determination of the oxygen content x (in

YBa2Cu306+)< ) has been evaluated from the increase in weight with respect to

sample B during the oxydation process, assuming that sample B corresponds

to the formula YBa2Cu306. For samples A and D this amount x of oxygen is

0.92 ± 0.01 per formula, while it is 0.62 ± 0.01 for sample C and

0.40 ± 0.02 for sample E.

All the samples have first been characterized by X-ray powder diffraction.

They give well resolved diffraction lines. Samples A and D have an

orthorhombic structure with the same unit cell parameters a = 3.817 A,

b = 3.880 A and c = 11.669 A , whereas sample B clearly has a tetragonal

unit cell with a = b = 3.855 A and c = 11.830 A. The samples C and E are

single phased, with an orthorhombic structure with lattice parameters

a = 3.835 A, b = 3.887 A, c = 11.719 A and a = 3.846 A, b = 3.866 A and

c = 11.770 A, respectively.

3.3 Neutron diffraction results from powder aeasureaents

Neutron diffraction patterns have been recorded at room temperature, using
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an elastic time-of-flight spectrometer. The spectra obtained for

diffraction angles 29 = 90° and 120° have been analyzed using a profile

refinement procedure.

For sample D with formula YBa2Cu306g2 and an orthorhombic unit cell, the

previously reported crystal structure [3-7] has been confirmed. The space

group is Pmmra. The different atoms and their positions in the lattice are

given in table 3.1

atom
Y

6a

Cu(1)
Cu(2)
0(1)
0(2)
0(3)
0(4)

posit ion
(%,%,*)
<H,H,z)
( 0 , 0 , 0 )

( 0 , 0 , z )

( 0 , 0 , z )

( H , 0 , z )
( 0 , ^ , z )

(0,H,0)

Y B a 2 C u 3 0 6 + x

x st 1
Pmmm

In
2t
1a

2q

2q

2s
2r

1e

Y B a 2 C u 3 0 6 + x

x = 0
P4/mmm

1d

2h

1a

2g

2g
4 i

(4i)

Table 3.1

Positions of the sites in YBa2Cu306+x for the

orthorhombic (Pmmm) and the tetragonal (P4/mram) phase.

The best agreement between the observed and the calculated spectra gives a

full occupancy of the 0(1), 0(2) and 0(3) sites and an occupancy of x =

0.92 ± 0.02 for 0(4), yielding the formula YBa2Cu306 92 , in excellent

agreement with the chemical determination. The final refinement leads to

veracity factors Rprofi1e = 3.6 % and R 2= 6.9 % , including 18 variable

parameters (scaling factor, unit cell parameters, atomic positions,

isotropic Debye-Waller factors and 0(4) site occupancy) for 250 reflections

in the range of lattice spacings from 0.78 up to 3 A. The obtained

parameters are listed in table 3.2.

Sample C, with an expected oxygen content of x =0.62, also has an

orthorhombic structure with the same space group Pmmm. Again the best fit

between the observed and the calculated spectra is obtained for a full

occupancy of the 0(1), 0(2) and 0(3) sites. The best veracity factors are

Rp= 3.2 % and R 2= 5.2 % , and the final refinement gives an occupancy of
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Sample

a (A)
b (A)
c (A)

Y B

Ba z
B

Cud) B

Cu(2) z
B

0(1) z
B

0(2) z
B

0(3) z
B

0(4) B
X

RP <%>

Rp2 (%)

A, D

YBa2Cu306 9 2

3.8173 (2 )

3 .8803 ( 3 )

11.667 (1)

0.45 (8 )

0 .1832 (5 )
0 .38 (9)

0 .57 (9 )

0 .3548 (3 )
0 .58 (7 )

0 .1593 (4 )
0 . 8 2 (11 )

0 .3778 (6 )
0 .74 (11)

0 .3778 (6 )
0 .65 (10)

0 .85 (30)
0 .92 (4 )

3 .7

6 .9

C

Y B a 2 C u 3 0 6 M

3.8313 (2 )

3 .8880 ( 2 )

11.730 (1 )

0 .33 (8 )

0 .1869 (4 )
0 .51 (10)

0 .36 (8 )

0 .3571 (3 )
0 .32 (6 )

0.1567 (4 )
0 .77 (8 )

0.3777 (4 )
0 .55 (10)

0.3791 (7 )
0 .29 (10)

0.74 (37)
0 .64 (2)

3 .2

5 . 2

E

YBa 2Cu 30 6 - 4 3

3.8471 (3 )

3.B642 (3 )

11.770 (1 )

0 . 4 5 ( 1 1 )

0.1911 (5 )
0 .11 (11)

0 .69 (11 )

O.3605 (5 )
0 .46 (7 )

0 .1541 (6 )
1.02 (14)

0 .3788 (8 )
0 .74 (18)

0 .3792 (9)
0 .37 (18 )

1.47 (82)
0 . 3 3 + 0 . 1 0 (2 )

3.2

7 . 6

B

YBa2Cu306

3 .8566 ( 3 )

11 .830 (1 )

0 .33 (15)

0 .1949 (5 )
0 . 4 2 (8 )

0 .78 (12)

0 .3617 (7 )
0 .15 (4 )

0 .1525 (2 )
1.09 (14 )

0 .3790 (5 )
0 .47 (8 )

0 .00 (2 )

3 . 8

9 . 5

Table 3.2

Crystal structure parameters of YBa2Cu306+x

0.64 ± 0.02 on the 0(4) site. We mention that for these two concentrations

no oxygen has been found on the analogue of the 0(4) site in the a

direction, the 0(5) site at ('4,0,0), the 1b position.

In fig. 1 the observed and the calculated spectra of YBa2Cu30664 are

presented, together with a representation of the orthorhombic crystal

structure of the YBa2Cu307_5 compounds.

Also sample E, which was estimated to be x = 0.40 (in YBa2Cu306+x ), fits

well in the space group Pmmm. Here, however, the orthorhombicity becomes

much weaker, the difference between the lattice parameters in the b and a

direction is about a factor of two smaller than in the previous cases.

Apart from that, oxygen has been found not only on the 0(4) site, but also

on the 0(5) site at (^,0,0), in contrast to the x = 0.64 and the x = 0.92

cases. An occupancy of 0.33 and 0.10 was found on the 0(4) and the 0(5)

sites, respectively. The veracity factors for this fit, giving a

composition formula YBa2Cu306 43 , are Rp= 3.2 % and R 2= 7.6 %.

Since the orthorhombic symmetry of these oxygen rich compounds is a
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Fig. 1. Observed and calculated spectra and their difference of YBa2Cu306

and YBa2Cu3O6 64 . The corresponding crystal structures are also

represented, above the orthorombic Pnunm cell and below the

tetragonal P4/mmm one.
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consequence of oxygen atoms at site (0,'-4,0) and vacancies at (H,0,0), and a

decrease of the oxygen content results in a reduction of the 0(4)

occupation, the compound YBa2Cu306 (sample B) must correspond to a

tetragonal structure with an empty 0(4) site. The space group is P4/mmm.

The atomic sites are given in the right part of table 3.1. The refinement

of the observed spectrum, including 14 variable parameters and 150

reflections in the range 0.78 A < dhk, < 3 A gives a Rp= 3.8 % and

R F 2 = 9.5 %.

The observed and calculated spectra, their difference and the tetragonal

structure of YBa2Cu306 are reported in fig. 1 and the obtained parameters

are listed in table 3.2. In order to check the veracity of an empty 0(4)

site we have also analyzed the data with the Pmmm space group allowing some

occupancy of the 0(4) and 0(5) sites. Within the experimental accuracy the

refinements converge to zero occupancy for both sites and to parameter

values identical to those determined with the tetragonal space group

P4/mmm, which proves that the tetragonal structure is the correct one. So

we conclude that YBa2Cu306 is a well defined stoichiometric compound with a

tetragonal structure.

We have to remark that some other groups solved this structure

simultaneously (spring of 1987) with us (e.g. [9]).

The main characteristic of this compound is the existence of two copper

sites. The first one, Cud) at (0,0,0), is linked to two oxygen atoms at a

distance of 1.80-4 A along the c axis, whereas the second one, Cu(2) at

±(0,0,z), has four oxygen neighbours (0(2,3)) nearly in the same (001)

plane at a distance of 1 .939 A, forming a square, and a more distant fifth

oxygen neighbour (0(1)) at 2.470 A along the c axis. So these five oxygens

form a pyramidal surrounding around the Cu(2), with the 0(1) as the apex.

Taking into account that YBa2Cu306 is an insulator and that yttrium is

trivalent and barium bivalent, the three copper atoms in the unit cell must

carry a total charge of five, leading to a Cu+ ion at site Cud) and two

Cu2+ ions at site Cu(2). The observed distances d(Cu(1) - 0(1)) = 1.804 A

and d(Cu(2)-0(2)) = 1.959 A are in good agreement with the values 1.86 A

and 2.02 A deduced from the ionic radii of 1.40 A for O2~ , 0.46 A for Cu+

with a twofold coordination and 0.62 A for Cu2+ with a square coordination

[8]. The barium atoms are eightfold coordinated by oxygen atoms, four in

site 0(1) at a distance of 2.772 A and the other four in site 0(2) at a

distance of 2.908 A. The bondings between yttrium and barium and the oxygen

atoms must be of electrostatic origin. Between copper and oxygen

hybridization is expected.
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When a compound *Ba2Cu306+x is heated in air, YBa2Cu306 is the last phase

with the perovskite-related structure before it decomposes at a temperature

of about T = 1000°C in a multiphase system of Y2BaCu05, BaCuO2 and Cu2O.

This YBa2Cu306 phase transforms on cooling into the YBa2Cu306+x , the oxygen

content increasing progressively with decreasing temperature. The insertion

of oxygen atoms into the lattice occurs only in the Cud) plane in an

orderly manner giving rise to the orthorhombic distortion. The variations

of the unit cell parameters are reported in figure 2. The interatomic

distances are reported in table 3.3. Clearly only changes smaller than 1 %

s (
A
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Fig. 2. Variations of the unit cell parameters and volume at room

temperature as a function of the oxygen content.
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affect the Y-O(2,3) and Cu-O(2,3) distances, mainly as a consequence of the

orthorhombic distortion.

The main changes concern the barium planes. When the composition changes

from YBa2Cu306 g? to YBa2Cu306, e.g. when the oxygen occupancy of the 0(4)

site decreases, the Ba ions move away from the Cu(1) plane by 0.17 A,

pushing up the Cu(2) plane and yielding an increase of the 0(1)-Cu(2)

distance (i.e. the distance between the apex and the base of the pyramid

around Cu(2)) by nearly the same amount. The 0(1)-Cud) distance decreasing

d (A)

Cu(D-Od)
Cu(1)-0(4)

Cu(2)-0(1)

Cu(2)-0(2)

Cu(2)-O(3)
Ba-0(1)

Ba-0(2)

Ba-0(3)
Ba-0(4)

Y-0<2)

Y-0(3)

¥Ba2Cu

1 .804
1 .928

2.470

1.939

2.772

2.908

(3.050
2.397

3°6

(2)

(1)
(3)

(2)

(4)

(4)

(3))

(3)

YBa2Cu3

1.814
1 .932

2.429

1 .950

1 .936

2.761

2.987

2.971

2.960
2.394

2.402

°6.43

(3)
(4)

(4)

(3)

(3)

(5)

(6)

(6)

(3)

(5)

(5)

YBa2 Cu3

1.838

1.944

2.351

1.959

1.933

2.752

2.977

2.946

2.911

2.393

2.406

°6.64

(2)

(2)

(4)

(2)

(3)

(5)

(4)

(5)

(3)

(2)

(3)

YBa2Cu3

1.858

1.940

2.281

1.959

1 .927

2.736

2.987

2.966
2.887

2.382

2.408

°6.92

(3)

(1)
(5)

(2)

(2)

(4)

(5)

(3)

(2)

(2)

(1)

Table 3.3

Interatomic distances in YBa2Cu306+x

by only 0.046 A , the distance between Cud) and Cu(2) planes is increased

by 0.126 A. Therefore the contraction of the unit cell parameter c and the

variations of the distances occuring when the oxygen content increases can

be explained by the electrostatic attraction between Ba2+ and O2' ions

introduced in the site 0(4). The Ba2+ ions then move towards the Cud)

plane in order to reduce the Ba-0(4) distance.

A thorough study performed at Argonne National Laboratory(U.S.A.) has shown

that the relative occupation of the 0(5) site versus the 0(4) site is very

sensitive to the temperature and oxygen pressure applied in the

intercalation method [15,16].

A last remark to be made is that in all refinements we included the

possible occurrence of oxygen atoms in the Y planes, i.e. at the (0,0,'-*)

position, like in the Ba planes, as well as a possible off-stoichiometry in

the copper in the Cud) planes. Within the accuracy of the experiments.
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none of these defects has been found. In order to see wether there exists

some possible inversion between Y and Ba, spectra of several different

samples with Dy in the place of Y have been taken (the neutron scattering

length of Y and Ba are rather close, 0.775 and 0.525-10"12 cm, respectively,

whereas Dy has 1.69-10"12 cm, which makes it easier to separate). Within 1 %

no inversion has been observed.

Cu1

Fig. 3. The unit cells of YBa2Cu306 (tetragonal) and YBa2Cu307

(orthorhombic). The main difference is the occurence of 0(4).

Let us summerize the main features of YBa2Cu306+x . Per unit cell we

distinguish one chain (for x > 0), consisting of the Cu(1) and the 0(4,5)

and 0(1) sites, and two CuO2 layers, formed by the 0(2), 0(3) and Cu(2)

sites, see figure 3. in both cases the bonding between the oxygen and the

copper atoms will be covalent. Two Cu02 layers sandwich an Y plane, where

the yttrium atoms have lost their 5d electrons and have a ionic character.

The interaction will therefore be electrostatic. The Cu02 layers are linked

to the chains by a barium ion, also via an electrostatic coupling.
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3.4 The crystal structure as a function of temperature

As most of the experiments on the magnetic properties were done at

temperatures below room temperature, it is important to investigate the

behaviour of the crystal structure as a function of temperature.

To this end a standard ILL cryostat was mounted on the diffractonteter. An

YBa2Cu306+x sample of about 20 g was used, that was obtained with a similar

intercalation procedure as sample B in the preceding section. Spectra were

T

a
c

V

Ba

(K)

(A)
(A)
(A3)

z

Cu(2) z

0(1

0(2

) z

,3) z

RP

5

3.8469

11.782

174.36

0.1953

0.3611

0.1518

0.3799

5.4

(2)

(1)

(1)
(7)

(6)

(8)

(4)

10

3.8469

11.781

174.34

0.1946

0.3609

0.1519

0.3796

5.8

(2)

(1)

(2)
(7)

(6)

(8)
(4)

70

3.8470

11.783

174.37

0.1953

0.3609

0.1519

0.3795

5.8

(2)

(1)

(2)

(8)
(7)

(9)

(4)

80
3.8471

11.784

174.41

0.1954

0.3606

0.1513

0.3799

5.3

(2)

(1)

(2)

(7)

(6)

(9)

(5)

120

3.8473

11.786

174.50

0.1954

0.3612

0.1516

0.3801

5.0

(2)

(1)

(2)

(7)

(6)

(9)

(5)

200

3.8492

11.804

174.89

0.1951

0.3611

0.1508

0.3803

5.8

(2)

(1)

(2)

(7)

(6)

(9)
(5)

280

3.8509

11.816

175.22

0.1951

0.3612

0.1509

0.3799

4.6

(2)

(1)

(2)

(6)

(5)
(9)

(5)

Table 3.4

Crystal structure parameters of YBa2Cu306 08 as a function of temperature.

taken at T = 5, 10, 70, 80, 120, 200 and 280 K. By means of the refinement

procedure an oxygen content at the O(4)/O(5) site at (0,^,0)/(H,0,0) of

x = 0.08 was calculated. The refinement was performed with both the

tetragonal (P4/mmm) and orthorhombic (Pmnun) spacegroups. As the results are

identical, within the accuracy of the measurement, we conclude that the

amount of oxygen (x = 0.08) is equally distributed over the 0(4) (0,H,0)

and the 0(5) ('4,0,0) sites and that the unit cell is tetragonal.
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In table 3.4 the resulting parameters are listed. When lowering the

temperature from room temperature, the lattice parameters a, b and c

decrease down till about T = 100 K, where a stabilization takes place; the

reduction becomes less important below this temperature (cf. figure 4).

1152

O < U80-

11.78
100 200

Temperature (K)
300

Fig. 4. Variations of the unit cell parameters of YBa2Cu306 08 as a

function of the temperature.

We remark that the relative contraction along the c axis is much bigger

than along the a and b axes: between T = 5 K and 280 K the change in c is
Ac o Aa ,
— = 2.9-10, whereas the one in a or b is — = 1.0-10.
c a

The reduced z coordinates of Ba, Cu(2), 0(1) and 0(2,3) are plotted in

figure 5. Only for the 0(1) there might be a tendency towards a lower z

with increasing temperature, but the change is of the same order as the

error bars. This would implicate that the pyramide around the Cu(2) site is

slightly stretched out upon heating. For the other ions the relative z

positions remain the same.
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Fig. 5. Variations of the atomic position parameters of YBa2Cu306 08 as a

function of the temperature.
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From these results, which are in good agreement with published work on

YBa2Cu306 9 [9,10] (which is orthorhombic), we conclude that there is no

evidence for a structural phase transition between room temperature down to

liquid helium temperature.

3.5 Characterization and intercalation of the single crystal samples.

A program to grow single crystals was developed by J.Y. Henry at the

Departement de Recherche Fondamentale of the Centre d'Etudes Nucleaires de

Grenoble. He has successfully grown good quality single crystals, the size

of which increased progressively from 20 mm3 (February 1988) up to 200 mm3

(May 1988). Whatever the size, these crystals are of good quality. For

example, the mosaic spread of the largest crystal, which we denote by HNC,

(~200 mm3) was quite good, because the FWHM of rocking curves, measured for

the Bragg reflections Q = (0,0,4) and (1,1,0) at A, = 2.36 A, was about

0.3° (see figure 6).

In addition to this good mosaic spread, the crystals have an important

porosity (10-15 % ) , which allows us to change rather easily the oxygen

content from x = 0 to x ~ 1. The pores (up to 10 Mm in size) do not alter

the stacking of the atomic planes, which is clearly visible by high

resolution electron microscopy and by optical microscopy. Moreover, in

twinned samples (in the orthorhombic state the difference between the a and

b lattice parameter is very small, so that there are regions, called twins,

where a and b are interchanged) twins are seen to cross these pores without

being disturbed (see photo 1). The rather large thickness of the twins (1 -

7 urn) reflects the good quality of the crystals.

Unfortunately, the reverse of the medal is that these pores contain a small

amount (~10 % in weight) of the parasitic "green phase", Y2BaCu05 . This

green phase does not perturb the neutron scattering experiments, because it

exists in a polycrystalline form and gives only a weak parasitic signal for

scans at zero energy transfer. Typical examples are given in figs. 12 and

13 of chapter 4, which show scans along and perpendicular to the (H,%,6)

rod for a sample with an oxygen content x = 0.37. The parasitic signal is

of the order of magnitude or the 2-dimensional magnetic scattering and can

easily be avoided by properly choosing the scattering vector. This

contamination is more inconvenient in bulk susceptibility measurements.

However, we were able to make the appropriate correction. This will be
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Q = (0,0,4)-
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Fig. 6. Rocking curves of the crystal HNC before and after the TGR study,

which deteriorated the mosaic.
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Photo 1. Photograph obtained with an optical microscope, which shows

that the twins are not disturbed by the pores (see text).
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reported in chapter 6. No traces of CuO and BaCuO2tx have been detected,

with a sensitivity of about 0.8 %.

For large single crystals of ¥Ba2Cu306+)< it is very important to have a

good knowledge of the capability to change the oxygen content and oxygen

homogeneity, in order to learn how the biggest crystal HNC behaves during

the oxygen treatment, TGA (thermo gravimetric analysis) measurements were

performed [11]. In this type of experiments the sample is slowly heated up

and cooled down in a known oxygen pressure while its mass is measured.

In powder experiments, when cooling from T = 800°C down to T = 300°C the

oxygen gain is Ax = 0.51. Below 300°C no mass change has been detected.

Above about T = 1000°C the sample will decompose (see previous paragraph).

Typical crystal results are reported in fig. 7. After a few thermal cycles

1 1 1

YBa2Cu3O6+><
10 cycles

0.6

0.4X
<

(0
(0
£ 0.2
o

O)
m 0

Ax,
0.44

As-grown

300 500
Temperature (°c)

700

Fig. 7. TGA study of crystal the HNC. The oxygen pressure is 1 bar. It is

clear that after a few cycles the intercalation process becomes

reversible, at a temperature variation of 100°C/hour.

the oxygen absorption and desorption become reversible for a temperature

variation smaller than 100°C/hour, but the oxygen gain between T = 800°C
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and 300°C is only Ax = 0.44. However, a correction has to be made for the

green phase, which is inert. If this would be responsible for all the

difference of Ax = 0.07, there is about 12 % of green phase in the sample.

This means that the oxygen intercalation in the single crystals is nearly

as good as in the powders and that the oxygen content can easily be changed

in these crystals, with, as we shall see later, a good homogeneity. This

procedure is very sensitive to the oxygen pressure. Unfortunately it is not

possible to obtain any information on the order of the oxygen atoms in the

0(4) and 0(5) sites with TGA experiments.

After several oxygen loadings the mosaic spread of the single crystal was

deteriorated, the FWHM of a rocking curve reached a value of 0.9° (see fig.

6). Moreover, some fissures appeared in the largest one (HNC) and finally

it cleaved along the (a,b) plane in three parts of about the same volume.

Thus for inelastic scattering measurements we made a multicrystal assembly

with four pieces, all coming from the same batch, giving a total volume of

0.26 cm3. The FWHM of the rocking curve of this assembly was about 1.1°. It

is important to minimize the mosaic parameter for inelastic scattering

experiments in view of the huge spin wave velocity in these copper oxide

systems.

In order to check the cation stoichiometry, we have performed neutron

diffraction experiments on two single crystals: HNA1, of about 20 mm3 in

the reduced state with x ^ 0, and HND4, in the totally oxidated state (x a

1).

Using HNA1 we measured on the diffractometer D15 a series of 56 Bragg peaks

corresponding to 24 independent reflections. The experiment was performed

with a neutron wavelength A = 1.176 A, coming from a Cu(311) monochromator.

Higher-order contamination was estimated to be 10~3 . The fitting results

are reported in tables 3.5 and 3.6. The main conclusion is that no

off-stoichiometry is found within the experimental accuracy. In particular

we have not found any vacancies in the Cu(1) site and the 0(1) site. The

occupancy of the oxygen 0(4) site was determined to be x = 0.04 ± 0.04.

The measurement on HND4 was performed with diffractometer D9, with a

neutron wavelength A = 0.707 A coming from a Cu(220) monochromator, where

35 Bragg reflections were measured. The fitting results, reported in tables

3.5 and 3.7 are extremely good, final veracity factors of 0.5 % for RF and

0.6 % for R 2 having been obtained. The oxygen treatment had been performed

under high oxygen pressure (10 bar) and, indeed, for the first time we

observed an oxygen content in these crystals as high as x = 0.99 ± 0.02 at

the 0(4) site. Like in the HNA1 crystal, no deficiency in Cu(1) and 0(1)
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and other sites was found. Unfortunately all the measured Bragg peaks are

situated in the (h,h,l) plane, so no distinction can be made between the

0(4) and 0(5) sites, and hence we do not know the degree of order in these

sites.

sample
Y B
Ba z

B
Cud) B

occ
Cu(2) z

B
z

0(1) B
OCC

0 ( 2 ) z
B

0(3) z
B

O(4) /O(5) B
X

*F

V

Y B a 2 C u 3 0 6 + x

x = 0 . 0 4

HNA1

0 . 1 9 5 4 ( 4 )

0 .99 (2)

0 .3636 (4)

0.1523 (5)

0 .99 (2)

0 .3772 (4)

0 .04 (4)

3 .0

3 .3

YBa2Cu306+x

x = 0 .99
HND4

0 . 4 6 ( 3 )

0 . 1 8 3 1 ( 2 )
0 . 7 3 ( 4 )

0 . 3 6 ( 4 )
0 . 9 9 ( 1 )

0 . 3 5 4 5 ( 2 )
0 . 5 3 ( 4 )

0.1593 (2)
0 .70 (4)
0 .99 (1)

0 .3820 (5)
0 .72 (11)

0 .3744 (5)
0 .43 (10)

1.04 (8)
0 .99 (2)

0 .52

0.57

Table 3.5

Atomic parameters and occupations for the HNA1 and HND4 structure

determinations.

Only the refined parameters are given, the fixed ones were taken

from tables 3.3 and 3.4.

The high quality of these single crystals and their capability of being

fully intercalated with oxygen are also demonstrated by the high value of

the superconducting transition Tc= 90 K and the narrowness of this

transition (>2 K, defined as the FWHM of X" ) F as observed by resistivity

measurements [12]. Moreover, in these crystals the resistivity along the c

axis exhibits a metallic behaviour.

Fig. 8 shows the results of an a.c. susceptibility experiment [13]. He see

that the transition to superconductivity is very narrow. In the ceramics of

these compounds in general x" shows two peaks, one due to in-grain effects
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and the other (at lower temperatures) to inter-grain effects. It is clear

that, unlike for ceramics, the latter effect does not appear in these

crystals.

YBa2Cu306iM , HNA1

h

0

0

0

0

0

0

0

0

0

0

0

1

k

0

0

0

0

0

0

1

1

1

1

1

1

R F

v

1

1

2

3

4

5

6

0

1

2

3

4

0

1

^ b s

2.76

0.12

0.84

8.33

1 .62

11 .43

2

3

2.65

0.69

0.05

6.65

6.10

8.34

.96 %

.35 %

Icalc

2.73
0.04

0.77

8.33
11 .90
11 .27

2.59

0.66
0.04

6.87

6.46

8.32

h

1

1

1

1

1

1

1

1

2

2

2

2

k

1
1

1

1

2

2

2

2

2

2

2

2

1

1

2

3

4

0

1

2

3

0

1

2

3

Xobs

2.60
0.05
4.86
2.61
2.36
0.50
0.06
6.73

50.86
2.98
0.05
0.83

Icalc

2.47
0.02
4.97
2.63
3.31
0.53
0.03
6.78

50.78
2.83
0.04
0.83

Table 3.6

Observed and calculated nuclear Bragg intensities of YBa2Cu306

after correction for the Lorentz factor. Icalc = FN (FN is the

nuclear structure factor) is given in barn/formula unit.

For a detailed investigation of the magnetic phase diagram, it is mandatory

to introduce well defined quantities of oxygen homogeneously in the

crystal. This was achieved by the following procedure. For each

investigated oxygen content, the crystal is first reduced to YBa2Cu306 by

heating under a pressure of less than 10~3mbar at 670°C during 12 hours. By

means of the chemical iodometry technique a value of x = 0 [11] has been

verified in a test experiment. Then the crystal is introduced, at room

temperature, into a quartz tube with a well controlled mixture of oxygen

and argon gas. The closed tube is then heated at 670°C during 5-7 hours,

cooled to 570°C in 5 hours and finally cooled down fastly to 415-420°C.

During this part of the treatment the oxygen is introduced into the

crystal, and divided over the crystals, in the case that more than one

crystal is treated. Then the tube is cooled down slowly to 320-350°C at a
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rate of -5°C/h. In this temperature range there is no exchange of oxygen

between the samples and their environment, but the oxygen is distributed

homogeneously within each crystal. Afterwards the quartz tube is removed

from the furnace and cooled to room temperature in water. We are not sure

that the order in the 0(4) and 0(5) sites will not change any more below

320°C, but the waiting time becomes of the order of several days to weeks.

h

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

k

0
0

0

0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

R
F

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

2

YBa 2 Cu 3 o 6

Iobs

0.40
1 .92

5.61

13.68

21 .97

2.64

13.78

4.82

0.29
12.54

1 .13

1.56

3.56

2.66

6.39

0.19

2.23

0.86

0.52 %

0.57 %

0.39

1.95

5.60

13.67

21 .93

2.63

13.84

4.82

0.30

12.57

1.07

1 .51

3.52

2.68

6.34

0.19
2.27

0.87

99

h

1
1

1

1

1

1

2

2

2

2

2

2

2

3

3

3

3

'

k

1
1

1

1

1

1

2

2

2

2

2

2

2

3

3

3
3

HND4

1

1
2

3

4

5

6

0

2

3

5

6

8

9

0

1

3
4

1 .35
0.47

7.33

1 .15

0.73

16.36

56.81

0.33

1.81

11 .35

18.53

11 .99

4.28

4.45

1.09

4.76

1.08

•'•calc

1.38
0.45

7.38

1 .08

0.73

16.46

56.80

0.36

1.68

11 .35

18.68

12.02

4.10

4.42

1.11

4.77

1.08

Table 3.7

Observed and calculated intensities of YBa2Cu306 g9 after

correction for the Lorentz factor, where Icalc = FN
 2 is given in

barn/formula unit. Because only (h,h,l) peaks have been measured,

no distinction can be made between the 0(4) and the 0(5) sites.

In the case of small crystals (smaller than 1 gram), a weighed amount of

YBa2Cu3064x powder with a known oxygen content is added in order to assure

a sufficient precision in the TGA analysis.

To determine the oxygen concentrations of the samples, we used several
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X'

85

YBa2Cu306.99

H=1 Oe
f = 35 HZ

i i i i i

I I I I I I I I I

90 95
Temperature (K)

Fig. 8. AC susceptibility result of YBa2Cu306 99 , showing the very sharp

superconducting transition at T .
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Sample

N1

N2

N3

N4

N5

N6

N7

HNA1

HNA2

HNA3

HNA4

HNB1

HNC1

HNC2

HND1

HND2

HND3

HND4

Instrument

Melusine DN2

IN8

IN8

IN20

IN8

IN8

D10

IN20/D15

IN20

IN3

D10

IN8

IN8 (test)

IN20 (test)

IN8/IN1/IN14/D3B

D3B

IN8/IN20/D3B

D3B/D9

cn

11

11

11

11

11

11

11

11

11

11

11

11

.837

.82

.78

.776

.774

.701

.77

.7£<

.81

.82

.66

.79

Cx

11

11

11

11

11

11

11

11

11

.840

.805

.768

.78

.807

.807

.810

.83

.787

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

xc

.00

.28

.41

.37

.25

.25

.24

.0

.32

.40

.82

.43

.35

.26

.20

.0

.34

xint

0.35

0.40

0.35

0.20

0.20

0.15

0.04

0.32

0.38

0.42

0.3

0.34

0.15

0.9

0.37

0.99

XTGA

0.30

0.36

0.75

0.41

0.90

0.37

X

0.00

0.33

0.40

0.36

0.20

0.20

0.15

0.04

0.30

0.38

0.75

0.42

0.30

0.34

0.15

0.90

0.37

0.99

Table 3.8

Determination of the oxygen content of the used single crystals.

The values cn and cx denote the lattice parameter c in A at room

temperature measured with neutrons or X-rays, respectively; xc, x1nt

and xTGA are the values of x determined with the lattice parameter

c, the nuclear intensities and the TGA method, as is explained in

the text. The used x is given in the last column.

methods, the results of which agree rather well. First we measured nuclear

Bragg intensities, especially (0,0,2), (1,1,2) and (0,0,3), which have

small structure factors and are very sensitive to the occupancy of the

oxygen 0(4) site. A comparison with strong peaks like (1,1,0) or (0,0,4)

gives a rather accurate determination of x. A second method was based on

measurements on crystal and accompaning powder, at room temperature, of the

lattice parameter c, which decreases going from x = 0 to 1. We used our

powder data and those from ref. [14] as a calibration. The third method was

to measure the change in mass of the crystals during the oxygen treatment

described above, starting from x = 0, using TGA. These three determinations

were in rather good agreement with one another. However, the determination

of the lattice parameter c appeared to be less reliable than the other two
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methods, because often the neutron wavelength was not known to sufficient

accuracy. Moreover, for the HNC and HND samples the determination was

performed at low temperatures (in table 3.8 a first order correction has

been made). For this reason we think that method one and three are the most

appropriate. The actual oxygen concentrations which were investigated are

reported in table 3.8. The error in the determination is about ±0.05, but

the relative values are known with a better accuracy, especially for

x = 0.38 and 0.42.
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Chapter 4

THE ANTIFERROMAGNETIC ORDER OF YBa2Cu306+x AND ITS PHASE DIAGRAM

4.1 Introduction

As was already pointed out in chapter 1, since their discovery [1], a large

number of experiments has been done on the copper oxide type

superconductors, in order to get an insight in the origin of the

superconductivity, various theoretical models have been developed (for a

short overview see chapter 1 or [2-4,22,23]). Wether or not magnetism is

involved in the superconductivity mechanism, any theory will at least have

to take the rich magnetic behaviour into account. In this respect neutron

scattering experiments are an important tool to give information on this

subject.

In the case of the La2Cu04 compound, in the pure, i.e. non superconducting,

state, an antiferromagnetic order was found with neutron diffraction below

TN = 240 K [5,6,7], which was immediately confirmed with muon spin

relaxation (nSR) [8]. The orthorhombic unit cell, resulting from a

distortion of the well known tetragonal K2NiF4 type structure [9], contains

Cu2+ ions located in nearly quadratic layers with very strong in-plane Cu-0

bondings. Within a layer the ordering is antiferromagnetic along both the a

and b directions and the layers are coupled antiferromagnetically along the

c axis. This ordering was found to be very sensitive to Ba or Sr doping

[10,11] and the oxygen stoichiometry: a TN as high as 300 K has been

observed for reduced samples [12,13].

The YBa2Cu306+x system contains similar CuO2 layers, so the

antiferromagnetic ordering in La2Cu04 indicates that the same phenomena

could very well occur in the former compound as well. Comparison with

existing results on quadratic layer antiferromagnetic Cu compounds suggests

the same [14]. The first evidence for an ordered magnetic moment in

YBa2Cu30e was given by |iSR experiments [15]. Therefore we undertook a

neutron scattering study in search for magnetic scattering in this

compound.
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The first measurements were performed on powder samples in the summer of

1987, as will be desribed in section 4.3. At the time that a first positive

result had been found, a single crystal of sufficient size for neutron

diffraction measurements, grown at the university of Rennes, became

available, so we decided to continue the study of the dependence of the

magnetic behaviour as a function of the oxygen content x on single crystals

(December 1987). In February 1988 even larger crystals were obtained in our

own group by J.Y. Henry. These crystals have been discussed in detail in

the previous chapter. This program was a part of a more extended one

developed at the Departement de Recherche Fondamentale of the Centre

d'Etudes Nucleaires de Grenoble.

In this chapter first a word will be said about the experimental

conditions. Then the powder diffraction results will be discussed, followed

by the single crystal experiments on the pure (x = 0) and the doped (x > 0)

samples. A concluding discussion will finish this chapter.

4.2 Experimental

The powder neutron scattering experiments have been performed at the High

Flux Reactor of the institute Laue Langevin (see chapter 2) using both the

triple axis spectrometer IN20 and the diffractometer D20. On IN20, set to

zero energy transfer, PG1002) crystals were used as monochromator and

analyzer and a PG filter was placed in the incident beam to reduce higher

order contamination at A = 2.36 A.

The double axis spectrometer D20 is equipped with a position sensitive

detector; neutrons of wavelength A = 0.9 A , provided by a copper

monochromator, have been used to minimize A/2 contamination.

Almost all single crystal experiments were carried out on the triple axis

spectrometers IN8 and IN20. Most of the measurements were carried out with

a wavelength of X = 2.36 A, given by a Ge(111) crystal monochromator. To

eliminate residual higher order contamination, PG filters and often a

Ge(111) analyzer were used, giving a A/2 contamination smaller than 10~6 .

Polarized neutrons were used to establish the magnetic origin of the

observed intensities.

The crystals were mounted with a [1 To] axis vertical in a standard ILL
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cryofurnace, which allows to vary the temperature from T = 1.5 K to 550 K.

Then any direction in the (iTO) plane can be investigated.

For the YBa2Cu306 measurements the crystal was mounted inside an evacuated

quartz tube to prevent any oxygen absorption, which was confirmed after the

experiments.

4.3 YBa2Cu306

4.3.1 YBa2Cu3 Og powder experiments

Neutron scattering experiments have been performed on a YBa2Cu306 powder

sample [17]. A typical spectrum recorded at T = 5 K is shown in fig. 1.

Most of the observed Bragg peaks can be indexed on the basis of a

tetragonal unit cell with a = 3.843 A and c = 11.77 A. Their intensities

are well accounted for by the position parameters from the structure

determination described in the previous chapter, Rp= 4 %.

As was already pointed out in chapter 3, the YBa2Cu306+x compounds have a

crystal structure which is derived from the perovskite type structure with

an ordering of cations and a deficiency of oxygen atoms. The copper ions

are located at two different sites, Cu(1) and Cu(2). At the Cud) site,

situated at (0,0,0), each atom is linked to two oxygen atoms, 0(1) at

+(0,0,z) with z o? 0.15, and to a number of in-plane oxygen atoms, 0(4),

which depends on the oxygen content. The superconducting compounds contain

the largest amount of oxygen atoms in the Cud) layers. The -Cu-O-Cu-

chains that are formed increase the bonding energy and induce an

orthorhombic distortion. The oxygen concentration can be adjusted to any

concentration from x = 1 to x = 0 . The latter case corresponds to the

compound YBa2Cu306 which is insulating [16] and has a tetragonal structure

with Cu(1) ions, two-fold coordinated, in a Cu+ valence state, i.e. in a

3d10 electronic configuration, corresponding to a complete filling of the

3d shell and thus to a non-magnetic state.

At the Cu(2) site , located at ±(0,0,z) with z a: 0.36, Cu2+ ions form a

quadratic layer with the 0(2) and 0(3) oxygen ions with very strong

in-plane Cu-0 bondings, yielding, as in La2Cu04, magnetic interactions with

a quasi two-dimensional character, due to the weak coupling between these

layers. As far as magnetic properties are concerned, YBa2Cu306 is the
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simplest of its family, because the tetragonal unit cell contains only one

magnetic site, Cu(2), defining two quadratic layers of Cu2+ ions.
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Fig. 1. Powder neutron diffraction spectrum of YBa2Cu306 at T = 5 K.

In addition to the nuclear Bragg reflections in figure 1, three peaks can

be indexed as (H,H,0), (H,H,1) and (H,H,2). Despite the use of a PG filtre,

a small A/2 contamination of about 2-10"3 could not be avoided. However,

since the structure factor of the nuclear (1,1,2) peak is very weak

(0.02-10"12 cm) , we can rule out the hypothesis of a A/2 contamination on

the (̂ ,H,1) position. Furthermore, none of the expected parasitic phases

has strong Bragg reflections around this position. Moreover, accurate X-ray

inspection did not reveal any intensity at (H,H,1). Therefore we can
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conclude that the {\,\, 1 ) peak has a magnetic origin. This conclusion is

also supported by a decrease of 20 % of its intensity when the temperature

is increased up to room temperature. From such a temperature dependence a

high ordering temperature can be expected.

Although the C-5,̂ ,1) has a purely magnetic origin, this is not the case for

the (H,'<S,O) peak, which can fully be accounted for by the A./2 contamination

from the strong (1,1,0) nuclear Bragg peak. The (H,H,2) is again almost

purely magnetic. A (H,H,3) should occur in the same range as the A/2

contamination from the very strong (1,1,6) and (1,2,3) reflections and the

(1,0,2) nuclear peak. These nuclear contributions can be calculated and

only a weak magnetic intensity is possible at C4,^,3). No intensity has

been detected at (H,H,4), nor were other magnetic peaks detected in the

investigated Q range.

From these data the magnetic structure can be determined. The ordering wave

vector k = (H,H,0) corresponds to a symmetry point of the Brillouin zone

and defines a simple antiferromagnetic structure. The ordering within a

(001) plane is antiferromagnetic along the a and b tetragonal directions.

This structure results from a strong nearest neighbour antiferromagnetic

coupling, as in La2Cu04. in a primitive tetragonal space group (P4/mmm),

such a wave vector is unique, therefore there is no lowering in symmetry at

the phase transition, and the magnetic unit cell remains tetragonal with

parameters (a\T2~, a\f2~, c).

A complete knowledge of the magnetic ordering in YBa2Cu306 requires the

determination of the coupling and the orientation of the magnetic moments

of the two Cu(2) Bravais sublattices at (0,0,z) and (0,0,z) and their

magnitude. A vanishing C?,^,0) structure factor, as measured, indicates

without any ambiguity that the coupling between these sublattices is

antiferromagnetic, because for such a simple antiferromagnetic structure,

the magnetic intensity can be written as (see eq. 2.24)

1(3 + k) = p (0.27 m f(9) 2 sin(2n£z) ) 2 <sin2ot> (4.1)

where H is a reciprocal lattice vector, p the multiplicity and the average

is over the different angles a between the magnetic moment and the

scattering vector. Also it corroborates the fact that the copper atoms in

the Cud) site are non-magnetic, as expected for a Cu+ valence state.

Due to the limited number of detected magnetic Bragg peaks and their rather

bad precision we were not able to determine the moment direction
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unambiguously from these data. This became possible with single crystal

results, which wili be the subject of the next sections.

4.3.2 YBa2Cu305 single crystal experiments

Single crystal experiments [18] confirm that the Cu(2) moments in VBa2Cu306

are ordered with an antiferromagnetic structure described by the wave

vector k = (**,H,0) , i.e. with a unit cell (a\f2~,a\f2~, c). The magnetic

intensities, measured without any A/2 contamination, are given in table

4.1. The absence of intensities at Q = C4,H,0) is accurately established,
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3±1
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0

5
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2 . 6
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0.28±0.05

fi-3

Table 4.1

Observed and calculated magnetic Bragg intensities ( 10'

barn/foriiula unit) of YBa2Cu306+x for an antiferromagnetic

direction within the basal plane

which confirms the conclusions of the preceding section that the Cu+ in the

Cu(1) site is non-magnetic and that the coupling between the magnetic

moments of the two Cu2+ ions in Cu(2) Bravais sublattices at (0,0,z) and

(0,0,z) is antiferromagnetic. This is shown in fig. 2.

For single crystal measurements eq. 4.1 is slightly modified and is written

as

I(H + k) = (0.27 m f(Q) 2 sin(2ir£z))2 <sin2a> (4.2)
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Y Ba2 Cu 3 O6+x

Fig. 2. The antiferromagnetic structure of YBa2Cu306+x . Only the Cu ions

are represented.
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CM-

• r i ' r

YBa2Cu3O6 + x

=(1/2,1/2,1)

100 200 300 400 500
Temperahjre(K)

Fig. 3. The intensity of the magnetic Bragg peak (H,H,1), normalized

to the square of the staggered moment, as a function of

temperature of YBa2Cu306+x for various oxygen contents. The

intensities have been normalized in order to reflect the square of

the ordered moment.
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From the measured magnetic intensities we can determine without any

ambiguity that the antiferromagnetic direction lies within the basal plane,

i.e. perpendicular to c (see table 4.1).

The variation of the C4,H,1) intensity, shown in fig. 3, gives an ordering

temperature of TN = 415 ± 5 K. For this measurement the crystal was mounted

inside an evacuated quartz tube, to prevent any absorption of oxygen. This

was confirmed by a structure determination on a four circle diffractometer

and by an X-ray measurement of the c parameter after the experiment.

.2

o
u

"c

<b

102

YBa2Cu3O6 + x

x=0.03
= 0.25±0.0-

x=0.15
|3=0.26±0.03

x=0.20
p=0.3U0.03

10r3 10"2

(TN-T)/TN
10,-1

Fig.4. Determination of the critical exponent p for several oxygen

contents.

Additional measurements on a powder sample, prepared in the same

conditions, gave the same value of TN. Near the transition temperature a
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critical behaviour following a power law 1 - — with p = 0.25 ± 0.03

was observed (see fig. 4). In the next section this will be compared with

the results for compounds richer in oxygen.

The low temperature value of the ordered moment is m0 = 0.64 ± 0.03 Me/

using the form factor values reported in ref. [33,34]. These values of TN

and m0 are in good agreement with powder sample results, obtained

simultaneously with ours, from the Brookhaven group [35,36] and will be

discussed in the last section of this chapter.

In order to ascertain that this temperature dependent signal is of magnetic

origin, we performed a polarized beam experiment with polarization

analysis, using horizontally magnetized Heusler crystals in reflection as

monochromator and analyzer. Both spin-flip and non-spin-flip intensities

have been measured. Our results prove that the signal is magnetic, clear

peaks have been observed at the (̂ ,̂ ,1) and (%,%,2) positions, the

intensities of which are consistent with the proposed magnetic structure.

4.4 The phase diagram of YBa2Cu306+x

Crystals with various oxygen contents between x = 0 and 0.92 have been

investigated [18,19,20,21]. In the range from x = 0 to 0.40 the magnetic

ordering (k = V4,'4,Q) and the antiferromagnetic coupling between Cu(2)

sublattices) is found to remain the same as in YBa2Cu306, but to occur at

lower temperatures. The moment is always in the basal plane (see table

4.1).

The temperature dependence of the magnetic Bragg peak intensities (i.e. the

square of the ordered moment) is shown on a normalized scale in fig. 3.

Fig. 5 and table 4.2 show the behaviour of TN and m0 as a function of the

oxygen content.

For increasing oxygen contents from x = 0 to 0.2, the antiferromagnetic

structure remains unchanged, TN and mQ staying constant. For x > 0.2 both

TN and m0 start to decrease, rather smoothly up to x s; 0.35 and more

sharply above, resulting in an abrupt disappearance of the long range

antiferromagnetic ordering at x = 0.41 ± 0.02 (fig. 5). The steepness of

the magnetic non-magnetic transition is evidenced in fig. 6, showing a 3-
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Y Ba2Cu306+x 3

04 05
Oxygen content : x

Fig. 5. Low temperature ordered moment ra0 and ordering temperature TN of

YBa2Cu306+x as a function of the oxygen content.
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Fig. 6. Elastic scans along Q = IH.H.t) for yBa2Cu306+x with x = 0.38 and

0.42.
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dimensional ordering for x = 0.38 (T = 150 K) and the absence of any

3-dimensional ordering for x = 0.42.

Sample

N1

HNA1

N7

N6
HNA2

N2

N4

HNA3

N3

HNB1

HNA4

HND2

X

0.00

0.03

0.15

0.20

0.30

0.33

0.36

0.38

0.40

0.42

0.75

0.90

mQ (fig)

0.61

0.64

0.60

0.60

0.54

0.46

0.28

0.25

0.07

-

-

-

TN (K)

415

410

410
400

350

290

250

150

70
-

-

-

Table 4.2

The low temperature ordered moments and ordering temperatures as a

function of the oxygen content for YBa2Cu306+x . The accuracies in

x, m0 and TN are about 0.05, 0.03 ^g and 5 K, respectively,

although it is difficult to define TN for higher x values.

For several oxygen contents the critical behaviour of the staggered moment

was studied, which follows a power law (1 - T/T N)
P in the neighbourhood of

TN . In fig. 4 the determination of p is shown for samples with x = 0.0,

0.15 and 0.20, for which p = 0.25 ± 0.03, 0.26 ± 0.03 and 0.31 ± 0.03,

respectively, was found. Less accurate results were obtained for the

x = 0.30 and 0.36 samples, for which p > 0.42 and p = 0.49 ± 0.19 (see

fig.7). The low value of p for the compounds low in oxygen content is

characteristic for low dimensional systems [9]. Actually, similar results

have been obtained in the quasi 2-dimensional Heisenberg systems with a

weak XY-anisotropy BaNi2(PO4)2 (antiferromagnet) where p = 0.23 [53] and

K2CuF4 (ferromagnet) where p = 0.22 [53]. In these compounds a crossover to

3-dimensional behaviour is observed as soon as 1 - T/TN < ln(J'/J) where J'

and J are the inter-plane and in-plane couplings, respectively. This has

not been seen in YBa2Cu306+x , because J'/J is smaller in this case (see

next chapter). For x > 0.2 the value of p starts to increase (as TN

decreases), which is probably due to quantum fluctuations, induced by the

hopping of oxygen holes appearing in the Cu(2) layers. We have to remark
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that in principle critical behaviour is only defined in the range where

1 - T/TN ^ 5•10"
2 . Therefore, especially for the samples with x > 0.15 we

are in a limit situation, so we have to be prudent with these results.

In the range x = 0.30 - 0.37 the temperature dependence of the intensities

of the magnetic Bragg peaks (H,^,1) and (Js,H,2), given in fig. 8 for x =

0.30, exhibits a reentrant behaviour at low temperatures (below T s 50 K

for x = 0.30). As the ratio of these two intensities remains constant, the

decrease of the signal corresponds to a decrease of the ordered moment

value at low temperatures. Since these measurements have been carried out

.YBa2Cu3O6 +

-400 D

i
Q_

-200 •*-

4>

6
0.1 0.2 0.3 0.4 0.5

Oxygen content : x
Fig. 7. The critical exponent p and the ordering temperature TN

function of the oxygen content.

as a
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Fig. 8. Temperature dependence of magnetic Bragg peak intensities and of

the (H,H,£) diffuse scattering for x = 0.30.
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with an analyzer set in the elastic position, this reduction of the ordered

moment value implies the appearance of some static disorder on an energy

scale smaller than 0.5 meV . A similar behaviour was observed in the

oxygenated La2Cu04_s compound (TN ta 100 K) [10].

In fact, in figs. 8 and 9 we can observe that this disordered component

gives rise to a diffuse scattering along the (H,'-i,£) ridges, which is

modulated following the magnetic structure factor for this bilayer

antiferromagnetic system, as will be described in more detail for the

x = 0.37 case. This proves that this intensity is of magnetic origin (which

has been verified with polarized neutrons as well) and that the disorder

occurs mainly in the stacking of the antiferromagnetically ordered double

layers. It is noteworthy that no diffuse scattering has been observed

around the V4,H,Q) scattering vector (fig. 9), which indicates that the

8
C300

.•^200 -
(0

0

=(1/2,1/2,1)

•T=1.5K
°T=300K

0.5 1.0 1.5
Kr.l.u.)

Fig. 9. Elastic scans along Q = (H.H.t) for YBa2Cu306 3 at T = 300 K and

1.5 K, showing the 1-dimensional diffuse scattering originating

from the reentrant behaviour.
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Fig. 10.Intensities of the Q = W,H,1) and (H,H,0) peaks as a function of

the rocking angle for YBa2Cu306 3 .
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antiferromagnetic coupling between the two CuO2 layers in one double layer

is not affected (in, = -ii>2). A similar modulated ridge intensity has been

observed previously (but only for T i. TN) in the double layer

antiferromagnet K3Mn2F7 [26]. This result shows that the direct

antiferromagnetic exchange Jb between the Cu2+ moments of adjacent Cu(2)

layers in the unit cell is much stronger than the indirect

antiferromagnetic exchange interaction J' between Cu2+ moments of different

bilayers via Cu ions in the Cu(1) site. Therefore the magnetic ordering in

YBa2Cu306+)< consists of antiferromagnetic double layers and the disorder at

x = 0.30 - 0.37 takes place only in the stacking of these,

temperature changes.

>\3000-

c
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§2000

c

1•£1000 -1
c

0

V^B° 2

A
Q= {6.5,0.5,1)'

Cu3

-

\
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°6.37 , -
kj = 2.662A"1

n\A/ — 0

Q = (0.5,0.5,1.6)

• V ^ ^ TN=180K

c
750 E

50 100 150 200
Temperature (K)

500 8

CD

250.1
c

0

Fig. 11.intensities of the C-4,̂ ,1) magnetic Bragg peak and of the ridge

along Q = (H,%,Z) as a function of temperature for YBa2Cu306 37 .
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Moreover, no Bragg peaks could be observed at Q = (̂ ,H,0) (fig. 10) and

(H,H,%) for any x value, evidencing that there is no ordered moment

(mQ< 0.03 Hg) in the Cud) site (chain site). This conclusion is in

agreement with other neutron experiments [29,51] and Cu NMR measurements

[27,28]. Another neutron scattering group, however, has reported

experiments revealing some ordering of the Cu(1) magnetic moments and a

doubling of the magnetic unit cell along the c axis [30]. The same group

reports in a later paper [51] that on another crystal with a comparable

oxygen content (x =* 0.3) this result could not be confirmed, but, on the

contrary, diffuse 2-dimensional scattering was found, similar to our

results.

it seems probable that these results are sample dependent. In our case, we

have investigated many oxygen concentrations and have never observed any

ordered moment on the Cud) site. We suspect that some ordered magnetic

moment could appear on the Cud) site if oxygen ions in the chain planes

are inhomogeneously distributed over the different oxygen 0(4) and 0(5)

sites, in our case the oxygen intercalation was done following a well

defined procedure ensuring a rather good distribution of the oxygen atoms

on these sites.

A crystal with x = 0.37 also shows reentrant behaviour for temperatures

below T = 20 K, which is at the same time the onset for 2-dimensional

elastic magnetic scattering along the {%,*,&) ridge, as is shown in fig.

11. But apart from these features at low temperatures, which are observed

for lower oxygen contents as well, there now remains intensity on this

ridge at all temperatures, even above TN , which is about 180 K (due to

important short-range correlations this TN is difficult to define). This

phenomenon can clearly be separated from the intensity associated with the

reentrant behaviour, for there is a distinct kink at the onset of the

reentrant conduct. The ridge intensity is, even at T = 200 K, so above TN,

modulated like the elastic magnetic structure factor (fig. 12) F2 oc

sin2 (ir£z') with z' = 1 - 2z = 0.28 (compare eq. 4.2). This means that the

antiferromagnetic coupling between the two layers in one double layer

remains intact even above TN and that the disorder only occurs between

double layers.

The intensity of this ridge, the magnetic origin of which was established

using polarized neutrons, decreases monotonically with increasing

temperature, till temperatures above TN, at least till T = 200 K (figs. 11

and 12).

These observations of the modulated ridge intensity was hampered by nuclear
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Fig. 12.Elastic scan along Q = IH,'4,£) at T = 200 K for YBa2Cu306 37 ,

showing the diffuse scattering, modulated according to the

magnetic structure factor. The shaded, indexed peaks come from the

Y2BaCu05 'green phase'. The intensity at T = 300 K is also

indicated.

Bragg peaks coming from the related compounci Y2BaCu05, the so-called green

phase, which occurs in polycrystalline form in our crystals in amounts of

some 10 % (see section 3.5). We have been able to index all the observed

parasitic peaks, as is shown in fig. 12. These peaks are insensitive to

At the magnetic Bragg peak positions and at «,H,0) some intensity is

visible above TN, independent of the temperature (fig. 12). This is due to

a weak A/2 contamination from the nuclear Bragg peak (1,1 0).
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At low temperatures this ridge has a full Q width at half-maximum along the

(q,q,0) direction ZVj = 0.039 r.l.u. (after the necessary corrections for

the peaks from Y2BaCu05 , see fig. 13). The experimental 2-dimensional

resolution is 0.017 r.l.u.. The deconvolution of the observed peak in a

lorentzian shaped physical signal and a gaussian part for the resolution

results in the physical value of 2Fq= (0.030±0.002) r.l.u. for the

lorentzian. This enables us to calculate the in-plane correlation length Z

= 1 /(2-n\T2~ Tq ) = 7.5 unit cells = 30 A. If we assume that the correlation

length is limited by the average hole separation in the CuO2 planes, in a

E
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Fig. 13.Elastic scan perpendicular to the diffuse scattering ridge showing

its finite width. The instrumental resolution is 0.017 r.l.u.. The

two peaks on both sides come from the Y2BaCu05 'green phase'.
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static approximation this corresponds to a hole concentration of 1.8 % per

layer. Since we are very near the magnetic non-magnetic transition in the

phase diagram, this result shows that a hole concentration larger than 2%

per layer destroys the 3-diraensional antiferromagnetic order. Similar

results have been obtained in the doped La2Cu04 compound, where the Ba or

Sr content corresponds directly to the hole concentration. Here it is well

known that for doping concentrations superior to 2% no long-range magnetic

order is found (see e.g. (55]).

All these results are in contrast to the critical behaviour of other 2-

dimensional antiferromagnets [9,31,32], were generally near TN an increase

in the quasi-elastic peak occurs, indicating a 2-dimensional short-range

order. This will be examined in the discussion.

It should be emphasized that all these results were obtained using a three

axis instrument set at zero energy transfer. Therefore they indicate the

existence of static disorder at an energy scale smaller than 0.5 meV.

For oxygen contents still closer to the magnetic non-magnetic transition,

i.e. x = 0.38, no reentrant behaviour has been observed down to T = 5K.

However, as shown in fig. 14, a diffuse scattering contribution exists at

any temperatures both for scans along and perpendicular to the c axis.

Nevertheless, this diffuse signal seems to be stronger along the (\,%,t)

ridge than perpendicular to it. Here again the diffuse scattering decreases

with increasing temperature, like the 2-dimensional ridge for slightly

lower oxygen concentrations. It seems likely that we are concerned with the

same effect as in x = 0.37, but that only the correlation length within the

CuO2 planes has been reduced. So for this oxygen content the ordered moment

is considerably reduced due to static disorder both within and between the

Cu(2) planes.

Furthermore for x = 0.37 and 0.38 the magnetic intensity exhibits a quite

unusual temperature dependence (see figs. 11 and 15), actually close to

that found in some off-stoichiometric La2Cu04 single crystals [10,33]. Of

course we can argue that this behaviour could result from a slight

inhomogeneity in the oxygen content, but we think that it is more likely an

intrinsic effect resulting from the (temperature dependent) hopping of

holes within the Cu(2) planes.

For x = 0.42, 0.75 and 0.90 no magnetic Bragg peaks have been observed down

to T = 1.5 K, 30 K and 1.5 K, respectively, indicating the absence of long-

range magnetic order above xc = 0.41.

The x = 0.37 sample was checked on superconducting behaviour by measuring
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Fig. 14.Elastic scans along Q = {H,H,i) and (h,h,2) around {%,%,2) for

YBa2Cu306 33 .

the AC susceptibility, and a diamagnetic signal was observed below

T =; 40 K. However, this signal was so weak (only a fractii. of about 10"4

of the volume was superconducting) that we think this to be due to very

weak inhoraogeneities in the sample. We conclude that there is no

coexistence of superconductivity and long-range magnetic order of the Cu2+

spins in our samples.
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4.5 Discussion

The first striking result to discuss is the high value of the ordering

temperature found in YBa2Cu306 ( TN = 415 ± 5 K ), while the magnetic

coupling exhibits a pronounced 2-dimensional character. This TN is about

40 % higher than the one in La2Cu04 (TN = 300 K) [12].

When we consider a quasi 2-dimensional quadratic Heisenberg behaviour, for

a S = '4 system the 3-dimensional ordering temperature (TjjJD ) is much smaller
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Zk 4ir S(S+1) 2J
than the mean field value (kBrJ]

F = 2J), according to kBT^
D ^

[9,37], where J and J' are the in-plane and inter-plane couplings,

respectively. Recent calculations have shown that in this case Zk=* 0.25

[61]. Using 2J = 1700 K and J/J'^ 105 (chapter 5), we obtain T3,0^ 350 K, in

rather good agreement with the experimentally observed value (the

difference can be explained by the fact that the calculation does not take

the double-layer character into account, which will increase TN, as will be

explained below). As is pointed out in the next chapter and ref. [52], the

values of 2J in YBa2Cu306+x and La2Cu04 are of the same order of magnitude

( ~ 0.15 eV) and the difference in J' (both ~ 10~3 meV) will not be enough

to explain the difference in ordering temperatures of both compounds. So

probably this simple model needs some modifications. As was deduced from

the reentrant behaviour with the diffuse 2-dimensional scattering and from

spin wave results, to be presented in the following chapter, in YBa2 Cu3 06+x

the two inter-plane interactions, J' via a Cu(1) site and Jb between two

adjacent Cu(2) layers sandwiching an Y ion, have quite different values, Jb

being at least 103 times larger than J' (see chapter 5). Therefore

YBa2Cu306+)< has to be considered as a double-layer system. For an XY model

Friedel argues [38] that TN of a n-layer system must increase with the

number of layers. This explains the higher ordering temperature in

YBa2Cu306 (n = 2) compared to La2Cu04 (n = 1). On the other hand, La2Cu04

has a small Ising type anisotropy in the monoclinic phase, revealed by

susceptibility measurements. This will slightly enhance T3,0 . For XY systems

(like YBa2Cu306+x ) Friedel has shown that TN remains proportional to

ln(J/J'). Clearly this anisotropy effect is less important than the number

of layers in the two compounds.

The highest found low temperature ordered moment, m0 = 0.64 Hg , is

comparable to those found in CuO ( m0 = 0.68 \i$) [39,40] and in La2Cu04

(iao=0.5-0.6 ng) [5,12]. With a g factor of 2.12 a classical mean field

value of mQ = 1.06 jxB could be expected. Quantum fluctuations, resulting

from the 2-dimensional character of the spin wave spectrum, decrease the

ordered moment considerably [41,42]. For a double-layer S = H system a

reduction of a = 2 7 % is expected (for a monolayer even 40 %, explaining

the lower value for La2Cu04) [42]. The further diminution is accounted for

by hybridization (covalency) effects. Using the formula m0 =

g-S-(1-a) • (1-acov ) we find a moment reduction acov = 0.17, due to covalency.

This implies a covalency parameter of f^ sf 8 % [59] for the Cu-0

hybridization in the CuO2 planes. This is comparable to the results



90

obtained with polarized neutron scattering (acov < 0.1 for x = 0.15 and otcov

as 0.2 for x sa 1, see chapter 7) and 17 0 NMR experiments (acov = 0.22 to 0.30

for x = 1, [24,25]}. Also with theoretical cluster calculations a value of
acov =0-2 was obtained [62]. This shows that the hybridization of the

Cu(3d) and O(2p) orbitals does not change markedly from the metallic to the

insulating state, which is confirmed by 89 Y NMR experiments [60]. In any

case, covalency effects are common for similar insulating systems, like

K2CuF4or KNiF3, where a reduction of about 15 % of the moment in the Cu and

Ni sites is observed [56,57,58,59].

When increasing the oxygen content from x = 0.2 , both TN and m0 are

reduced. Neutron diffraction measurements show that the low temperature

value of the ordered moment varies linearly with the 3-dimensional ordering

0.6

— 0.4
CO

L

0.2

0

0.64 ± 0.03 JJLB

YBa2Cu3O6 + x

100 300 400

Fig. 16.Value of the low temperature ordered moment

ordering temperature TN.

as a function of the
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temperature (fig. 16), both decreasing rapidly as a function of x above

x = 0.2 (fig. 5). On the other hand, yiSR measurements that show the same

ordered moment values in spite of large differences in their TN have been

reported [45-47]. The explanation for this behaviour lies in the fact that

the rauon is a local probe in real space and the field at a muon site is

mostly due to its neighbouring Cu moments. Therefore, once the

antiferromagnetic spin correlation becomes 'static' on the time scale of

the muon experiment [23] (t > 1 us), even if the spatial correlation may be

short range, the muon sees the specimen to be almost perfectly

antiferromagnetic. In contrast, the elastic magnetic neutron scattering

intensity gives a Bragg peak only if the spatial 3-dimensional ordering is

long range. Therefore, this comparison suggests that the magnetic ordering

becomes more and more short range (but static) with increasing oxygen

content, resulting in a decreasing Neel temperature.

Another interesting feature is the reentrant behaviour, accompanied by

diffuse 2-dimensional scattering along Q = V4,%,&), and observed in the

range x = 0.30 - 0.37 at low temperatures, which results from the building

up of some static disorder between double layers. Several u5R measurements

[45-47] show that the relaxation of the antiferromagnetic spin precession

becomes faster at low temperatures for an x = 0.3 sample, implying the

presence of the same disorder magnetism. Also nuclear guadrupole

measurements where such a disorder is observed at low temperatures have

been reported [50]. It seems logical that this phenomenon is induced by the

holes in the layers. A possible hypothesis is that the onset of the

reentrant behaviour is the temperature where the holes become localized,

above this temperature they are mobile. This is encouraged by the fact that

this temperature seems to decrease for increasing oxygen concentration from

T = 50 K for x = 0.30 down to smaller than 5 K for x = 0.38 (see figure 3,

8 and 11, for x = 0.33 no data are available between 10 K and 100 K). An

alternative is that at these doping concentrations the spins of the coppers

in the Cu(1) site which are transformed into Cu2+ are mobile above the

temperature where the reentrant behaviour starts and become localized

below. Important frustration effects in the latter case could explain the

observed reentrance.

A very remarkable behaviour is observed for x = 0.37 and x = 0.38. The

modulated elastic intensity along V<i,%,(,), persisting up to temperatures

above TM for x = 0.37 , does not show a peak near TN, in contrast to

previousJy studied planar antiferromagnets [31,32]. On the other hand, the

ridge has a certain width, resulting from a finite correlation length in
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the planes.

These features indicate that the phase transition is not of the classical

2-dimensional type, but more likely driven by the hopping holes in the

layers.

Similar results have been found in the doped La2Cu04 series [10,11,43,49].

Here the authors show that the in-plane correlation length is nearly

temperature independent, and varies only with the doping concentration.

Let us discuss now the charge transfer mechanism from the analysis of the

magnetic phase diagram. We can distinguish different regimes as a function

of the oxygen content x. First, for 0 < x < 0.2, the filling of the oxygen

in the Cu(1) planes induces electron transfer only within the Cu(1) plane.

No electrons are transferred from the Cu(2) planes. These CuO2 layers

contain therefore no oxygen 2p holes, whereas in the Cu(1) planes Cu+, Cu2+

and (Cu-0)+ states appear. For 0.2 < x < 0.35 a small amount of 2p holes

(less than 2 %) is created in the Cu{2) planes, resulting in a decrease of

For x > 0.35, however, an appreciable amount of holes is transferred to

these CuO2 planes, leading to the rapid destruction of the

antiferromagnetic order, a behaviour quite similar to that found in the

doped La2Cu04 system [10,11]. In this range of oxygen content a tetragonal-

orthorhombic structural transition also occurs, and around x = 0.40 the

insulator-metal transition takes place, together with the appearance of

superconductivity. We have to keep in mind that around x = 0.5 an oxygen

ordering has been found in the Cu(1) plane [48], corresponding to an

alternation of filled and empty Cu-0 chains. So around x = 0.4 the Cu(1)

planes contain mainly Cu+ in empty (without oxygen) chains and (Cu-0)+ in

almost filled chains, whereas the Cu(2) planes mainly consist of Cu2+ with

a few oxygen 2p holes.

For 0.40 < x < 0.50 the electron transfer occurs chiefly from the Cu(2)

planes, creating a large amount of holes in these planes and resulting in a

sharp increase of the superconducting temperature Tc, but without any

3-dimensional antiferromagnetic order.
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Chapter 5

MAGNETIC EXCITATIONS IN YBa2Cu306+x

5.1 Introduction

In the preceding chapter the antiferromagnetic ordering and its phase

diagram have been presented. We have seen that the magnetic system must be

regarded as a nearly 2-dimensional double layer.

In this chapter measurements on the spin dynamics will be reported and it

will be shown that spin wave type excitations can account very well for the

observations. It will appear possible to calculate the magnitude of the

different magnetic interactions between the Cu(2) moments in the lattice

and to determine their evolution as a function of the oxygen content in the

antiferromagnetic state.

In the first section a model for the spin wave dispersion relation will be

presented and worked out. Then a few words will be said on the experimental

conditions and on the - important - resolution effects due to the

2-dimensional character of the excitation spectrum, combined with the huge

value of the in-plane interaction J. The experimental results for x = 0.15

and x = 0.37 will be the subject of the sections 5.5 and 5.6, respectively.

The results will be discussed in the final part of the chapter.

5.2 The spin wave nodel

5.2.1 Derivation of an expression for the spin wave dispersion relation.

The hamiltonian of a magnetic system can be written in the following

general form:
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H = " Z J<?mj'?ni ) Sn1 -Smj (5.1)
ni,mj

where Sn- and SmJ denote the spins of the ions located on sublattices i and

j in unit cells n and m.

in YBa2Cu306+x we can distinguish three different magnetic interactions

between the copper ions, as was already discussed in the preceding chapter.

In the first place there is an antiferromagnetic coupling between two

nearest-neighbour Cu(2) ions within the same layer, represented by J. This

interaction is due to superexchange and must be very strong, as is

indicated by the high TN value or by comparison of the susceptibility with

earlier measurements on antiferromagnetic 2-dimensional copper compounds

[1]. Raman experiments yielded a value of 2J ~ 1400 K [2].

The coupling between these CuO2 planes must be separated into two parts: Jb

which links two Cu2+ ions in adjacent layers sandwiching an Y ion, distant

of about 3.3 A , thus forming a double layer, and J' which connects two

Cu(2) ions in planes in different double layers, bridged by an 0-Cu(1)-0

exchange path. The interactions J, Jb and J' are represented in fig. 1.

The interplane interaction Jb, probably of direct exchange type

(superexchange is unlikely, since there is no clear-cut interaction path

via an intervening ligand), is certainly much stronger than J'. This is

shown by the modulation of the diffuse scattering along the (̂ ,H,£) ridge

which has been observed for x > 0.3 and which is due to a certain disorder

in the spin direction in successive bilayers. As was already pointed out in

chapter 4, this modulation follows the magnetic structure factor of an

ordered bilayer system, establishing that the coupling Jb is not affected,

in contrast to J'. This J' probably originates from a superexchange

mechanism via the 0-Cu(1)-0 bridge and must be very weak, which is proved

by the highly 2-dimensional magnetic properties of the system.

We note that for monovalent Cud) ions there will be no spin on these

sites. Indeed, for none of the investigated compounds did we observe an

ordered moment on the Cu(1) site. It will therefore not be taken into

account in the spin excitation model.

As the direction of the ordered moments is within the planes, a small

anisotropy Al = J" - J1 has to be considered. Generally in Cu compounds

this AJ is not very important in size [3]. No gap for in-plane modes has

been observed. Because of the tetragonal structure in the investigated

regime, we shall not make any distinction between Jx and Jy. Jb and J' are
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Y Ba2 Cu 3 O6+x

Cu2

Fig. 1 The antiferromagnetic structure of YBa2Cu306+)< . The exchange

interactions between the Cut2) ions are indicated.
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treated as isotropic.

We shall now derive an expression for the spin wave dispersion relation,

using the Holstein-Primakoff approximation [4], which is certainly allowed,

since J is much larger than the perturbations, like the anisotropy. We use

an expansion in 1/2S for which case (S=^) first order corrections according

to Oguchi [5] are important. Calculations [11-14] show that the linear

theory (the high spin limit) overestimates the exchange interaction by

about 15 to 20 %. We shall take this into consideration by making the

appropriate correction afterwards.

The magnetic system can be split up along the c-axis in two

interpenetrating Bravais sublattices of identical structure, every bilayer

contributing one layer to each sublattice, which is thus distant of about

0.28c = 3.3 A from the other (or (1-0.28)c, which is equivalent).

Since we want to work in reciprocal space, we make the transformations:

-2Tti

where n and m denote the unit cells and i and j the two sublattices. J^

can thus be either the intrasublattice exchange (i = j) or the

intersublattice one (i * j), see eq. (5.6). In a similar way the spins and

so the hamiltonian can be transformed. Next we adopt a system of local axes

u , v and w , where the spin always points in the u direction, so that

umi = x cos(<pmi ) + y sin(<pmi ) , where <pmi is the phase factor between u and

x.

Using the Holstein-Primakoff formalism [4], where the spin operators are

written as magnon creation and annihilation operators, and a linear

Bogoliubov transformation [6] to diagonalise the hamiltonian, for a

centrosymmetric system with two sublattices such as YBa2Cu306+x , a fairly

simple general expression for the eigenmodes can be obtained [7]:

(q) = S (R - I}4)'* (5.3)

= S (R

with
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P. = IUI2 - A,2 + |B2I
2 - |A2I

2 (5.4)

Q = 4 IUB2 + A-,A2I
2 - 1A2B2 - A2B2 I

2

and for S =

A, = jj1, (q) - jf, (q+k) (5.5)

B, = j]', (q) + j|, (q+k)

A2 = jj'2 (q) + j}2 (q+k)

B2 = j{'2 (q) - jf2 (q+k)

U = 2 (jf, (0) - j|2 (0)) - B,

These w, and Uj are the acoustic and optical modes, respectively. As we

have seen in the preceding chapter, the antiferromagnetic ordering in

YBa2Cu306+x can be described by the wave vector it = V-i,H,O).

From eq. (5.2) it is easy to see that (considering only neirest neighbours)

for YBa2Cu306+x

(q) = 2J (cos(2nqx) + cos(2irqy)) (5.6)

J12 (q) = Jb + J'exp(2mq!.)

Since J is much bigger than the other two interactions, we neglect in the

next calculation second order terms in J12 .

Using eq. (5.4), (5.5) and (5.6) we find:
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= 2S [{4J i+ 2j"( cos (2TTqx )+cos(2iiqy J H H J 1 - 2jx(cos(2-trqx ) +cos(2nqy ) )}

- {J^ + J'1cos{2vqz)}[-8JJ-+ 2(J-L- JN)(cos(2iTqx)+cos(2-tTqy))}

± |{-4JX+ 2j-L(cos(2TTq;<)+cos(2-iTqy))}{jl>
l+ J ^ e 2 ^ " 2 }

+ {4J1+ 2j l l(cos{2irqx)+cos(2lTq j,))}{J±+ J' V * 1 " z ) I]5* (5.7)qj,

This expression describes the spin wave dispersion relation in the entire

reciprocal lattice space. We can develop it for some symmetrical points in

a more manageable form. We assume that the anisotropy is small [3]: — < 1.
•J

First we consider points close to the center of the Brillouin zone.

For qx = q s q ~ 0, qz = 0 eq. (5.7) is reduced to

t*J, = 16JS lirql (5.8)

Jo + J ' 2

= 8JS + 4(irqr

For qx = qy = 0

= 8JS — Isinfwq )I (5.9)

tiu, = 8JS —2 \l J

J'cos2(uq )
1 +

At the boundary of the Brillouin zone, for qx = q = H-q =s '4, qz - 0,

(remark the new definition of q)

^ ( J 1 - j") ?

= 8JS + Hvq)d ( 5 . 1 0 )

Jb+ J ' + 2 ( J 1 - J11)
= 8JS 1 + 4(irq)2
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Fig. 2 Diagram of the spin wave spectrum of YBa2Cu306+x

For q = q = %

tto, = 8JS

= 8JS

2(JX J'sin2(itqz)
(5.11)

- J11
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And for qx = qy s q ~ -, qz = 0

= 8JS sin(2nq) (5.12)

A schematic diagram of the spin wave dispersion is plotted in figure 2.

5.2.2 An expression for the partial differential cross section

Once we know the spin wave excitation spectrum, we are in principle able to

d2<7
calculate the partial differential cross section for inelastic neutron

dOdw
scattering experiments.

It can be shown [7,9] that, by similar calculations as used to derive the

dispersion relation, eq. (2.27) can be evaluated to:

kf I vz
— f2(Q) e"2w( Q ) (1 ) Szz (q,to) S(w-au)dfMu 2ir k, ->>='- ^' Q2 ' " ^'"' ,

+ - (1 + ) S1(q,u) S(eo-to- -) (5.13)
Q2

where Q = H + q with H a reciprocal lattice vector and q in the first

Brillouin zone, and SJ-(q,u) and Szz (q,u) are the dynamic structure factors

within and perpendicular to the (a,b) plane, respectively.

Eq. (5.13) shows that by inelastic neutron scattering with wave vector q

not only w- is observed, but also to- -. (in YBa,Co,0K.„ k = V4,'4,0)).
q q±k d J 0 + x

The analysis of the experiments for an antiferromagnet is thus slightly

different from that for a ferromagnet, where it is a reciprocal unit vector

and so the two terms in eq. (5.14) will be measured on the same q.

The term in 1 - represents the spin components parallel to z, whereas
Q2
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2

the 1 + terms represent the xy components. This provides us a tool to
Q2

separate CJ- and w~ - , for the former forms an out-of-plane (z) excitation
q q + k

and the latter an in-plane (xy) one. Thus, in our case, in-plane and

out-of-plane excitations observed at Q = (%,*,£) correspond to the

to- and the w- modes, respectively.
q=(0.0,<) q=(^,H.«)

5.3 Experimental

The neutron scattering experiments were performed on single crystals, using

the triple axis spectrometers INI, IN8, IN14 and IN20 at the ILL. Ge(111)

or graphite(002) crystals were used as monochromators, and qraphite(002) as

analyzers, while one or two pyrolytic graphite filters served to suppress

higher order contamination. High neutron energy transfer experiments

(k^ 7.0 A'1 ) were performed with Cu(111) or Cu(220) crystals as

monochromator and graphite(004) or Cu(111) as analyzer. The monochromators

and analyzers were used in reflection and focussed the beam vertically in

order to gain intensity at the sample. The horizontal collimation was

50'-4O'-4O'-4O'. Typical counting times were of the order of ten minutes to

one hour.

For these measurements a multicrystal assembly of about 260 mm3 was

realized with four single crystals coming from the same batch. After the

oxygen treatment each single crystal piece, wrapped in a thin aluminum

foil, was oriented separately with a [iToj axis vertical on a neutron

spectrometer and then stuck on a special aluminum sample holder, which

could be covered with an aluminum cap. This procedure allowed us to obtain

a total mosaic spread of about 1° (FWHM). For each oxygen content this

procedure was repeated. Special attention has been paid to decrease the

background, in particular by carefully hiding the glue with cadmium.
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5.4 Resolution effects

The results obtained from the measurements do not only contain the physics

involved, but are also influenced by the experimental resolution, due to

the divergence of the beam and the mosaic spread of the analyzer, sample

and monochromator crystals. This is especially the case for the high Tc

materials, of which the physical quantities, like the spin wave velocity or

the various energy gaps, are not deduced in a straightforward way from the

dispersion curve of the magnetic excitations. This is mainly due to the

extremely large spin wave velocity, which results in a very small splitting

in Q-scans of the excitations at ±q0, so that instrumental resolution

corrections become very important. As is well known, the observed intensity

is the convolution of the instrumental resolution function R(Q,w) with the

dynamical structure factor S(Q,u). R(Q,w) can very well be approximated by

a gaussian function in Q and u space [10].

Usually resolution corrections concerning the peak position and width are

performed in a self-consistent way, by integrating the 4-dimensional

resolution function through the dispersion surface. Unfortunately, in the

present case, caused by the high value for c0 (see figure 3), this

procedure considerably underestimates the inelastic (2-dimensional)

resolution and is therefore not able to perform the deconvolution in a

proper way. We attribute this to the fact that the calculations in ref.

[10] decouples the horizontal and vertical resolution terms, which becomes

incorrect when a focussing monochromator and analyzer are used together

with a sample with a very steep dispersion relation and a relatively bad

mosaic spread (FWHM = 1°).

So, to explore the data, we have applied a different procedure. The Q scans

have been analyzed by fitting the experimental results to the 1-dimensional

convolution (see figure 3):

B(U,T)
(w- - u - r r d + to)'- - uu )

q - q n
 w q

2

^-ov-.) du'- (5.14)
q q o

where Fw represents a possible damping of the spin wave, B(w,T) is the

balance factor and R,0(w-.) is an effective (gaussian) resolution function,
q
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Fig. 3 Sketch of the spin wave dispersion relation in the (110) plane,

showing that the large spin wave velocity and the finite resolution

make the separate observation of the two branches at -q0 and +q0

impossible. The deconvolution of the observed Q- or energy scans is

schematically presented in the lower part of the figure. We remark

that in energy scans the spin wave energy is lower than the energy

where the maximum intensity occurs.
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which is determined experimentally from the elastic scans and which is in

good agreement with the scans for the x = 0.15 compound at low energies,

where the resolution dominates the peak width, as will be shown in the next

section. Typically, for k. or kf=^ 2.662 A'1 we used &j r e s * 0.017 r.l.u.

(FWHM) and for k1 = 7.0 A"
1 a Agres e* 0.030 r.l.u. (FWHM). It is worth noting

that the damping parameter FM contributes to the q-width, giving an

intrinsic half width Fq = rw/cQ. The difficulty is to seperate the

contributions of coq and Fq .

For the energy scans, which are only meaningful at the center of the

Brillouin zone due to the large c0, we have analyzed our data assuming

2-dimensional S(q) functions in qx and qy and an energy dependence given by

f 1
I(O),T) ~ B(t)',T) E(U' - ft) ) R (d)-G)') d(0' (5.15)

where E(w) is the error function (E(wi=0 for w<0 and E(w)=1 for w>0), ug is

the gap, 1/w is the structure factor of the spin wave and Rw(u) an

effective resolution function, which was calculated according to [10]. This

is possible because the peaks in the energy scans are much broader than the

resolution. The most striking consequence for the energy scans is that the

maximum in the peak is found at energies which are higher than the gap ug

(see figure 3).

As we shall see, this method produces consistent results, in particular

between scans obtained at different ki or kf for the same Q and energy.

5 . 5 YBa2Cu3O6 15

5.5.1 Experimental results

The first series of measurements of the magnetic excitations in YBa2Cu306+)<

have been performed on a crystal with an oxygen content x = 0.15. As was

shown in the preceding chapter, for this oxygen concentration there is no

reduction of the Neel temperature or the ordered moment as compared with

the undoped (x = 0) system; the CuO2 planes do not contain holes yet.

To show that the excitations indeed emerge from the spins of the Cu(2)
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oQ=(0.50,0.50,1)
•Q=(0.45,0.45,O-

= 3 meV
T = 200 K

2 o

Fig. 4 Inelastic scan along (l4,'4,Z), showing the intensity modulation

according to the magnetic structure factor for a bilayer.

atoms in these planes, as was presumed for the derivation of the spin wave

spectrum in section 5.2, the first point to check is that the observed

intensity is modulated according to the magnetic structure factor of such a

double layer system, like in the elastic case (see chapter 4). For the

acoustic mode should have the form of S0"* = sin(0.28nqz ). That this is the

case is clearly visible in figure 4, representing a scan at tiw = 3 meV

along the ridge V4,%,t). in figure 16, comparable to figure 4, but for the

x =0.37 case, a theoretical curve is given, for which, apart from S0"*,

also the magnetic form factor f (Q) [8] and the Q dependence of in-plane and

out-of-plane excitations due to the orientation of Q are taken into
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Fig. 5 Energy scan for x = 0.15, showing the dispersion along c*
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(1/2 1/2 0) T(110)
Fig. 6 Schematic view of the reciprocal lattice in the investigated plane.

The magnetic Bragg peaks are represented by filled squares.

account.

We mark that at £ = 0 and £ ~ 3.5 no intensity is expected for the acoustic

mode, in contrast to the optical one, which behaves in antiphase like Saoc=

cos(0.28nq.). This provides a good method to distinguish between both.

Figure 5 shows energy scans at constant Q at different positions along the

(%,%,£) ridge for 1<£<2, covering a symmetry direction of the Brillouin

zone (a representation of the dTO) plane is given in figure 6). A distinct

excitation is observed, which is clearly acoustic, since at Q = (̂ ,H,0) and

(*S,'-$,3.5) no intensity is measured (see fig. 7). Due to the finite
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Fig. 7 Energy scan, establishing the acoustic in-plane nature of the

magnon.

resolution and the extreme steepness of the dispersion in the (q,g,0)

direction, the observed maximum is shifted to slightly higher energies, as

was already discussed in section 5.4. Deconvolution yields a gap at tiu =

1.6 meV at the boundary of the zone.

Similar scans, but extended to higher energies, are presented in figure 8.

Apart from the acoustic excitation mentioned above (the lowest in energy)

we observe a second one, with a larger energy gap at tiu = 5.5 meV (the

intensity maximum occurring again at higher energies, due to resolution

effects). The lower part of figure 9, an energy scan at C-^,^,0), proves in
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YBa2Cu3O6 # 1 5
T = 200K
kf=2.662#

Q= (0.5,0.5,1.8)
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Energy (meV)

Fig. 8 Energy scan, showing the existence of the in-plane and out-of-plane

fluctuations at different positions along c .
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Fig. 9 Energy scans, establishing the acoustic in-plane and

out-of-plane nature of the two excitations in fig. 8.

the same way as above that this second mode is again acoustic in nature.

In order to determine whether these excitations are of the in-plane or

out-of-plane type, we performed scans at higher qz. This changes the angle

between ^the direction of the excitation and the neutron scattering wave

vector Q, and, as was already discussed in chapter 2 and in section 5.2,

only the perpendicular component (i ± QJ /Q*) w i U b e measured. So, when

increasing qz, the out-of-plane (z) modes will loose intensity, which is

not the case for the in-plane (xy) ones (if we neglect the magnetic form

factor). The calculated dependence on qz is plotted in figure 16.

Experimental scans, taken at Q = (H,^,4.6), are shown in figures 7 and 9.
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Fig. 10 Energy scan, showing absence of a gap due to in-plane

anisotropy.

whereas the one at w-

From the fact that the lower energy excitation persists, we conclude that

this one is of the in-plane type. The second, on the contrary, has

disappeared, which demonstrates its out-of-plane nature.

So two acoustic excitations are found, one in-plane and the other

out-of-plane. This is evidently what was expected, the excitation at

corresponds to the out-of-plane spin component at Q = {H,H,i),

is associated with the fluctuation of the

in-plane spin component at Q = (H,H,e), as explained in section 5.2.

Therefore the excitation at the lower energies is the one at bu and
q=(0,0,-O

the other, at higher energies, corresponds to w.

The in-plane mode does not exhibit a gap at the center of the Brillouin

zone (<0.2 meV), see figure 10, which establishes that there is no

measurable in-plane anisotropy in the system. The dispersion is due to the

very weak interaction j' between two adjacent double layers.
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Fig. 11 Energy scan, showing that no traces of the optic modes have

been observed up to an energy transfer of tica = 40 meV.
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The out-of-plane mode has a similar dispersion, but exhibits a significant

gap at the boundary of the Brillouin zone, which corresponds to the

out-of-plane anisotropy.

The scattering by the optical modes, which is modulated as cos(0.28iTqz ),

would yield a maximum intensity at Q = (•-*,!$, 0) and ('-$,'-$, 3. 5) . As shown in

the scans of figure 11, such a mode has not been observed for an energy

transfer up to fro = 40 meV. The intensity in the (14,1 ,̂1.1) scan is clearly

due to the out-of-plane acoustic mode. Again the intensity maximum is

shifted to a higher energy, with a long energy tail, due to the very high

spin wave velocity along (q,q,0), such that the resolution ellipsoid,

through its finite width, still covers a part of the modes to high energies

(see figure 3).

The dispersion curves along the (q,q,0) direction are dominated by the

strong exchange interaction J within the CuO2 planes and are , for the

available neutron energies, only observable in the vicinity of V4,'4,l)

positions. Here again the resolution modifies the observations

considerably, making the measurements very difficult (see section 5.4).

Only Q scans at constant energy can be used in this case, because of the

huge spin wave velocity. In such scans, taken at (q,q,£) with £ constant

and q around \, one should in principle see two symmetric modes, namely at

+q0 and -q0 . Experimentally, up to fiw = 35 meV we have not been able to

resolve these two modes, due to the resolution problems. At low energy

transfers (up to about 10 meV) the observed peaks are resolution limited,

some broadening is only observed above 15 meV (figures 12 and 13). Only the

scans at higher energy transfer (figure 14) can be used for deconvolut ion.

By deconvolution of the composite maximum with a gaussian like resolution,

as was explained in section 5.4, we estimate a spin wave velocity along the
•fiu

(q,q,0) direction of co = 1 ± 0.1 eVA (where co= -—- is the spin wave

velocity), see fig. 15. The resolution in these high energy scans was Aj r e s

= 0.030 r.l.u..

During these measurements we often encountered phonons. However, due to

their q dependence, which is totally different for magnetic excitations,

and with aid of refs. [15,16] it was not difficult to recognize them. On

the other hand, when a magnon and a phonon are superposed, it is in most

cases impossible to separate them, in view of the often rather poor

statistics. This is why no constant energy scans have been taken at fto = 20

and 25 meV.
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Fig. 12 Q-scans in YBa2Cu306 15 . At these energies the peak-widths are

resolution limited, due to the steepness of the spin wave

dispersion.
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q(r.!.u.:
Q55

Fig. 13 Q-scans, showing a small broadening of the peak at Via = 15 meV,

resulting from the splitting of the two spin wave branches at -q0 and

5.5.2 Determination of the exchange parameters

Now that the experimental resui.cs have been properly analyzed, we can

determine the values of the exchange parameters.

From the observed spin wave velocity in the (q,q,0) direction we are able



Fig. 14 Q-scans, from which the spin wave velocity c0 can be determinated. No

splitting is observed, due to the resolution. On the right wing a

shoulder due to a phonon excitation at higher q is visible.
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o kf = 2.662 A"
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0.01
q ( r. l.u.)

0.02

Fig. 15 Diagram containing the constant energy transfer results for

YBa2Cu306 15 . The obtained spin wave velocity is c0 = 1 evA.
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16SJtiq i
to calculate J. Using eq. (5.8) we obtain c0 = = 4N2 SJa, which

vf2 (2ir/a) q
gives the extremely large value for the Cu-Cu exchange interaction in the

CuO2 planes of 2J = 2000 + 200 K. After the necessary correction for

quantum fluctuations (see section 5.2.1 and [11-14]), we obtain the real

interaction between two nearest neighbour copper atoms Jcu_cu '

2JCu-Cu = 1 7 0 0 ± 2 0 0 K -

Deconvolution of the acoustic excitations in the energy scans has led to

gaps of fto = 1.6 meV and 5.5 mev , respectively at the center of the

Brillouin zone, due to J', and at the boundary, originating from AJ. Using

the expressions tiu = 8JS — (eq. (5.9), describing the center of the zone)

|2 AJ
and tin = 8JS (eq. (5.10), describing the boundary of the zone), we

find that

— * 10"5 and — a 10'4
J J

The fact that not any sign of optical modes has been observed for energy

transfers up to 40 meV implicates, using ?fo) = 8JS I — (eq. (5.9)), that

Jb -2> 10
J

These results establish the 2-dimensionality of the magnetic coupling in

YBajCUjO^ , which can be characterized as a 2-dimensional quadratic

bilayer Heisenberg antiferromagnet with a very weak XY-anisotropy.

5.6 YBa2Cu306 37

The subject of the preceding section were the magnetic excitations in a

compound without holes in the CuO2 planes. Here we shall report a similar

study of YBa2Cu306 37 , which is close to the critical oxygen concentration

(xc = 0.41), but still antiferromagnetically ordered. This sample is the

same as the one discussed in chapter 4. Figure 11 of that chapter shows the

behaviour of the ordered magnetic moment as a function of temperature. A

reentrant behaviour occurs for temperatures below T = 20 K. Up to
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Q=(a5,0.5o,q)
k,= 2.662 H
1-Iu) = 3 meV
T=1.6K

Fig. 16 Inelastic scan along V4,'4,£), showing the modulation, induced by

the magnetic structure factor (upper part). The lower part shows

the theoretical in-plane (XY) and out-of-plane (Z) behaviour. These

results were used to separate both contributions in the

experimental scans.

temperatures well above TN diffuse scattering is observed along the (%,%,(,)

ridge, modulated by the magnetic structure factor FM, which results from

some static disorder in the stacking of the double layers. This ridge has a

finite width, larger than the experimental resolution, from which we

deduced a Tq = 0.015 r.l.u. and an in-plane correlation length of £ = 7.5

unit cells.

Like in the case of YBa2Cu306 15 we verified first that the inelastic

intensity is still modulated by the magnetic structure factor of the double

layer system. Figure 16 shows an experimental scan along the (%,%,£) ridge,

in which the intensity contributions from the in-plane (xy) and

out-of-plane (z) acoustic parts are indicated. These are estimated using

the calculation for both modes, represented in the lower part of the plot.
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Pig. 17 Energy scans in YBa2Cu306 37 , showing the existence of the

out-of-plane fluctuations. The intensity at 17 meV is attributed

to a phonon branche. At qz= 5.2 the overdamped in-plane (XY)

fluctuations dominate the scattering.

The theoretical curve was calculated from the magnetic structure factor FH,

the form factor for Cu2+ [8] and the angle between the spin deviation

direction of the excitation and neutron scattering wave vector Q. From this

scan it is clear that not only the elastic (chapter 4), but also the

inelastic behaviour of the x =0.37 compound is that of a double layer

system, like for x = 0.15.

Energy scans, taken at constant Q, are strongly modified compared with the

corresponding scans for x = 0.15, as is shown in figure 17. The

out-of-plane modes are easily recognized from their qz dependence (compare

the previous section). They still have a propagative character, but the

anisotropy gap, reduced by a factor of two, is now observed at 2.5 meV. The

in-plane excitations are overdamped and have a diffusive behaviour. From a
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Fig. 18 Energy scan in YBa2Cu30637 , showing the overdamped in-plane mode.

T = 17 meV.

scan up to higher energy (fig. 18) we deduce a characteristic energy of ru

= 17 raeV. This (in-plane) behaviour is expected, because in this energy

range (tiw < 20 meV) the magnon wave-vector (wave-length) is smaller

(larger) than rq(£).

To determine the spin wave velocity we have to distinguish between the 2

modes with the anisotropy gap and the xy modes. At low energies, due to the

gap, only the damping of these xy components is observed (fig. 19). Q-scans

performed at tiu = 6 meV and 12 meV (figs. 20 and 21) show single broadened

peaks, indicating a softening of the spin wave velocity c0. However,

Q-scans taken at higher energies (figure 22) do not show any indication for

a double peak, arising from the spin waves with wave-vectors +q0 and -q0.

The main reason for this result is that the in-plane and out-of-plane

spin excitations behave differently. In order to separate these two
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Fig. 19 Q-scans at low energies, showing the overdamped in-plane mode.

contributions, the same Q-scans have been performed around Q = (̂ ,'-4,1.6)

and V4,%,5.2) for energy transfers of ft* = 6 and 12 meV (figures 20 and

21). The calculation from figure 16 allows us to determine both parts. For

the deconvolution of the out-of-plane excitations the same resolution as

for the x = 0.15 compound was used, i.e. Agres = 0.017 r.l.u., and the spin

wave was considered to be sharp. For the in-plane excitation we

deconvoluted the measured profile in a resolutional gaussian and a

lorentzian for the damped spin excitation. The obtained q-widths are larger

for the in-plane component, as is shown in figure 23. At higher energies

(trio =15 meV and 30 meV), the contribution of the in-plane component is

dominant (figure 22). Due to some uncertainty in the background, these high

energy scans are slightly less accurate than the other ones.

The results of the deconvolution of the data are summerized in figure 23.

For the out-of-plane spin component no damping was found, whereas a very
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Fig. 20 Two Q-scans at tiw =

6 meV at two different

qz, enabling to

separate the in-plane

and out-of-plane

contributions.
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Fig. 21 Two Q-scans at tiu =
12 meV at different qz,

compare fig. 20.
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q(r.l.u.)
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Fig. 22 Q-scans at high energies. The large width of the peak is due to

renormalization of the spin wave velocity.

large damping (rw = 1 7 meV) was determined for the in-plane contribution.

The obtained results clearly indicate that the renormalization of the spin

waves is q-dependent. At small wave-vectors (g < T q ) , a spin wave velocity

c0 = 0.45 ± 0.15 evA can be deduced. We remark that this large reduction by

a factor of two is caused by a small amount (1.8 %, compare chapter 4) of

holes. Although it was not possible to obtain experimental data at much

higher energies, we anticipate that the renormalization is negligible for q

> rq, because it seems likely that the Cu-Cu superexchange is not affected.

This renormalization of c0 explains the decrease in the out-of-plane

anisotropy gap.

It is worth noting that the damping T w = 17 meV is related to T =0.015
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Fig. 23 Diagram containing the constant energy results for YBa2Cu30637 ,

distinguished between the in-plane (left) and the out-of-plane

(right) components. The spin wave velocity is renormalised to

c o = 0 . 4 5

r.l.u. by the simple relation PM = cQ 2.3 Pq (the factor 2.3 originates

from the fact that c0 is given in eVA, but Vq in r.l.u., 1 r.l.u. •vfT =

2.3 A"1 ). Therefore the main effect of the holes at low temperature is to

produce some local static disorder, i.e. some kind of magnetic polarons.

These polarons strongly disturb the propagation of the in-plane spin

excitations and reduce the spin wave velocity, which is likely to vanish

when the hole concentration reaches its critical value at x = 0.40. It must

be emphasized that the spin dynamics described above was observed at T =

1.6 K. As was already proposed in chapter 4, possibly the reentrant

behaviour indicates that the holes are then localized. Xn that case the
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spin dynamics could become more complex at higher temperatures, as the

holes begin to move.

5.7 Discussion

Clearly the most striking result presented in this chapter is the enormous

value of J that was found. Although related compounds like La2Ni04 [17] or

CuO [19] have large exchange integrals as well, values as high as in

YBa2Cu306 (or La2Cu04, see below) are exceptional.

A comparison of the present spin wave velocities with those of others does

not show important differences. Lyons [2] reported c0 = 0.64 evA, as

measured with Raman scattering, for an antiferromagnetic sample of unknown

x. Tranquada [19], who performed his neutron scattering experiments on a x

= 0.3 sample simultaneously with us, found c0 = 0.5 evA. Both values are in

rather good agreement with ours and show again that the spin wave velocity

is renormalized upon doping, like our x = 0.37 sample. Tranquada's results

on J', Jb and ZVJ are compatible with ours, only his J'/J value seems

slightly high. What is remarkable is that he did not observe any damping.

For the (La,M)2Cu04 (M = Sr, Ba) compounds more data are available. For

samples without Sr or Ba doping, but with unknown oxygen content, Raman

scattering measurements yielded c0 = 0.74 evA [20] and c0 =; 0.75 eVA [21].

The last reference reports softening as well as damping of the spin waves

upon doping (3.5 and 5.8 % Sr). With neutron scattering Peters [22]

obtained 0.35 evA < c0 < 0.70 evA, also for a sample without Sr or Ba

doping. Aeppli [14] reported c0 = 0.85 evA for an undoped sample and c0 =

0.63 eVA after doping with 5 % Ba. In the latter case damping of the magnon

was observed. For the analogue of J' and AJ similar values are reported

[22] as our results on YBa2Cu306 15 . It is clear that these data show a

close resemblance to our results for YBa2Cu306+x ones, so that we can state

that the spin dynamics in the CuO2 planes must be comparable.

The main conlusion of this chapter is that the magnetic excitations in

YBa2Cu306+x for x < 0.4 are very well descibed by standard spin wave theory,

at least in the observed energy range. The undoped (» = 0.15) compound can

be regarded as (one of) the best 2-dimensional S='<* antiferromagnetic

systems, with J'/J a 10'5 . Upon doping with oxygen, holes are created in

the CuO2 planes (x = 0.37), which produce some local static disorder and



131

perturb the propagation of the in-plane spin excitations. These are

substantially softened and the in-plane modes, loosing their propagative

nature, become diffusive. The fact that the doping rate seems low (2 %) for

such a decrease in TN and c0 [23,24] indicates that these holes have a

large impact, which may be caused by their extension. Moreover, it is known

that propagative defects can be more destructive than static ones [26].

This picture is confirmed by NQR results on the Sr doped La2Cu04 compound

[25J, where the local time correlation function of the Cu2+ spins is found

to be severely affected by the dynamics of the holes. As yet several

mechanisms for this coupling between holes and spins have been proposed

[e.g. 26-28].

Clearly it will be interesting to investigate the magnetic dynamics in the

oxygen range where no long-range antiferromagnetic order is observed and

the superconductivity sets in (x > 0.4).
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Chapter 6

SUSCEPTIBILITY MEASUREMENTS ON A YBa2Cu306+x SINGLE CRYSTAL

6.1 Introduction

To obtain information on the magnetic behaviour of YBa2Cu306+x

complementary to the neutron results, we performed DC susceptibility

experiments using a SQUID magnetometer. The measurements were done on a

single crystal, in order to see anisotropy effects.

Several papers on susceptibility measurements have already been published,

mostly on powder samples. As this method is sensitive to impurities,

especially the earlier publications gave rather conflicting information,

due to contamination of the sample with Y2BaCu05, BaCuO2+8 , CuO, etcetera.

When sufficiently pure samples became available, the results became more

consistent, although minor differences still remained, which can be

attributed to subtle structural details coming from differences in the

preparation or intercalation method [1],

The first test measurements that we performed on powder samples [2] show

some particularities that are generally observed: in the first place no

maximum in x i-s seen at the antiferromagnetic ordering temperature TN for

the x < 0.4 samples. This behaviour is well-known from classic

low-dimensional antiferromagnetic systems [3] and already in an early stage

it was suggested [4] that also in YBa2Cu306+x the maximum in x should be

observed at much higher temperatures than TN (up to a factor 3), due to the

fact that important short-range in-plane antiferromagnetic order sets in at

much higher temperatures. This is also the reason why this maximum in x

spans a broad temperature range and will not be observed as a sharp peak

like in 3-dimensional compounds.

A second peculiarity is the rather close resemblance of the x results from

magnetically ordered and non-ordered samples. Apart from the diamagnetism

induced by superconductivity at lower temperatures, hardly any difference

is seen between an x = 0.3 and an x = 0.5 sample, and even up to x = 0.9 no

abrupt change has been encountered. This means that for x > 0.4 samples,

although long-range 3-dimensional order no longer occurs at any

temperature, the magnetic behaviour is still dominated by short-range
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correlations of the copper moments up to considerable oxygen contents.
C

Many authors have tried to fit their data with a x = Xo + — l a w' which

yields oxygen concentration dependent values for C and Xo (Xo ^ s generally

increasing with x, and a maximum in C occurs at about x = 0.3 or 0.4).

However, some of the authors consider the Curie term C/T as an impurity

effect and neglect it in their conclusions. Indeed care has to be taken for

parasitical phases, as we shall see in paragraph 6.3, but we think

nevertheless that we deal here with an intrinsic effect.

Before entering into detail, first the experimental arrangements will be

described. Then a section will be devoted to the necessary corrections to

the measurements (e.g. for the green phase). The results for the x = 0.15,

0.3, 0.4, 0.5, 0.6 and 0.9 samples will be presented in section 6.4 and the

chapter will be concluded with a discussion.

We shall only consider the normal state susceptibility, no attention will

be paid to the superconductivity-induced diamagnetism of the samples.

6.2 Experimental

The measurements have been performed with a commercial SQUID

(Superconducting Quantum Interference Device) magnetometer, model 905 from

S.H.E. Company. It can be used in the range from T = 2 K to 400 K, with a

temperature stability of at least 0.5 %. The maximum field is H = 45 kOe

with an accuracy of about 1 %. The remanent field does not surpass 10 Oe.

The instrument should be able to measure changes in the magnetization as

small as 1-10~8 emu.

The actual magnetization measurement is performed by cycling up and down

the sample in a homogeneous external field between two counter-wound

pick-up coils, distant of 5.0 cm, which are, indirectly, connected to the

SQUID.

We used a single crystal of about 68 mg, as described in chapter 3. It was

glued on the middle of a fine glass rod, long enough to remain always

present in both pick-up coils during the entire cycling, in order to

minimize any magnetization change coming from the sample holder. For all

the measurements the same rod was used, which accounts, together with the

glue, for less than 1 % of the observed signal. In view of the organic
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nature of the glue, a kind of cyanolite, the temperature range was limited

to 360 K.

Although all the measurements were performed going down in temperature, no

hysteresis was observed in case a subsequent cycle with increasing

temperature was done. Field scans were always started at zero field. At

each concentration the higher field experiments were performed after the

temperature scans at 1 kOe. For these cycles the crystal was first

orientated with H l c and afterwards with H II c, with a precision of about

5°.

For H i c measurements the crystal was glued with the (iTO) axis along the

field, with an accuracy of 10° for deviations within the (a,b) plane and

less than 5° out of this plane.

6.3 Corrections

All the experiments have been performed on the same sample, a single

crystal of about 68 mg, which was reintercalated for each oxygen

concentration, as described in chapter 3. In this way one can be sure that

the differences between the various measurements are really an effect only

of the changed oxygen content and not of other matters, like a different

impurity concentration ( Y2BaCu05 is stable during the oxygen treatment).

The various results can therefore be compared without reservation. The

reported oxygen concentations x are accurate to about 0.05 in x.

The main disturbance here is caused by the presence of Y2BaCu05 in the

crystal (see chapter 3). In order to make corrections, we measured a

separately prepared pure sample of this green phase. The result is shown in

figure 1. Y?BaCu05 behaves paramagnetically according to a Curie-Weiss law
C

X = — g ~ with 6p = -49 K and C = 0.424 emu-K/mol, but orders antiferro-

magnetically at about 25 K. Such a low ratio of TN/8 is not uncommon even

for 3-dimensional S = % Heisenberg antiferromagnets [3]. The effective

number of Bohr magnetons per Cu, deduced from the Curie constant, \ieff =

1.84 fig is in good agreement with the theoretically expected value |xcff =

g \|S(S+1) =1.82 ng, where for g a typical value for Cu2+ of 2.1 [5] is

taken, and S = H. These values have been found by other groups as well

(e.g. Parkin et al. [6]: 6p= -49.3 K, (j.eff = 1.85 lxB).
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The starting point for the determination of the amount of Y2BaCu05 in the

crystal was the x = 0.9 measurement. It has already been published several

times that x = 0.9 to 1.0 samples have a constant, temperature independent

susceptibility, x = Xo — 5 •10"" emu/mol (after corrections for the core

diamagnetism) [6-11]. So all the Curie-like behaviour that we observe for

this x-value should come here from the green phase. The total measured

susceptibility at high temperature will thus be



137

25

20

— 15h

10

I5

0

- YBa2Cu3O6 # 9
wifhouf corredion For green pi

H = 1 kOe

20 K.

oQ_ as measured

Hie green phase
ooooooooooooooooooooooooooo

offer corredion

100 200 300

Temperature (K)
400

Fig. 2 x(T-8p) plot of the non-corrected results for YBa2Cu3069 . Data are

shown"for both H II c and H X c. It is shown that the 6p of the green

phase (49 K) gives a straight line, from which its amount can be

determined. In the lower part the susceptibility before and after

correction for this green phase is given, to indicate its

importance.
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X = (X0 )YBa 2Cu 3 0
3 0 6 9

(6.1)
p Y,BaCuO

By plott ing

p, Y2BaCuO YBa 2Cu 3 0 f i g p, YjBaCuO CY2BaCuO (6.2)

choosing different values for 6 , we will obtain a straight line for the

correct value of 9p appropriate for Y2BaCuOg, and then read off at T =

9p y BaCu0 the Curie constant of the sample. This is shown in figure 2 for

both H II c and H ± c. We remark that a linear dependence is indeed only

obtained for the 9p of the green phase (figure 2), which confirms that this

parasitical signal is indeed chiefly caused by Y2BaCu05. Since we know thy

Curie constant of the pure Y2 BaCuO5, we are able to calculate the total

amount of green phase in the crystal. We found that the crystal consists of

1.805-10"5 mol Y2BaCuOs (£ 8.28 mg) and 9.15-10"
5 mol YBa2Cu306+x (S 60 ing,

depending on the oxygen content). Once the exact amount of green phase is

known, we are able to use the same correction for all the oxygen

concentrations. Figure 3 shows the results for YBa2Cu306 g after

corrections in a yr(T) plot. We note that, since the curves extrapolate to

the origin, we have indeed been able to take off all the Curie part (which

depends very much on the choice of 9 ). The obtained Xo values are 5.9-10'4

erau/mol (H II c) and 4.2• 10~4 emu/mol (H l c), which agrees well with the

quoted powder results of other groups. We shall discuss the anisotropy

below.

After three of the reintercalation procedures we measured the

susceptibility of the sintered powder that was added during the oxygen

treatment to have enough mass for sufficient precision (compare chapter 3).

These powders contain less than 0.5 % Y2BaCu05 and 0.8 % BaCu02+s or CuO.

As will be shown below in figures 6, 9, 11 and 12, these powder results are

nicely situated between the curves of both directions, which confirms the

validity of the corrections. We underline that these corrections are

unfortunately very large (the parasitical signal is of the sane order as

that from YBa2Cu306+x , see figure 2), which could cause small differences

between the powder and the single crystal results.
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Fig. 3 x - T plot showing the temperature independent behaviour of

YBa2Cu306 g .

After all the measurements were performed we pulverized a part of the

crystal and an X-ray scan was taken, which is shown in figure 4. The

important Y2BaCu05 content was confirmed. Due to the layer-like texture of

YBa2Cu306+x it is difficult to scale with a high precision, but the green

phase concentration was about 3 times higher than in the crystals used for

the inelastic neutron scattering experiments, so at least 10 %, in

agreement with the susceptibility determination.
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Fig. 4 X-ray spectrum of the used crystal. The peaks corresponding to

YBa2Cu306+x are indicated with a triangle, those coining from Y2BaCu05

with a dot. At the positions of the three strongest BaCuO2 peaks,

29 = 33.15°, 34.15° and 35.15°, no intensity is observed (see the

flashes and the insert). A possible CuO peak is observed at 28 =

41.5°. Some BaC03 is found at 26 = 28°.

In figure 4 a strange peak is observed at 20 = 41.5°, which could

correspond to CuO. Unfortunately this is the only peak of that compound

that can - more or less - be separated from YBa2Cu306+x or Y2BaCu05. It

could account for several mass percents of CuO, which is not easy to

quantify, due to the weak scattering power of CuO for X-rays. This should

represent up to 5 - 10 % of the susceptibility at high temperature after

correction for the green phase. CuO is a 2-dimensional antiferromagnet with

a TN =; 230 K. Therefore it has a low susceptibility, which is temperature
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independent below T a 150 K, and then increases by about 50 % up to 400 K,

so at low temperatures its effect is much smaller. However, we consider it

very unlikely that such an amount of CuO is present in the crystal, because

the obtained curves are in good agreement with the data from the sintered

powders, used during the oxygen treatments, and with the powder results of

other groups in general. Moreover, the amount of CuO in the crystals

studied by neutron scattering was determined to be less than 0.1 % (mass).

It is possible that traces of the glue, left on the crystal, reacted with

the YBa2Cu306+x to form CuO and BaCO2 (small amounts of which are indeed

observed at 26 = 28°), but only in much smaller quantities. Because this is

the only position on which CuO can be observed, but with an Y2BaCu05 peak

at less than 0.2°, it is well possible that this intensity is not caused by

CuO alone. In any case, we think it improbable that CuO would cause

important modifications of the results, presented below.

Not any trace of BaCuO2+s was observed (see the three flashes in figure 4).

The smallest amount that we can determine with X-ray scattering is 0.5 % in

mass. This corresponds to a few percents of the YBa2Cu306+x susceptibility,

which is thus the upper limit. Indeed, the fact that we have an important

amount of green phase (and some CuO?) makes it very unlikely that BaCuO2+s

will be present [12].

With a spectrometrical analysis method the amount of parasitical elements

in the sample was determined. The most important which can have a spin are

reported in table 6.1.

element

amount

Cr

64

Mn

10

Fe

300

Co

9

Ni

230

Table 6.1

Amount of parasitical magnetic elements in per mol YBa2Cu306

Together this could yield a parasitical signal, described by a Curie law,

with C m 1.7-10~3 emu-K per mol YBa2Cu306, which is less than 5 % of the

actually observed C values at low temperatures.

Another correction has been made for the diamagnetism of the core

electrons. We compared two sources for these data, viz. Landolt-Bornstein

[13] and Selwood [14]. Both agree on the contributions of Y3+ (-12-10"6

emu/mol), Cu+ (-12-10"6 emu/mol), Cu2+ (-11 • 10~6 emu/mol) and 02" (-12-10"6

emu/mol). However, for Ba2+ there is a small difference: -24-10"6 emu/mol

(L-B) and -32• 10"6 emu/mol (S). Because in the presence of oxygen (or
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halogens) the barium tends towards a lower value [15], we took an overall

value of -1.6-10"4 emu/mol for YBa2Cu306 as a base, which is slightly

modified with increasing x to -1.7-10"* emu/mol for YBa2Cu3069 .

6.4 Results

The first oxygen concentration we investigated was x = 0.15. In order to

determine a suitable value for the field to apply we started with a field

scan, shown in figure 5. From this plot it is clear that at low

temperatures the magnetization curve is not linear and so we decided to

work at H = 1 kOe, the minimum field giving a sufficient precision. The

green phase having a linear behaviour up to 45 kOe (only around TN this may

not be the case), the observed non-linearity must be an intrinsic effect of

YBa2Cu306+x .

Similar experiments on the last investigated sample confirm these results,

the same non-linear curves are obtained at low temperatures (figure 6). We

remark that this behaviour does not resemble a normal Brillouin curve, the

figures show that the magnetization can be divided into two parts, one

saturating in high fields, and a second part which is still increasing. At

low fields and temperatures, X||c shows some traces of superconductivity, to

which we shall return later.

in chronological order the following oxygen concentrations have been

investigated: x = 0.15, 0.9, 0.5, 0.4, 0.6 and 0.3. The results after

corrections for the green phase and core diamagnetism are represented in

figures 7, 8 and 9. For x = 0.3 temperature dependent curves were obtained

at three different fields: H = 3 kOe, 10 kOe and 35 kOe. Unfortunately it

was not possible to perform 1 kOe measurements, like in all other cases.

However, from the field scans in figure 6 we deduce that only below about T

= 50 K differences, due to field dependences are expected. Actually, the

high temperature parts for the three fields superpose perfectly above 50 K

(see figure 11), establishing that x is there indeed field independent. We

note that at H = 3 kOe X||c shows traces of superconductivity, which is not

the case for x^c• This was also found in the sintered powder that was used

during the oxygen treatment. This superconducting effect is still clearer

for x = 0.4. We do not have an explanation for this behaviour. From

literature we should even expect these traces of superconductivity to be in



143

YBa2Cu3O,15

10 20 30 40
Magnetic Field ( kOe )

Figs. 5 and 6 Magnetization as a function of the applied field of

¥Ba2Cu306+x for x = 0.15 and 0.3, showing the non-linear

behaviour of x at low temperature. At low temperatures

for x = 0.3 X||c
 s n o ws traces of superconductivity.
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Fig. 7 Susceptibility of YBa2Cu306+x for x = 0.15 and 0.4, showing the

anisotropy.
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Fig. 8 Susceptibility of YBa2Cu306+x for x = 0.5, 0.6 and 0.9.
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Fig. 9 Suscepibility of YBa2Cu306 3 at H = 3 kOe. Results at higher fields

are not presented, for above T = 50 K they superpose completely

(see figure 11).

XXc, since the critical fields measured with the field direction in the

(a,b) plane are higher than those along c [37,38]. However, also in the

obtained critical temperatures Tc an anisotropy is observed, measured in

the (a,b) plane Tc is slightly lower than along c. As to be expected for

the various oxygen contents involved, the obtained "c is between 85 K and

90 K for x = 0.9 and T ~ 60 K for x = 0.6 and 0.5.

An interesting feature in the susceptibility is the anisotropy, which is

for all the oxygen concentrations of the same order, viz. about

1.5 • 10"4 emu/mol, where X||c > X±c • For x > 0.3 this anisotropy is

temperature independent. A small deviation at low temperatures in x = 0.3
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and 0.4 may be caused by superconducting fluctuations in X||c <Xj.o shows no

superconductivity) which have been reported to occur at rather high

temperatures (up to 2TC) [8,10]. We explain this anisotropy by a highly

anisotropic orbital Van Vleck paramagnetic contribution. This will be

discussed in paragraph 6.5. Only for x = 0.15 the anisotropy is slightly

higher and not entirely temperature independent. In the antiferromagnetic

samples this anisotropy may partially be explained by the orientation of

the Cu(2) spins. As there is no net moment, the only way to obtain a

magnetization at low fields is to induce a small canting of the spins

through an external field. The largest signal will thus be obtained if the

spins are perpendicular to the applied field. A spin orientation parallel

to the field does not give any net signal at all at T = 0 , since the

antiferromagnetic order yields equal positive and negative signals. In

YBa2Cu306 the moments ly in the basal plane, so in a measurement of X||C the

moments will always be perpendicular to the field. However, due to the

existence of domains with perpendicular spin orientation in the planes, in

the measurement of Xj_c only half of the perpendicular susceptibility is

observed (at low field and temperature). Therefore, and since the out-of-

plane anisotrpy is small, the measured spin susceptibility of the ordered

CuO2 planes must be about twice as large for X||c
 a s f° r Xxc •

Neutron experiments show evidence that the moments in the CuO2 planes are

oriented along the (100) axis in the ordered state [16]. When applying a

field along (110) in an x = 0.3 sample, up to 30 kOe the field-induced

canting is smaller than the statistics. At 30 kOe a rotation of the spins

towards the (110) direction is observed, which saturates at about 50 kOe.

The process is reversible, no hysteresis is observed. This phenomenon is

caused by a small in-plane anisotropy gap of the Cu(2) ions, which will be

renormalized upon doping, like the out-of-plane one (see chapter 5). It is

therefore not surprising that in the x =0.15 case (so with less doping

than in the crystal used during this neutron scattering experiment) no spin

flop is observed up to H = 45 kOe.

This result shows that we are in our susceptibility experiments at H =

1 kOe still far below the spin flop field. So at temperatures which are low

compared to the Neel temperature TN, we indeed expect X||c spin — 2 Xj_c spin •

Now we shall have a closer look at the different contributions to the

susceptibility. In the antiferromagnetically ordered phase the spins on the

Cu(2) sites will give a signal that increases only slightly with

temperature in the observed range (compare section 6.1). On the other hand,

once the 0(4,5) sites in the chains start being filled, the two
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neighbouring copper atoms (in Cu(1) sites) become Cu2+ . For low oxygen

contents (no hole transfer to the CuO2 layers) the piece of chain

Cu(1)-0(4)-Cu(1), formed in this way, will contain spins on the Cu2+ ions.

When the 0(4) site of the adjacent unit cell is also filled, a third Cu2+

is added to the chain piece and a hole is formed which wil probably be

transferred to the Cu(2) planes. Therefore these chain pieces will

logically contain three spins. These will probably be coupled

antiferromagnetically, and the piece of chain will have one net spin. At

first these net spins will behave more or less uncorrelated, because the

interaction between different chain pieces will probably be weak, due to

the large distance and the absence of a bridging oxygen (the coupling will

be direct, and thus weak). These chain pieces will give a susceptibility

that increases t low temperatures, like a Curie-Weiss behaviour (this will

be discussed in the next section).

Moreover, as we shall see in the discussion, due to the defects, the Cu(2)

planes also yield a susceptibility that grows when the temperature is

decreased. This picture is confirmed by the polarized neutron scattering

experiments, reported in chapter 7.

In order to separate these different contributions, we have plotted the

results in the form of xT versus T (figures 10, 11 and 12), which enables

to recognize a possible x = Xo + C/ T behaviour. These figures are vory

instructive, because they show that only for X||c at x = 0.15 this results

in a straight line. For the other curves it is clear that this "xo" i s also

dependent of the temperature. A second remarkable feature is seen in Xxc
 a^

low temperatures in the non-superconducting samples. A straightforward

determination of XQ from these plots would yield a Xo,j.c - "
 f o r x = °-15

and even a negative Xo ic
 f o r x = °-^ an(* 0-4' which is impossible.

Therefore we have to conclude that the susceptibility increases faster than

1/T at low temperature. So for x = 0.3 (where this behaviour is the most

striking) we have plotted the results on a logaritmic scale (figure 13),

and indeed a x = C-T"1''1 curve fits the data rather well. However, the

lower part of this figure shows x = Xo + C-T"a fits, with Xo = 2-10'4 and

3•10"4 emu/mol. The former (a = 1.28) is as good as the first one, the

latter deviates above T = 50 K (and is also for reasons of Xo n°t very

probable, Xo will be smaller than 3•10"4 emu/mol, see figure 9).

In order to determine the possible exponent a more precisely, we have tried

to fit the data for x = 0.15, 0.3 and 0.4 with a susceptibility curve x =

XQ(T) + C/(T-9p)
oc, where Xo<T) = Xa

 + XbT- This appears to be difficult,

and especially at lower temperature several more or less satisfying
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100 200 300 400
Tempercrture (K)

Fig. 10 X'T plots of YBa2Cu306+x for x = 0.15 and 0.4. Remark that Xi_c

seems to show a vanishing Xo at lower temperatures.
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100 200 300

Temperature (K)
400

Fig. 11 x-T plots of YBa2Cu306 3 at different fields. Only at lower

temperatures a field dependent behaviour is visible.

solutions, equally good, are found (1.2 < a < 1.5), from which it is

difficult to choose the best solution. Only 6p is in all cases smaller than

2 K. A serious handicap for this fitting procedure is formed by the limited

number of points and the reduced accuracy, due to the correction of the

green phase, which is particularly xmportant at these temperatures.

Therefore we shall not give plots of these fits, and conclude that at low
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100 200 300
Temperature (K)

400

Fig. 12 x-T plots of YBa2Cu306+)( for x = 0.5 and 0.6.
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4 10 30 100
Temperature (K)

Fig. 13 Susceptibility of YBa2Cu306 3 on a logaritmic scale, showing that

a law in xic = Xo
+ P7"01 witn *>1 fits well for Xo= 0 as well as xo =

2 • 10~4 emu/mol. Xo= 3• 10"4 emu/mol is also presented.

temperatures the susceDtibility increases faster than with 1/T, possibly

with a power low C-T~a with 1.2 < a < 1.5. This yields "Curie constants" C

Of the same order for all the oxygen contents, corresponding to neff ~

0.5 MB P e r u n i t c e l 1 i n t h e (not entirely correct) Curie picture. This C

has a maximum at x = 0.4, to which we shall return later.

The determined values for Xo a t l o w temperature are reported in table 6.2.

We are not able to distinguish clearly between the results for x = 0.3 to

0.6, which is caused by the fitting problems. The accuracy is estimated to

be about 0.5-10~4 emu/mol, but is better for the x = 0.9 case, because here

the susceptibility is temperature independent. We underline that these
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values are obtained by extrapolation to low temperature. Because XQ

increases slighly with temperature (figures 7, 8 and 9), they are lower

than the measured susceptibilities at high temperatures.

X

0 . 1 5

0 . 3 - 0 . 6

0 . 9

*b.j.c

(10"4eniu/mol)

1.5

2 .0

4.2

*0,llc

(10"4 emu/mol)

3 . 5

3 .5

5.9

Table 6.2

Low temperature susceptibility of the antiferromagnetically

ordered copper atoms.

In the next section we shall discuss these results.

6.5 Discussion

6.5.1 The anisotropy

The anisotropies that we have measured are in good agreement with those of

other authors, who report temperature independent values of 1.4 to

1.8-10~4 emu/mol for x ex 1 [10,39,40,41]. For lower oxygen concentrations

ref, [41] reports curves similar to ours (figures 7, 8 and 9), which yield

some temperature dependence of the anisotropy only for x = 0.1 and 0.2,

like in our case.

The main part of this anisotropy is caused by the orbital Van Vleck

susceptibility. This temperature independent contribution is in general

small compared to e.g. the spin susceptibility. However, for this compound,

due to its high magnetic exchange interaction J (chapter 5), which yields a

very small spin susceptibility, it becomes of the same order as the other

contributions to the susceptibility. This orbital Van Vleck susceptibility

has been determined for each site with NMR experiments [27,34,35,36] and

polarized neutron scattering measurements (to be indicated with PN), as is

explained in detail in chapter 7. These experiments were performed on a x =

1 sample, but we believe that the covalency in the CuO2 planes does not
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change very much between x = 0 and 1 (see chapter 7), which is confirmed by
89 Y NMR experiments [42], Therefore we shall use the NMR data to estimate

the value for x = 0.15. We remark that at low x one oxygen in the 0(4,5)

sites changes two coppers in the Cud) sites from Cu+ to Cu2+ (which are

magnetic). To calculate the value for x = 0.15 we thus have to take into

account two copper atoms in the Cu(2) site and 0.3 in the Cud) site. The

oxygen sites are negligible (see chapter 7). The results are shown in table

6.3.

site

,1c

(10"* emu/mol)
NMR PN SQUID used

*orb. Ho
(10"4 emu/mol)

NMR SQUID used

Cud)
Cu(2)

total x=0.15

0.57 0.86
0.17 0.33
0.51 0.92 0.8 0.7

0.22

0.96

1.99 2.1 2.0

Table 6.3

Orbital Van Vleck susceptibilies as determined with NMR [27],

polarized neutron (table 7.11) and SQUID [41] experiments. The

total expected value for x = 0.15 is also given, as well as the

value we used.

In table 6.3 we included also the result from a SQUID measurement analysis

for an x = 0.1 sample, reported in ref. [41], and the value that we shall

use.

We notice that in both the NMR [27] and the SQUID [41] investigations the

authors have shown that these values for xorb
 a r e to be expected from

theory.

6.5.2 The susceptibility x0

with use of these results we can separate the observed Xo *n a n orbital and

a spin part. This is shown in table 6.4. To determine xorb ^or hi9ner x w e

used the values for Cud) and Cu(2) given in table 6.3.

We shall now determine the average spin susceptibility per copper for x =

0.15. Probably the contribution of the copper atoms in the Cud) and Cu(2)

sites is not equal (compare table 7.11), but for x = 0.15 the Cud) part is

not very large. All the spins are supposed to be on the coppers (which is
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0
0.3

0

X

15

- 0.6
.9

^0 r
obs
1

2

4

5

0

2

(10 -4

orb
0

0
1

7

9

2

emu/mol)
spin

0.8

1 .1

3.0

x0,lIc
obs

3

3

5

5
5

9

(10"4 emu/mol)

orb

2.0

2.0

2.1

spin

1.5
1.5

3.8

Table 6.4

Orbital and spin susceptibilities of the samples. The accuracy is

0.5-10"4 emu/mol.

also incorrect, due to covalency about 10 % is located on each 0(2,3)

sites, yielding a negligible modification, compare chapter 4 and 7 ) . This

yields 0.7 and 1.3'10~4emu/mol perpendicular and along c, respectively, in

the CuO2 layers (and 0.1 and 0.2-10~4 emu/mol in the chains). As is expected

(due to domain formation), x± - % X||» which confirms the Heisenberg

character of the system (compare chapter 4 and 5). We conclude that the

spin susceptibility per Cut2) atom, induced by the antiferromagnetic order,

is isotropic and has a value xs - 6-7 • 10"
5 emu/mol Cu.

Unfortunately, in our results we do not have enough accuracy to establish

the effect of the very small out-of-plane gap (AJ/J ^ 10~4 , see chapter 5)

which causes the spins to be in the (a,b) plane. However, the small

decrease of X|| below T ^ 100 K could reflect this gap of about 60 K.

For higher oxygen concentrations we shall not attribute the spin

susceptibility to certain sites, because we do not know wether the charge

carriers are spinless or not. In any case, the obtained in-plane value for

x =0.9 is slightly higher (3.0•10'4 emu/mol) than the polarized neutron

scattering result at T = 120 K from chapter 7 (2.3•10"4 emu/mol), but this

difference can be caused by the rather large inaccuracy.

A small anisotropy between the spin contributions of Xj_c and X||c

(especially visible for x = 0.9) can be caused by the g-factor. In general,

for Cu2+ ions g is not very anisotropic [5], but although no clear EPR

signal has been found in YBa2Cu306+x [25], for the related green phase

(Y2BaCu05) values of g a b = 2.06 and gc = 2.23 are reported [43,44]. Since

X i c , this can explain a difference between Xj_c
 a nd X||c of about

20 %.

A comparison with the pure La2Cu04 system is complicated by the existence

of a small canting of the copper spins out of the CuO2 plane below about
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250 K [40], which induces a weak ferromagnetic component. This is not the

case for the Sr doped samples which are not antiferromagnetically ordered

and become superconducting, like La, 9 Sr0 ., CuO4 (comparable to YBa2Cu306+x

with x = 0.5 or 0.6). This system yields a Xo |(- = 1 .9 • 10~A emu/mol and an

anisotropy of &x = 0.65•10~4 emu/mol. Considering that this compound has

only one CuO2 layer per unit cell and no Cud) sites, in contrast to

YBa2Cu305+x (where XQ \\C = 3.5-10"
4 emu/mol and kp( - 1 . 5 • 10"4 emu/mol for x =

0.6), we can conclude that the susceptibility of the CuO2 layers in both

compounds is rather similar.

Such values for the spin part of Xo were already predicted from comparison

with well known 2-dimensional systems, such as Cu(C5H5NO)6(BF4)2 [4,29],

which has a 2J = 2.2 K and a low temperature x0 = 0.04 emu/mol. Such a low

J value makes the diamagnetic core and the orbital Van Vleck contributions

negligible. We remark that also in this compound the maximum in x *s

observed at a temperature about 3 times larger than TN = 0.62 K, due to its

2-dimensional character (compare paragraph 6.1). As xo * s roughly

proportional to 1/J [3,32], for YBa2Cu306 (2J = 1700 K, see chapter 4) this

should yield a spin susceptibility of about 5•10"5emu/mol Cu, close to the

observed 7-10~5emu/mol Cu.

When increasing the oxygen content from 0 to 1, Xo increases smoothly,

without any abrupt change around x = 0.4, where YBa2Cu306+x looses its

long-range 3-dimensional antiferromagnetic order. Powder experiments

confirm this [9,26,31]. This implies that short-range antiferromagnetic

correlations remain important in the low x part of the superconducting

phase, as has also been deduced from neutron scattering experiments in

YBa2Cu306+x [20] and La2.x SrxCuO4 [21].

The gradual increase of Xo (by 5" t o 1"0 %) with the oxygen content is

common for metal-insulator transitions in doped materials [45,46], like

LaxSr-|_x V03 or V0x. Its explanation depends on the nature of the model that

is preferred to describe the conductivity. In case the mobile

quasiparticles have a spin this may be caused by the polarization of these

spins, so by a kind of extended Pauli susceptibility [26,28] of the charge

carriers (although this expressions and e.g. Knight shift in NMR [42] are

in principle reserved for free electrons). If the quasiparticles are

spinless, the increase of the susceptibility may be induced by dilution of

the strongly antiferromagnetically correlated moments in the CuO2 planes

[19], as is discussed further below.
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6.5.3 The increase of the susceptibility at low temperatures

We shall now turn towards the part of the susceptibility that grows at low

temperature. As is reported in chapter 7, local susceptibility

determination by means of a polarized neutron scattering technique show

that this behaviour is not only due to the copper atoms in the Cu(1) site,

but also, for a minor part, in the Cu(2) site.

Let us first have a look at the Cud) site, i.e. the copper atoms in the

chains. At low oxygen concentrations (x < 0.2), upon doping, in the chains

each oxygen will change its two neighbouring coppers in the Cu(1) site from

Cu+ to Cu2+ , which has a spin. So, small pieces of chain containing spins

will be formed. These spins are probably coupled antiferromagnetically,

which results in one net spin in case of an odd number (for which at least

two oxygen atoms are needed). The interaction between these chain pieces

will probably be direct (there are no bridging oxygens) and therefore weak

and may be ferromagnetic. Due to the non-ordered distribution of the chain

pieces this might very well be a random exchange. This yields a very

complex picture, since it is not clear wether the holes will be localized

within the chain pieces. However, if we consider only the inter-chain piece

effects and consider the chain piece as a quasiparticle with an effective

spin, we can compare this to other systems with a random exchange, like

TCNQ (1-dimensional) [24] or Si:P (3-dimensional) [47,48]. In these

compounds, where the random exchange is antiferromagnetic, a x ~ T0'

behaviour is reported with in general 0.6 < a < 0.8 (except for [48J where

the increase seems much larger). This suggests that a small ferromagnetic

random exchange between different pieces of chain could result in a a > 1

and thus explain our low temperature results. We notice that for Si:P at

low temperatures a non-linear field dependence of the magnetization is

reported [49], like in the figures 5 and 6. Actually, neutron scattering

experiments seem to show a small diffuse magnetic signal, maximum around Q

= (0,0,0), which indicates tiny ferromagnetic interactions [33]. Moreover,

for a 1-dimensional Heisenberg system with (non-random) ferromagnetic

exchange, calculations predict the susceptibility to behave like x ~

T"2 (1 + pvpf + rr) [49]. We remark that this system will not order.

Unfortunately, probably this picture will be too simple, because the

intra-chain piece behaviour will impose a more complex model.

When increasing the oxygen content, at first the number of these chain

pieces will increase, but at a certain concentration much longer chains

will be formed. Here it will depend on the total number of spins (holes on
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coppers and oxygens) if a net spin will remain (odd number) or not (even

number). We notice that the longer the chain piece, the more important

possible delocalization effects of the holes within the chain pieces will

be. Above a certain oxygen content the average length of the separate

pieces of chain will increase so much that their number will decrease. This

critical concentration is dependent on the distribution of the oxygen over

the possible sites in the Cud) planes (and thus on the intercalation

method) but must be around x = 0.3 to 0.5, where indeed the maximum "Curie"

constant is found. At still higher oxygen contents the size of these chains

will increase further and the total number of net spins will decrease.

Moreover, possibly the holes in the chains will then be delocalized. This

explains the fact that the x = 0.9 sample behaves temperature independent

above Tc.

These phenomena on the Cu(1) sites are responsible for the main part of the

upturn at low temperatures. However, also the Cu(2) planes may play a minor

role. In the previous section we have seen that at low temperatures a

non-linear field dependence of the magnetization is observed. Such a

behaviour, not like a Brillouin curve, has already been reported by Breed

et al. [17] for the diluted simple cubic and simple quadratic Heisenberg

antiferromagnets KMnpMg,^ F3 and K2MnpMg1_p F4 . In a theoretical treatment

Harris et al. [16] argue that this is the result of local ferrimagnetic

fluctuations. The antiferromagnetic sublattices are incompletely balanced

in the neighbourhood of an impurity, leading to a uniform component which

couples with the staggered component of the magnetization, yielding random

staggered fields [19]. So the magnetization can be separated into two

contributions, one coming from these random ferrimagnetic staggered fields,

giving rise to non-linearities but saturating at higher fields, and a

second part, field independent, induced by the antiferromagnetic

interaction. In a later paper [20] this theory was confirmed. Breed reports

a more or less 1/T behaviour of this phenomenon. We underline that this

behaviour is only observed in systems diluted with spinless particles when

an external field is applied. In case the guasiparticles in YBa2Cu306+x

contain a spin, it is not clear wether this picture can be used.

A comparison with the dilution percentage of Breed's measurements [17]

shows a big difference. Whereas Breed doped with typically about 20 % of

non-magnetic Mg (in K2MnpMg.|_p F4 ), we deduced for an x = 0.37 sample only

2 % of holes in the CuO2 planes (chapter 4). This indicates that the

defects, induced by the holes, in YBa2Cu306+x have a much larger impact,

due to their extension or, more likeky, to their dynamics [22,29],
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6.5.4 Conclusion

To conclude the chapter, we shall briefly summerize the main results. The

susceptibility of YBa2Cu306+x is composed of an orbital Van Vleck part

(responsible for the main part of the anisotropy), a spin contibution Xo

which is induced by the antiferromagnetic order in the CuO2 layers, and a

temperature dependent part, mainly due to the moments in the Cud) site. Xo

is slighly anisotropic, due to the g-factor. Upon doping, Xo» which agrees

with well known 2-diraensional systems, is increased. The intinsic

susceptibility from the Cud) plane shows an increase at low temperature,

indicating a complex behaviour of the holes in small chain pieces.
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Chapter 7

SPIN DENSITY MEASUREMENTS ON YBa2Cu306+x

7.1 Introduction

One of the key problems in the understanding of the high temperature

superconductors concerns the localization of the electrons and holes on the

different copper and oxygen sites of the compounds. Unpaired electrons or

holes result in magnetic moments, inducing a susceptibility or even a

magnetic ordering. When the magnetic moments are ordered, this can be

detected by neutron scattering experiments. This is the case for

YBa2Cu306+x for x < 0.4 where the copper ions in the Cu(2) sites are

ordered antiferromagnetically, as is described in detail in chapter 4. In

the absence of magnetic order, it is in principle easy to measure a total

susceptibility (see chapter 6), but the investigation of the local

susceptibility, which gives information on the moment of each atom,

requires more sophisticated techniques. For weak susceptibilities among the

most powerful are the scattering of polarized neutrons and NMR. We shall

here concentrate on the former, and compare its results with those of the

latter in the discussion. When a magnetic field is applied to the crystal,

this induces a net spin polarization on the different sites, representative

for the atomic susceptibility. This sensitive technique is based on the

occurrence of an interference term between the nuclear and magnetic

scattering, due to the polarization of the neutron beam. In section 2.2.3

the principles have been explained.

Experiments of this kind on La2Cu04_s (TN = 304 K) yielded an induced

magnetic form factor FM which is in good agreement with the 3d magnetic

form factor of the Cu2+ free ion [1]. This implies that if any field-

induced moment is present on the in-plane oxygen sites, it is certainly

much smaller than that predicted from band-theoretical calculations [17].

The first field induced spin density maps of YBa2Cu306+x were reported by

Gillon et al. [2], for a crystal with an oxygen content of x = 0.50. The

result was rather surprising, for it showed a spin density at low

temperatures (T = 2 K) exclusively on the Cud) site, the copper ion in the
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chains, and no measurable spin on the Cu(2) site, the copper in the CuO2

planes which carries an antiferromagnetically ordered moment for the lower

oxygen concentrations.

We have undertaken a series of polarized neutron diffraction experiments on

YBa2Cu306+)< for several oxygen concentrations, in order to investigate the

distribution of the spin density over the different copper and oxygen

sites, and its variation as a function of the oxygen concentration.

7.2 Experimental

In a spin density experiment a polarized neutron beam is scattered by a

single crystal on which a magnetic field is applied. As the induced spin

density in YBa2Cu306tx is particularly weak, an important effort has been

made to increase the efficiency of the experiment by optimizing the

crystal, the neutron beam and the magnetic field.

For these measurements the same crystals were used as for the inelastic

neutron diffraction studies, described in chapter 5, i.e. HND1 (x = 0.15),

HND2 (x = 0.90), HND3 (x = 0.37) and HND4 (x = 0.99) as mentioned in table

3.8. For each concentration a special assembly with a total volume of 0.26

cm3 was made. We underline that in all cases the same crystals were used,

each time reintercalated, so that possible defects in the crystals are

exactly the same for all the oxygen contents. The crystals were mounted in

the cryostat with the [1?0] axis vertical and parallel to the field.

The experiments were performed on the spectrometer D3B on the hot source of

the ILL, which is described in section 2.3.3. A A = 0.843 A wavelength was

selected. The flux of this beam was considerably enhanced by installing a

Heusler Cu2MnAl monochromator instead of the usual COg_92 Fe 0 0 8 one. An

erbium filter was used to suppress higher order contamination.

The magnetic field applied to the crystal was provided by a superconducting

magnet which produces 46.5 koe, the field that was used for the

concentrations x = 0.15, 0.37 and 0.90. The experiment on x = 0.99 was

performed in a cryostat with another magnet in a field of 94 kOe, which

considerably improved the accuracy of the measurements.

Susceptibility measurements have shown that the critical field Hcl in the

superconducting samples is smaller than 1 kOe and that the magnetic field

penetrates almost entirely into the crystal.

Typical measuring times are several hours per Bragg peak at low
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temperatures up to half a day at T = 30 K. These extremely long counting

times are caused by the very low value of the induced magnetization, which

can be attributed to the extremely large antiferromagnetic interactions

prevailing in these materials.

7.3 Results

In order to gather an impression of the feasibility of the study, we

started the first experiment (x = 0.15) with a series of measurements on

the Q = (0,0,3) Bragg peak as a function of the temperature. The result is

Pi
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c
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Fig. 1. Flipping ratio R of the Q = (003) Bragg peak of YBa2Cu306 15

as a function of temperature.

shown in figure 1. We see that the flipping ratio R is (within the accuracy

of the experiment) more or less temperature independent for temperatures

above, say, 15 K. While lowering the temperature down to 1.5 K ( the lowest

feasible temperature) the signal increases markedly. A similar behaviour

has been observed in the bulk susceptibility, as is described in chapter 6.

We decided to perform measurements at 1.5 K and 30 K for each composition.

For both temperatures a series of 16 Bragg peaks in the (h,h,l) plane (Q =
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(0,0,€) for C = 1 to 8, Q = (1,1,£) for £ = 0 to 6 and Q = (2,2,0), see

tables 7.1 to 7.4 and 7.6 to 7,9) with < 0.37 A"1 was measured for the

two spin orientations of the neutron, parallel and antiparallel to the

applied magnetic field, respectively. As was shown in section 2.2.3, their

ratio R provides a measure of the ratio of the induced magnetic structure

factor FM(Q) to the known nuclear structure factor FN(Q), calculated with

the parameters reported in chapter 3, since

R(Q) =
FN(Q) + FM(Q)1 FM(Q)

~ 1 + 4 (7.1)
- FM(Q)J FN(Q)

if FM < FN (compare eq. 2.35 and 2.37).

When calculating FM from the known FN and the measured R, small corrections

must be made for the polarization of the beam , which is not perfect (in

our case 93.5 %, as was established in a systematic study before the

experiment) and the A/2 contamination (we determined an amount of the order

of 0.2 % ) . Integrated intensity determinations at two different wavelengths

(A = 0.843 A and 0.502 A) showed that extinction effects are negligible,

which was confirmed by the refinement of the structures of the x = 0.04 and

0.99 samples, as reported in chapter 3.

Once the FM(Q)'s are determined, we have to correct them for the

temperature independent diamagnetism of the core electrons, like in the

case of the bulk susceptibility (compare section 6.3). In order to do this,

we substract the diamagnetic structure factor FDiam . The diamagnetic form

factors fDism (Q) of the ions, necessary for that calculation, are obtained

as described in ref. [23]:

where e and m are the charge and mass of the electron, Z the number of

electrons, H the applied magnetic field and f(Q) is the atomic scattering

factor for X-rays, which is determined by the charge form factor of the

atom. We remark that in this spherical approximation Q is the modulus of Q.

A typical example of this diamagnetism is given in figure 2, which shows a

projection along the [iTO] axis. Notice that the map contains only a



[001]

Cu

Fig. 2. Map of the calculated spin density caused by the

core-electron diamagnetism in in YBa2Cu306 37 in a field

of H = 46.5 kOe. The projection is along the [iTo] axis.

Only a quarter of the unit cell is shown. The resolution

is comparable to the experimental maps (same number of

reflections and averaging over squares with edges of

0.85 A).

Each contour represents an increase of 2-1CT5 \LQ/&3 ,

starting at 1-10'5ng/A3. Remark that this increment is ten

times smaller than that in the experimentally obtained

maps. Negative magnetization density is indicated by a

dotted line.

For the other oxygen concentrations the differences with

this map (only on the 0(4) site) are small.

quarter of the projected unit cell.

The corrected magnetic structure factors FH(Q), obtained in this way, can

be analyzed in two ways. In the ideal case a spin density map (in our case

projected along the [110] direction, because we have only reflections in

the (110) plane) of the unit cell can be made from the Fourier transform of

the magnetic structure factors of the different measured Bragg peaks. This

gives a very clear presentation of the spin density distribution. However,

there are some complications. In the first place, only a limited number of

Bragg peaks has been measured, so only a limited number of Fourier terms is

available (sin9/X < 0.37 A"1 ). This implies that no information on details

on a scale smaller than r = 0.61d = 0.6U/2sin9 [22] (in our case r = 0.8
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A) can be obtained, which determines the resolution. Moreover, this finite

number of measured reflections induces periodic deviations with modulation

lengths which are smaller than those of the Fourier terms which are used in

the transformation. Nevertheless, by averaging over relatively small volume

elements of the unit cell (in our case we used squares with edges of 0.85

A), this cut-off effect can be reduced considerably [18]. A second problem

is formed by the impossibility to measure FM at Q = (0,0,0) with neutron

scattering, which is related to the constant term of the spin density. In

general it can be determined from bulk susceptibility experiments, but in

our case this was not possible in superconducting samples, due to the

Meissner and screening effects. Also for non-superconducting samples it did

not always give a very satisfying result, especially at low temperatures.

Therefore we used in the Fourier transformation a value that was obtained

from an extrapolation of the refinement of the moments, as will be

explained in the next paragraph. A third remark to be made is that the

rather big uncertainties in the experimental results limit the precision of

these spin density maps. Error maps are given for each temperature.

A second method to analyze the obtained magnetic structure factors FM(Q) is

to refine the moment on a finite number of sites, using the formula

F M ' Q ' = S fi'5) m, e i Q' r. Here i denotes the different sites in the unit
i

cell, with a magnetic moment mi and form factor fi (compare chapter 2).

This clearly requires a basic model of the distribution of the moments. In

our case we have refined moments on the copper (Cu(1) and Cu(2)) sites and

on the oxygen (0(1), 0(2,3) and 0(4,5)) sites. The used form factors (shown

in figure 3) were spherical and the results of a calculation for the free

ion cases, as was performed by Freeman and Watson [19] for Cu2+ . Similar

treatments with Slater functions yielded the form factor for 02" , using

experimental data from ref. (20]. This choice implicates that no

information is obtained on possible deviations from spherical moment

distributions, or on possible (but not very probable) susceptibilities on

other sites. On the other hand, this refinement method has the advantage

that integrated values of the moments are obtained, with error bars which

will be much smaller than in the mapping procedure. Moreover, an

extrapolation for the magnetic structure factor FM at Q = (0,0,0) can be

made, which we have used in the Fourier maps.

In all cases we performed both treatments.

in the next sections we shall give the results obtained from the

experiments. For each concentration a table is presented with, for each
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Spherical magnetic
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Cu

0 \

0.20 0.40

sine/X (A"1)
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Fig. 3. Spherical magnetic form factors of Cu2+ and 02" , which were

used in the refinement of the induced moments on the

copper and oxygen sites.

reflection, the measured ratio R and its error, the diamagnetic structure

factor F,D1am used in the correction, the calculated nuclear structure

factor FN, and the obtained induced structure factor FM and its error. Both

the spin density maps and the results of the refinement procedure,

calculated with these FM(Q)'s, will be presented.
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h

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

k

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

R

0.99870
1.00204
1.00488
0.99948
1.00091
1.00096
0.99973
1.00107
1.00100
1.00023
1.00941
0.9987S
1.00068
0.99118
1.00077
1.00039

DR

0.00035
0.00264
0.00067
0.00026
0.00026
0.00028
-0.00040
0.00069
0.00049
0.00047
0.01036
0.00040
0.00059
-0.00613
0.00035
0.00035

-1.594
0.269
0.880
-2.838
3.536
3.445
-2.427
4.224
2.887
1.610

-0.092
-2.235
1.610

-0.223
3.966
7.427

FDia«i

0.00006
0.00005
0.00008
0.00003
-0.00011
-0.00009
0.00006
-0.00002
-0.00017
-0.00003
0.00002
0.00007
-0.00003
-0.00004
-0.00007
-0.00009

?M

0.00183
0.00047
0.00408
0.00132
0.00360
0.00357
0.00042
0.00455
0.00351
0.00048
-0.00254
0.00251
0.00122
0.00214
0.00328
0.00315

DFM

0.00054
0.00086
0.00060
0.00072
0.00090
0.00094
0.00096
0.00288
0.00141
0.00075
0.00267
0.00089
0.00095
0.00141
0.00135
0.00253

Table 7.1 and Fig. 4

Experimental results for YBa2Cu306 15 at T = 1.5 K and H = 46.5 kOe. For

each Bragg peak the obtained flipping ratio R and its uncertainty DR, the

calculated nuclear and diamagnetic structure factors FN and FOiam (in

10~12 cm) and the magnetic structure factor FM, determined from R, FN and
FDiam ' a n d i t s uncertainty DFM (already converted to ng, which corresponds

to 0.27-10"12 cm, see chapter 2), are given.

The projection in the figure is along the [no] axis. Only a quarter of the

unit cell is shown. Each contour represents an increase in the

magnetization density of 2•10"*MB/A
3, starting from 1 • 10~4 jig/A3 . Negative

magnetizations are indicated by dotted lines.
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37 T=1.5K H=46kOe

h

0
0
0
0
0
0
0
0
1
1
1
t
1
1
1
2

k

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

0
1
1
0
1
1
0
1
1
1
0
0
1
0
1
1

R

.99648

.01467

.00633

.99851

.00131

.00151

.99920

.00060

.00187

.00150

.98748

.99799

.00165

.99614

.00059

.00070

DR

0.00020
0.00128
0.00040
0.00017
0.00028
0.00018
0.00032
0.00023
0.00028
0.00045
0.00485
0.00031
0.00054
0.00314
0.00022
0.00014

FN

-1.420
0.408
0.995
-2.724
3.648
3.808
-2.141
4.113
2.744
1.489

-0.246
-2.410
1.413

-0.373
4.030
7.506

FDiam

0.00005
0.00004
0.00007
0.00004
-0.00011
-O.OOO1O
0.00005
-0.00002
-0.00016
-0.00003
0.00003
0.00007
-0.00003
-0.00003
-0.00007
-0.00009

0.00477
0.00625
0.00611
0.00389
0.00513
0.00602
0.00151
0.00251
0.00576
0.00232
0.00366
0.00454
0.00243
0.00156
0.00260
0.00548

DFM

0.00028
0.00056
0.00040
0.00047
0.00101
0.00066
0.00068
0.00093
0.00077
0.00065
0.00146
0.00075
0.00077
0.00117
0.00088
0.00101

Table 7.2 and fig. 5

Experimental results for YBa2Cu306 37 at T = 1.5 K and H =

46.5 kOe, compare table 7.1 and fig. 4.

f [110]
1 A

"• i' (fpa,3

O! Ba

[001]
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YBa2Cu306 g T=1,5K H=46kOe

h

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

k

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

R

0.99652
1.00500
1.00302
0.99918
1.00040
1.00117
0.99939
1.00057
1.00119
1.00144
0.99734
0.99836
1.00170
0.99877
1 .00048
0.99988

DR

0.00031
0.00099
0.00055
0.00037
0.00030
0.00027

-0.00073
0.00045
0.00043
0.00091
0.00236
0.00041
0.00141

-0.00178
0.00034
-0.00022

FN

-0.996
0.620
1.378

-2.394
3.759
4.808

-1.711
3.865
2.396
1 .194

-0.663
-2.805
1.064

-0.843
4.144
7.854

FDiam

0.00002
0.00003
0.00007
0.00004

-0.00010
-0.00012
0.00004

-0.00002
-0.00016
-0.00003
0.00003
0.00008

-0.00001
-0.00002
-0.00008
-0.00009

FM

0.00334
0.00305
0.00395
0.00179
0.00186
0.00597
0.00089
0.00225
0.00345
0.00180
0.00167
0.00428
0.00188
0.00110
0.00226

-0.00065

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

DFM

.00031

.00062

.00076

.00087

.00110

.00127

.00123

.00173

.00105

.00107

.00159

.00115

.00151

.00148

.00138

.00170

Table 7.3 and fig. 6

Experimental results for YBa2Cu306 90 at T = 1.5 K and H =

46.5 kOe, compare table 7.1 and fig. 4.

f [HO]
1 A

[001]
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T=1.5K H=94kOe

h

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

k

0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

R

0.99699
1.00478
1.00401
0.99964
1.00044
1.00079
1.00093
0.99991
1.00196
1.00016
0.99674
0.99758
1.00422
0.99839
1.00017
0.99965

DR

0.00068
0.00115
0.00060

-0.00038
0.00035
0.00026
0.00086

-0.00044
0.00060
0.00149

-0.00326
0.00049
0.00207

-0.00238
0.00035
-0.00039

FN

-0.989
0.63S
1.371

-2.371
3.756
4.799

-1.647
3.807
2.389
1.193

-0.686
-2.793
1.047

-0.872
4.181
7.861

FDiam

0.00005
0.00005
0.00014
0.00009

-0.00021
-0.00025
0.00007
-0.00003
-0.00032
-0.00006
0.00006
0.00016
-0.00003
-0.00004
-0.00017
-0.00018

FM

0.00277
0.00287
0.00503
0.00050
0.00244
0.00465
-0.00180
-0.00023
0.00593
0.00042
0.00203
0.00611
0.00457
0.00155
0.00131
-0.00202

DFM

0.00066
0.00074
0.00083
0.00089
0.00128
0.00122
0.00140
0.00164
0.00144
0.00175
0.00227
0.00136
0.00219
0.00205
0.00143
0.00307

Table 7.4 and fig. 7.

Experimental results for YBa2Cu30699 at T = 1.5 K and H =

94 kOe, compare table 7.1 and fig. 4, which were obtained

at a lower field.

f [110]
1 A

[001]
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7.3.1 The low temperature results

The results obtained at T = 1.5 K are reported in the tables 7.1 to 7.4 for

x = 0.15, 0.37, 0.90 and 0.99, respectively. He recall that the field for x

= 0.15, 0.37 and 0.90 was H = 46.5 kOe, but for x = 0.99 it was 94 kOe. The

corresponding spin density maps are shown in figures 4 to 7, with an

example of the uncertainty in figure 8, whereas the induced magnetic

moments determined by the refinement procedure are given in table 7.5 and,

normalized for the field, in figure 9. In table 7.5 the values for Q =

(0,0,0), extrapolated from the refinement, are given. Remark also that the

moments are given per site and not per atom, which is important for the

0(4). it is clear that in the maps, especially at symmetric positions,

large deviations can occur.

As in the experiment reported by Gillon et al.(2] the spin density is for

f [110]
1 A

[001]

Cu

Fig. 8. Error map of fig. 5, so for YBa2Cu306 37 , giving the

absolute value of the error bars at each point of the

map. The contour indicates 2-\0'* v^/*? • O^? i n t h e corners

the 3-10' 4MB/A 3 contour is just visible. The other oxygen

concentrations at this temperature have similar error maps.
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X
H

Cud)

Cu(2)

0(1)

0(2,3)

0(4)

extrapolation

to Q = (000)

YBajCu-

0.15
46.5 kOe

2.72 (38)

1.07 (26)

0.18 (27)

0.01 (14)

0.49 (58)

4.86

1.29

1 6.x ' T ~

0.37
46.5 kOe

5
0

0

-0
0

.40 (36)

.97 (22)

.05 (23)

.05 (14)

.71 (40)

7.34

1.86

1.5

46
3.
0.

0.

-0.
0.

K

0.90
.5 kOe

47 (39)

76 (26)

14 (26)

12 (15)

29 (39)

4.99

0.92

0.
94

3.69

1.53

-0.04

-0.23

-0.18

6.

1.

99
kOe

(65)

(40)

(39)

(23)

(71)

75

31

Table 7.5

The induced magnetic moments, obtained with a refinement

procedure, of YBa2Cu306f)( at T = 1.5 K, as is explained in

the text. The uncertainties are shown between brackets. All

magnetic moments are given in lO'3^ per site and not per

atom (important for 0(41). The extrapolation to the Q =

(0,0,0) position, representing the total magnetization, is

also given. This value should be compared with bulk

magnetization measurements, x2 is the veracity factor of the

refinement.

all concentrations mainly localized on the Cu(1) site of the structure, but

is much weaker than in their case. However, some spin density is also found

on the Cu(2) site, contrarily to their results (due to less sensitivity

[35]).

The moment on the Cu(1) site varies with the oxygen concentration, with a

maximum at x = 0.37, see figure 9. It has to be noted from the experiments

at x = 0.90 and 0.99 that doubling the field from 46.5 kOe to 94 kOe hardly

increases the induced Cu(1) moment from 3.5-10"3Hg to 3.7-10"3jig, which

means that this moment saturates at these fields. This is not the case for

the moment on the Cu(2) site, which also varies somewhat with the oxygen

content, but is, at x = 0.90 and 0.99, proportional to the field.

More striking is the difference in the magnitude of the moment induced on

the Cud) site compared to that found in the samples of Gillon et al. [2].

They found an induced moment of 18-10"3|Xg with an applied field of 50 kOe

at T = 1.7 K for an x = 0.5 compound. That is more than four times larger

than the moments that we observed. Such a strong dependence of the Cud)

moments on the sample which is investigated suggests that the spin density

observed at low temperatures is sensitive for differences in the
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Fig. 9. Susceptibilities of the copper atoms as a function of the

oxygen content at T = 1.5 K.

distribution of the oxygen over the 0(4}/0(5) positions, due to different

(or absent) intercalation processes [21] (compare chapter 6). It is even

not excluded that structural defects like vacancies in the Cud) sites are

involved (indeed Gillon reports 3 % vacancies in this site). However, for

our samples this possibility must not be overestimated, since the crystal

structure refinement procedures reported in chapter 3 show less then 1 % of

vacancies.

Within the accuracy of the measurements at low temperature, no induced

moment is found on the oxygen sites 0(2) and 0(3) (in the Cu(2) planes) and

0(1) (between Cu(1) and Cu(2)). Only at the 0(4) site (in the chains) a

susceptibility is observed, but with a very poor accuracy that often

surpasses the moment value. We underline that, due to the choice of the

observed Bragg peaks (all in the (110) plane) we cannot distinguish between

the 0(4) and 0(5) sites.
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VB»2Cu306 1 5 TOOK H*46kO*

h

0
0
0
0
0
0
0
0
1
1
1
t
1
1
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k

0
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0
0
B
9
D
9
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1
2
3
4
5
6
7
8
0
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2
3
4
5
6
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1
1
1
1
1
1
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1
0
0
1
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R

.00019

.00020

.00177

.00007

.00020

.00006

.00032

.00017

.00046

.00009

.99607

.99950

.00030

.99868
1.00017
1.00013

0
0
0
0
0
0
0
0
0
0
-0
-0
0
-0
0
0

BR

.00014

.00252

.00039

.00015

.00014

.00016

.00023

.00022

.00016

.00031

.00659

.00025

.00038

.00604

.00027

.00015

-1.594
0.269
0.880
-2.838
3.536
3.445

-2.427
4.224
2.887
1.610

-0.092
-2.235
1.610

-0.223
3.966
7.427

0
0
0
0
-0
-0
0
-0
-0
-0
0
0
-0
-0
-0
-0

FDiaa

.00006

.00005

.00008

.00003

.00011

.00009

.00006

.00002

.00017

.00003

.00002

.00007

.00003

.00004

.00007

.00009

rH

-0.00051
-0.00013
0.00130
-0.00031
0.00110
0.00053
-0.00099
0.00078
0.00194
0.00027
0.00041
0.00087
0.00061
0.00043
0.00092
0.00125

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

OFM

00022
00083
00035
00042
00051
00054
00055
00091
00047
00049
00173
00057
00061
00138
00104
00113

Table 7.6 and fig. 10.

Experimental results for YBa2Cu306 1S at T = 30 K and H =

46.5 kOe, compare table 7.1 and fig 4.

1001]
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H«46kOe

h

0
0
0
0
0
0
0
0

2 ;

k

0
0
0
0
0
0
D
9

2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

0
1.
1.
0.
t.
1.
1.
1.
1.
1.
0.
0.
0.
0.
1.
1.

R

99990
00269
00209
99994
00026
00024
00018
00027
00047
00017
99882
99930
99926
99949
00019
00015

0.
0.
0.
-0.

DR

00008
00056
00017
00007

0.00007
0.
0.
0.
0.
0.
-0.
0.
0.
-0.
0.
0.

00011
00014
00010
00008
00018
00208
00014
00024
00141
00010
00006

I

-1.
0.
0.
-2.
3.
3.
-2.
4.
2.
1.

-0.
-2.
1.

-0.
4.
7.

PN

420
408
995
724
648
808
141
113
744
489
246
410
413
373
030
506

FDia«

0.00005
0.00004
0.00007
0.00004
-0.00011
-0.00010
0.00005
-0.00002
-0.00016
-0.00003
0.00003
0.00007
-0.00003
-0.00003
-0.00007
-0.00009

FM

-0.00004
0.00102
0.00183
0.00002
0.00134
0.00127
-0.00058
0.00116
0.00191
0.00037
0.00026
0.00140
-0.00095
0.00031
0.00101
0.00144

°FM
o.ocou
0.00025
0.00018
0.00019
0.00025
0.00042
0.00030
0.00041
0.00023
0.00026
0.00062
0.00034
0.00034
0.00053
0.00040
0.00046

Table 7.7 and fig. 11.

Experimental results for YBa2Cu3O6 37 at T = 30 K and H =

46.5 kOe, compare table 7.1 and fig. 4.

[001]

Cu
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h

0
0
0
0
0
0
0
0
1
1
t
1
1
1
1
2

k

0
0
0
0
0
0
0
0
1
1
t
1
1
1
1
2

1

1
2
3
4
5
6
7
8
0
1
2
3
4
5
6
0

0
1.
1.
0.
1.
1.
1.
1.
1.
1.
0.
0.
1.
0.
1.
1.

YBa2Cu306 9

R

99953
00056
00060
99972
00015
00017
00025
00011
00028
00040
99968
999S4
00023
99915
00063
00021

OR

0.00022
0.00071
0.00026

-0.00018
0.00015
0.00020
0.00030
0.00020
0.00022
0.00046
-0.00097
0.00027
0.00057
-0.00073
0.00020
-0.00010

T»30K

-0
0
1
-2
3
4
-1
3
2
1
-0
-2
1
-0
4
7

FN

.996

.620

.378

.394

.759

.808

.711

.865

.396

.194

.663

.805

.064

.643

.144

.854

«=46kOe

FDiam

0.00002
0.00003
0.00007
0.00004
-0.00010
-0.00012
0.00004
-0.00002
-0.00016
-0.00003
0.00003
0.00008
-0.00001
-0.00002
-0.00008
-0.00009

0
0
0
0
0
0
-0
0
0
0
0
0
0
0
0
0

.00038

.00025

.00058

.00051

.00095

.00123

.00057

.00050

.00126

.00058

.00010

.00097

.00030

.00079

.00287

.00198

DFM

0.00022
0.00045
0.00036
0.00044
0.00055
0.00094
0.00050
0.00076
0.00052
0.00054
0.00065
0.00074
0.00062
0.00060
0.00081
0.00076

Table 7.8 and fig. 12.

Experimental results for YBa2Cu306 go at T = 30 K and H =

46.5 kCe, compare table 7.1 and fig. 4.

:0 ij O
[001]

CUj
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YBa2Cu306 99 H*94kO«

h

0
0
0
0
0
0
0 1
0 (
1
1
1
1
1
1 1
1 1
2 ;

k 1

0 1
0 2
D 3
3 4
3 5
3 6
3 7
3 8

0
1
2
3
4
5
6

> 0

R DR

0.99933 0.00024
1.00252 0.00037
1.00172 0.00018
0.99965 0.00016
1.00007 0.00010
1.00019 0.00009
0.99961 0.00029
1.00024 0.00016
1.00036 0.00019
1.0006S 0.00051
0.99997 -0.00095
0.99917 0.00017
0.99947 -0.00076
0.99916 -0.00081
1.00032 0.00012
0.99990 -0.00013

-0.989
0.635
1.371

-2.371
3.756
4.799
-1.647
3.607
2.369
1.193

-0.686
-2.793
1.047

-0.872
4.181
7.861

rDia»

0.00005
0.00005
0.00014
0.00009
-0.00021
-0.00025
0.00007
-0.00003
-0.00032
-0.00006
0.00006
0.00016
-0.00003
-0.00004
-0.00017
-0.00018

*H DFM

0.00048 0.00023
0.00142 0.00024
0.00186 0.00025
0.00049 0.00038
0.00105 0.00038
0.00183 0.00041
0.00037 0.00047
0.00103 0.00059
0.00212 0.00046
0.00100 0.00060
-0.00022 0.00066
0.00170 0.00049
-0.00046 0.00080
0.00089 0.00070
0.00193 0.00049
-0.00013 0.00105

Table 7.9 and fig. 13.

Experimental results for YBa2Cu306 99 at T = 30 K and H =

94 kOe, compare table 7.1 and fig. 4, which were obtained

at a lower field.
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Ws can conclude that at low temperatures the magnetic susceptibility of

YBa?Cu306tx is dominated by moments on the Cud) sites. In order to obtain

a better accuracy on the other sites, we have to analyze measurements at a

higher temperature, where the signal on this site is lower. This will be

reported in the next section.

7.3.2 The higher teaperature results

The experimental results obtained at T = 30 K are reported in tables 7.6 to

7.9. The resulting spin density maps are shown in the figures 10 to 13.

Figure 14 represents the uncertainty in these density maps. The magnetic

moments, calculated with the refinement method, are given in table 7.10

Ot Ba Cu2

[001]

Fig. 14. Error map of fig. 11 (compare fig. 8), so for YBa2Cu306 37 .

The possible error is smaller than 1 • 10"* |ig/A3, only in the

corners between 1-10~4 and 2-1(T 4M B/A
3. T O the other oxygen

concentrations have similar error maps apply.
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YBa2Cu306+x , T = 30 K

H
Cud)

Cu(2)

0(1)

0(2,3)

0(4)

extrapolation

to Q = (000)

0.
46.5

0.81

0.55

-0.02

0.05

-0.56

2.

1 .

15
kOe
(13)

(8)
(9)

(5)

(20)

26

22

0.
46.5

0.97

0.72

-0.00

0.01

0.04

2.

1 .

37
kOe
(13)

(8)

(8)

(4)
(14)

41

43

0.
46.5

0.87

0.33

0.18

0.00

-0.20

1 .

1.

90
kOe
(22)

(15)

(17)

(9)

(23)

53

24

0.
94
1.45

0.55

0.06

0.01

-0.03

2.

1.

99
kOe
(20)

(13)

(13)

(8)

(23)

55

18

Table 7.10

The induced magnetic moments, obtained with a refinement

procedure, of YBa2Cu3O6w< at T =30 K, as is explained in the

text. The uncertainties are shown between brackets. All magnetic

moments are given in 10"3|iB per site and not per atom (important

for 0(4)). The extrapolation to the Q = (0,0,0) position is also

given. This value should be compared with the bulk magnetization

measurements. )c is the veracity factor of the refinement.

and, normalised for the field, in figure 15.

Obviously, the spin density is now more balanced between the Cud) and the

Cu(2) sites than at 1.5 K, the moments per site being both less than

10"3ng. The Cud) moment remains more or less constant as a function of the

oxygen concentrations, with a small maximum at x = 0.37. The values at x =

0.90 and 0.99 are proportional to the applied fields (again H = 46.5 kOe

and 94 kOe, respectivly).

Also the moments on the Cu(2) sites have decreased compared to the T =

1.5 K case. Here we notice that in the two superconducting samples the

Cu(2) moment has decreased to about half of the value of the other

compositions x = 0.15 and 0.37, but remains proportional to the applied

field.

For no oxygen concentration a clear magnetic moment on the oxygen sites

0(2) and 0(3) is observed. A determination of the induced moment on the

0(1) site, the bridging oxygen between the chains and the Cu(2) planes,

yielded 0.2-10~3nB, at the limit of the uncertainty, for x = 0.90. However,

the experiment on the x = 0.99 sample did not confirm this result.

On the O(4)/O(5) sites no moment has been found, except for the x = 0.15

case, where a negative one was observed. We do not know wether this is real
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or induced by the analysis.

0.300

n

0.200 -

*7

0.100 -

0.000
0.00 0.50 1.00

Oxygen Composition (x)

Fig. 15. Susceptibilities of the copper atoms as a function of

the oxygen concentration at T = 30 K.

/.4 Discussion

Before coming to the conclusion we have to compare the obtained data to

total magnetization measurements on crystals of the same series, as is

reported in chapter 6. Using this method, for an x = 0.15 sample at T = 2.7

K and H = 46 kOe a magnetization of about 0.01 ^ per unit cell has been

measured, in good agreement with other reported powder results [5]. This is

at least a factor of two higher than the extrapolated value expected from

the neutron scattering experiments (but about half of the value expected

from the data of Gillon [2,6]). We do not have a clear explanation for this
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effect. Of course the total susceptibility method gives a result at Q =

(0,0,0), a position that cannot be obtained with neutron scattering and

which makes the two methods complementary, but such a large difference is

rather rare. Besides, neutron scattering is a microscopic method, whereas

the bulk susceptibility technique is macroscopic. However, it seems not

very likely that impurities could account for this difference.

Recent polarized neutron scattering experiments on an x &£ 1.0 sample at T =

120 K showed an extrapolated (0,0,0) value (3.8>10~4 emu/mol) which is

within 10 % of the expected value from the SQUID measurements

(4.2-10"4 emu/mol) [24]. This suggests that the discrepancy at x = 0.15 is

due either to some low temperature phenomenon or to a different ordering of

the oxygen over the 0(4) and 0(5) sites.

In any case, comparison between the higher and the low temperature neutron

scattering results and between the data of Gillon et al. and ours (without

speaking of the bulk susceptibility) suggests that we deal with a very

complex picture. We suppose that the properties of the CuO2 planes are

reflected in the most proper way by the 30 K measurements, which is why we

should like to underline these results.

In chapter 6 attention has been paid to the temperature dependent behaviour

of the susceptibility at low temperatures. Some disorder (strongly

dependent on the nature of the intercalation procedure) in the distribution

of the oxygens over the O(4)/O(5) sites may yield some more-or-less free

spins on the Cud) sites. Moreover, the behaviour of the chain parts in the

Cud) planes is not well known as yet. Apart from the spins on the copper

atoms, also that part of the holes which remains in these chains will have

a spin, and some coupling may very well exist. Concerning its magnetic

behaviour very little has been published, but it is known that in systems

which show a metal-insulator transition due to strong electronic

correlations, like Si:P [3,4], a very steep increase of the susceptibility

at low temperature is observed [27,28]. Its origin is not yet understood,

but it is ascribed to a random nature of the system or a variable amount of

the charge carriers as a function of the temperature [29].

The very small induced moment on the Cu(2) site is well explained by the

enormously large antiferromagnetic exchange (2J = 1700 K for x = 0.15, see

chapter 5). Below the superconducting phase transition the induced moment

on the Cu(2) site is decreased. Recent experiments [24] on an x a 1.0

sample show that indeed the moment on the Cu(2) site at T = 120 K (above

Tc) is about four times higher (2.0-10"3Hg in an applied field of H = 98

kOe) than at T = 30 K (we remark therefore that the induced moment on this



185

site does not decrease between x = 0 and 1). This decrease (for x = 1) when

lowering the temperature starts around Tc. This is compatible with the

formation of a singlet state in the superconducting region. The spin

susceptibility should disappear in that case, due to pairing, and only the

orbital part remains. These conclusions were also taken from NMR studies,

as will be reported in the next section, and calculations show that the

obtained values for the orbital susceptibility agree well with theory

[25,30,31]. In table 7.11 the obtained local susceptibilities on the most

important sites are given, where the spin component is determined by

substraction of the value at T = 30 K from the 120 K one. It is possible

that not all the spins have paired, which implicates that this spin value

is merely a lower limit.

site

total

Cud)

Cu(2)

0(2,3)

Xx(T=120K)

(10"4 emu/mol)

3.82 (40)

1.04 (10)

1.12 (8)

0.11 (8)

Xj^(T=30K)

(10'4 emu/mol)

1.52 (40)

0.86 (12)

0.33 (8)

0.00 (5)

*L.sp1n

(10'4 emu/mol)

2.30

0.18

0.79

0.11

Table 7.11

Local susceptibility, measured along (1,1,0), of YBa2Cu307 above

and below Tc =90 K. The accuracy is given in brackets. From

these results the (lower limit of the) spin susceptibility is

deduced, as is explained in the text.

As is reported in tables 7.5 and 7.10, at T = 1.5 K the induced moment on

the Cu(2) site in the superconducting samples is higher than at 30 K. We

attribute this to some paramagnetic impurities, like the transition metals

reported in section 6.3.

We remark that the total susceptility at T = 120 K, obtained with polarized

neutron scattering, agrees with the value (#± = 4.2•10~
4 emu/mol) which was

obtained with the SQUID measurements (chapter 6), in contrast to the low

temperature results.

Actually, a similar spin pairing observation with polarized neutron

-scattering below Tc has previously been reported on superconducting V3Si

crystals 19].

We shall now compare our results to NMR data, where by means of the

hyperfine shift the local susceptibility on a site can be determined.
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Several authors have reported such measurements on the copper [10-13,25]

and the oxygen atoms [14-16,26], all exclusively on x > 0.9 samples (only

[16] reports a few results on an x = 0.65 sample). They clearly show a

decrease of this hyperfine shift, and thus of the susceptibility, when the

temperature is lowered to below Tc, like in our neutron scattering

experiments. Measured within the (a,b) plane (as in our case), this

decrease represents on the Cut2) atoms about 60 % of the original shift and

about 20 % on the atoms in the Cu(1) site (although there is some variation

between the different results). Presuming that the spin part of the

susceptibility vanishes in the superconducting region (due to singlet

formation), the authors use these data to determine the orbital part. We

notice that the ratio of the orbital part of the hyperfine shift to the

spin part is in general not the ratio of their susceptibilies, because the

hyperfine coupling A (the hyperfine shift K is K. = Â  I., -Ŝ  for each atom

i with I the nuclear and S the electronic spin) is different for the

orbital and the spin susceptibility [25]. At low temperature this orbital

susceptibility on the Cu(2) site is Xx orb = 0.17 t o 0.31-10~4 emu/mol

[11,13,25], which is only slightly lower than our neutron scattering

determination of 0.33-10"4 emu/tnol (compare table 7.11), but remains well

within the uncertainty. On the Cu(1) site an orbital susceptibility of

0.6•10~4 emu/mol is measured with NMR. This is lower than our value

(0.86-10'* emu/mol). We remark that these NMR papers do not mention the

increase of the susceptibility at low temperatures found by polarized

neutron scattering (and SQUID measurements). Probably this upturn is caused

by only a small part of the Cu(1) atoms for x 2; 1 (see chapter 6), so that

its resonance frequency is easily overlooked. This explains that these data

are slightly lower than the ones obtained with neutron scattering,

especially on the Cud) site. We remark that the spin susceptibility,

mentioned in the NMR papers [25], is obtained with use of supplementary

total magnetization (SQUID) results, since apparently the spin hyperfine

coupling constant A is not known with enough accuracy. This explains the

difference of their results (xspjn = 1.1 • 10~
4 emu/mol Cu) with ours (at least

0.2 and 0.8-10~4 emu/mol on the Cu(1) and Cu(2) sites, respectively, see

table 7.11), since our polarized neutron scattering experiments do not

yield the same total susceptibility at low temperatures as our SQUID

experiments. Moreover, our results show that the spin susceptibility on the

Cu(2) site is at least a factor two larger than on the C u d ) .

Concerning the oxygen atoms, the NMR experiments (on samples with 17 0) show

that almost the entire hyperfine shifts on the 0(1) and 0(2,3) sites, which
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are much smaller than those on the copper sites, disappear below Te and are

therefore of spin origin (the signal from the 0(4) sites, in the Cud)

plane, seems to be difficult to position, according to refs. [14,26]). The

NMR papers report values of 0.11 and 0.18•10"4 emu/mol oxygen for this spin

part at the 0(!) and 0(2,3) sites, respectively [15,26] (again determined

in combination with SQUID results), which vanishes below Tc. This agrees

with our result on the 0(2,3) site (0.11+0.05-10"*emu/mol).

From these results we conclude that in YBa2Cu307 in the Cu02 planes about

10 % of the spins are transferred to the 2p states of each oxygen, due to

hybridization with the copper 3d orbitals. This reduces the moment on these

Cu(2) atoms by 20 %, which agrees well with the covalency that was found by

the reduction of the ordered antiferromagnetic moment nig = 0.64 Hg in

yBa2Cu306 in chapter 4. Using a g factor of 2.12, typical for Cu2+ (with

spin S = H) [32], and a reduction at = 0.27 in a double layer due to zero

point fluctuation [33], with the formula niQ = g-S-(i-a) •O-<xcm ) we

obtained a covalency occov = 0.17. From the NMR experiments their authors

claim that in YBa2Cu307 the Cu(2) moments are reduced by 22 to 30 * due to

covalency effects [14,15,16,26], which is only slightly higher than our

determination. These results indicate that the hybridization hardly varies

upon doping (which was also concluded from 89 Y NMR experiments [34]), and

that possible spins on the holes that are transferred from the chains are

very strongly bound to the moments on the Cu(2) site.
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Chapter B

FINAL REMARKS

This is the final chapter of this thesis. In the preceding part we have

reported on the experimental work that we performed on some of the magnetic

aspects of the high Tc superconductor YBa2Cu306+x . It is worth while to

summarize the main conclusions.

8.1 The undoped case

YBa2Cu306 is an insulating antiferromagnet. The antiferromagnetic state of

the CuO2 layers is well described by a quasi 2-dimensional Heisenberg model

with a very small XY anisotropy. Due to the extremely large interaction

between nearest neighbouring copper atoms in the same plane, which is 2J =

1700 K § 0.15 eV, the Neel temperature is very high, TN = 415 K. However,

because of the highly 2-dimensional character of the system, this is

considerably lower than the mean field estimation {TJJF = 23), which is

described by the well-known simple formula Tj?° = Tjf -—•—-—-, where J' is
ln(J/J )

the coupling between the layers and A =* 3TT/4 from quantum mechanical

calculations. In fact, YBa2Cu306 should be regarded as a double layer

antiferromagnet, because the coupling Jb between two copper ions in

adjacent CuO2 planes which sandwich an Y atom is much larger

(10~2 < — < 10"1 ) than the interaction J' ~ 10"5J between two adjacent

double layers.

It is known that for such a low-dimensional S = H double layer system the

ordered moment at low temperatures is decreased by a = 0.27. Indeed, the

measured value is m0 = 0.64 (ig. Using g = 2.12, the formula m0 =

g-S-(1-ot)-(1-acov ) yields a moment reduction of oe^ c* 0.17 by covalency

for the Cu2+ ions in the Cu(2) sites. Therefore, due to a rather large

hybridization of the copper 3d and the oxygen 2p orbitals, about 8 % of the

spins in the CuO2 layers is transferred to each oxygen atom. This is in

agreement with spin density measurements, which yield a slightly smaller
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value (otcov < 0,1). Such a covalency effect is common for this class of

materials.

The magnetic excitations are well described by a spin wave model. A

correction for quantum fluctuations of about 17 % has to be made to obtain

the exchange parameter J. This large J value yields a very high spin wave

velocity c0 = 1.0 evA.

The XY anisotropy is very small (AJ/J ~ 10~4 ), but nevertheless it affects

the critical behaviour (p — 0.25).

No ordered moment is observed on copper atoms in the Cu(1) site.

Upon doping holes are created in the Cu(1)-0(4) chaines. For oxygen

concentrations smaller than x = 0,20 no holes are transferred to the CuO2

planes. Therefore, between x = 0 and 0.15 the parameters, mentioned above,

do hardly change.

8.2 The doped, but still antiferromagnetic phase

The antiferromagnetic order in the CuO2 planes is strongly modified by a

small amount of holes, which is transferred from the Cu(1) planes when the

oxygen concentration exceeds x = 0.2. These holes form charged polarons.

The Neel temperature TN and the ordered moment m0 start to decrease, first

slowly and finally abruptly at the critical concentration xc = 0.41 where

the long-range 3-dimensional antiferromagnetic order vanishes.

At x = 0.30 a reentrant behaviour is observed. Below Ir = 50 K some

magnetic intensity is transferred from the Bragg peaks into the rod Q =

{%,%,&), indicating some static disorder between the double layers. The

coupling within the double layers is not affected.

We explain this reentrant behaviour by the localization of the holes, above

Tr the holes become mobile. When x is increased, this localization

temperature Tr decreases, to vanish slightly before x = 0.40, i.e. above x

= 0.40 the hole activation energy is zero.

Close (x > 0.35) to the critical concentration xc also within the CuO2

layers a finite correlation length is observed, which yields some static

disorder in these planes. For low doping concentrations this correlation

length 5, is determined by the average separation between the holes, and the

knowledge of £. permits therefore to calculate the amount of holes in the
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CuO? planes. We estimate that at xc = 0.41 this hole concentration is about

2 %.

For none of the investigated samples the transition from the 3-dimensional

ordered magnetic state into the paramagnetic state is found to be

accompanied by an increase in the 2-dimensional diffuse magnetic scattering

along (\,Jj,£) around TN, which indicates that the magnetic ordering

transition is not of the usual type found in well-known quasi 2-dimensional

magnets like K2NiF4, but instead is driven by the hole motion.

Also the spin dynamics is severely modified by the holes in the CuO2

layers. The spin wave velocity is renormalized to 0.45 evA at x = 0.37

(where the number of holes is 1.8 %) and is expected to decrease to zero at

x =0.40. The in-plane spin excitations loose their propagative character

and become strongly overdamped. The out-of-plane mode remains propagative,

but the energy gap is renormalized. However, the dispersion relation is

probably only modified for small wave vectors q, which indicates that the

stiffness constant vanishes at the critical oxygen concentration, but that

J itself is not affected.

8.3 The superconducting region

For oxygen concentrations above xc =0.41 the long-range 3-dimensional

order is destroyed. However, no abrupt change in the magnetic

susceptibility is observed, which shows that nearest neighbour

antiferromagnetic coupling remain in the superconducting state.The

conductivity is caused by the motion of the charged polarons, the pairing

of which is probably responsible for the superconducting state.

For x = 1 about 10 % of the spins in the CuO2 planes is transferred to each

oxygen atom, comparable to the x = 0 case. This indicates that the

covalency does hardly change upon doping.

Below Tc the susceptibility of the Cu(2) site shows an important decrease.

This is compatible with a singlet spin pairing in the superconducting

state.
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SAMENVATTING

In dit proefschrift wordt een onderzoek naar het magnetisch gedrag van

YBa2Cu306+x beschreven. YBa2Cu306+x is een van de recentelijk ontdekte

"hoge temperatuur" supergeleiders, stoffen die nogal verschillen van de

conventionele supergeleiders, zowel in samenstelling als in gedrag, en

opvallen door hun bijzonder hoge kritische temperatuur Tc.

De eigenschappen van YBa2Cu306+x zijn sterk afhankelijk van de zuurstofcon-

centratie x: voor x = 0 gedraagt het zich als een isolator en is het anti-

ferromagnetisch geordend. De stof wordt niet supergeleidend. Ongeveer bij x

= 0.4 wordt het een geleider, verliest het de 3-dimensionale magnetische

ordening, verandert qua kristalstructuur van tetragonaal in orthorhombisch

en wordt het bij lage temperaturen supergeleidend. De kritische temperatuur

stijgt al naar gelang de zuurstofconcentratie hoger wordt, via een plateau

met T c =a 60 K voor x = 0.6-0.7 naar Tc = 92 K voor x = 0.9-1.0.

De aanwezigheid van koperatomen, die een magnetisch moment kunnen hebben,

lijkt moeilijk verenigbaar met de gangbare opvattingen over supergeleiders.

In de vele voorgestelde theorieën, van uiteenlopende aard, die de superge-

leiding in deze klasse van materialen beschrijven, wordt dan ook meestal

rekening gehouden met hun magnetisch gedrag. Dit was de aanleiding om de

magnetische eigenschappen van YBa2Cu306+x te bestuderen, als functie van

temperatuur en zuurstofgehalte, te beginnen bij x = 0, waar het systeem het

minst gecompliceerd is. Voor het merendeel werden hierbij neutronen

verstooiings experimenten gebruikt.

Uiteraard is het van primair belang om de kristalstructuur te bepalen. Dit

wordt in hoofdstuk 3 beschreven. De koperatomen in YBa2Cu306+x blijken zich

op twee verschillende posities te bevinden, te weten twee per eenheidscel

in de Cu(2) positie, die twee CuO2 vlakken vormen, wat een sterk anisotroop

gedrag tot gevolg heeft, en één in de Cu(1) positie in hetzelfde vlak als

het zuurstofatoom 0(4). Deze laatste positie kan leeg of gevuld zijn

(afhankelijk van een thermische behandeling onder een bepaalde zuurstof-

druk), hetgeen x bepaalt. Bij hogere zuurstofconcentraties vormen deze

Cu(1) en 0(4) atomen ketens. Dit heeft tot gevolg dat de roosterstructuur

van tetragonaal nu orthorhombisch wordt.

In hoofdstuk 4 wordt de aard van de antiferromsgnetische ordening van deze

Cu(2) atomen en zijn evolutie met x onderzocht. In het oog valt vooral de

zeer hoge Néel-temperatuur van 415 K voor x = 0. Het geordende moment is

hier ten gevolge van nulpunts fluctuaties en covalentie effecten geredu-

ceerd tot mQ = 0.64 ug. Wanneer de zuurstofconcentratie x wordt verhoogd,
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blijven deze waarden constant tot x ^ 0.2. Daarna dalen zowel TN als m0,

totdat tussen x = 0.35 en 0.40 de 3-dimensionale magnetische ordening

abrupt verdwijnt tengevolge van defecten in de Cu(2) vlakken. Deze laatste

worden veroorzaakt door electronentransport van de Cu(2) vlakken naar de

Cu(1) ketens, hetgeen gaten in deze Cu(2) vlakken achterlaat. Boven x = 0.4

is de stof niet magnetisch geordend. Bij geen enkele zuurstof concentratie

werd door ons op de Cu(1) atomen een geordend magnetisch moment

waargenomen.

De magnetische excitaties in de antiferromagnetische fase worden in hoofd-

stuk 5 bestudeerd. Hier wordt bevestigd dat YBa2Cu30g+x moet worden

beschouwd als een sterk 2-dimensionaal dubbellagig magnetisch systeem. De

magnetische wisselwerking tussen de koperatomen Cu(2) in één vlak is 2J =;

0.2 eV voor x = 0.15, waar deze vlakken nog vrij van gaten zijn. De

koppeling tussen twee vlakken in een dubbellaag is 10 tot 100 maal kleiner,

terwijl deze tussen verschillende dubbellagen een factor 105 kleiner is dan

die in een vlak. Spingolftheorie in een Heisenberg model met een zeer

kleine planaire anisotropie blijkt een goede beschrijving te geven van de

magnetische excitaties. Een verhoging van het zuurstof gehalte x heeft een

aanzienlijke renormalisatie van de magnetische wisselwerkingen tot gevolg,

hetgeen wordt veroorzaakt door de introductie van mobiele gaten in de Cu(2)

vlakken. Dit veroorzaakt bovendien dissipatief gedrag voor de component van

de spingolven in het Cu(2) vlak.

Wij hebben aan dit systeem ook susceptibiliteitsmetingen uitgevoerd (hoofd-

stuk 6). Helaas was ten gevolge van een parasitaire component een belang-

rijke correctie op het toch al zeer geringe signaal noodzakelijk. Dit

gemeten signaal kan worden ontleed in bijdragen van verschillende oor-

sprong. In de magnetisch geordende fase wordt een grotendeels temperatuur-

onafhankelijke susceptibiliteit van de Cu{2) atomen waargenomen. Bij ver-

hoogde zuurstofconcentratie stijgt deze bijdrage geleidelijk. Er is echter

geen abrupte verandering zichtbaar rondom x = 0.4, hetgeen er op wijst dat

ook in de niet-geordende (supergeleidende) fase magnetische correlaties

bestaan. Bij lage tempersturen is een stijgende susceptibiliteit zichtbaar,

veroorzaakt door min of meer paramagnetische atomen in de Cu(1) ketens en

door defecten in de Cu(2) vlakken. Voor x = 0.9 is deze laatste bijdrage

afwezig, de susceptibiliteit is temperatuur-onafhankelijk boven Tc. Enige

temperatuur-onafhankelijke anisotropie wordt veroorzaakt door de orbitale

Van Vleck susceptibiliteit.

Met behulp van een meettechniek die gebruikt maakt van gepolariseerde

neutronen hebben we ook de locale magnetische susceptibiliteit op de atomen

kunnen bepalen (hoofdstuk 7). Magnetische momenten worden hoofdzakelijk op
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de koper atomen gezien. Bij lage temperaturen domineren de Cud)'s in de

ketens, maar bij stijgende temperatuur wordt het signaal snel kleiner,

waarna beide koperposities Cud) en Cu(2) een vergelijkbaar signaal laten

zien. in de supergeleidende fase halveert het magnetische moment van de

Cu(2) atomen. De susceptibiliteit van de zuurstof atomen is in alle geval-

len minstens tien maal kleiner dan die van de koper atomen.

In hoofdstuk 8 wordt de conclusie getrokken dat het waargenomen magnetisch

gedrag van YBa2Cu306H< goed beschreven kan worden met een model van een

sterk 2-dimensionale isolator waarin defecten worden geintroduceerd. Dit

steunt theorieën die de supergeleiding in dit licht willen verklaren,

ofschoon varianten van het klassieke BCS idee niet definitief kunnen worden

uitgesloten op basis van de in dit proefschrift beschreven waarnemingen.
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