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Introduction

Electron-electron correlations appear to play an important role in determining
many properties of the copper oxide superconductors. One significant consequence
of the electronic Coulomb interactions are spin correlations. In the insulating ptases
of the layered cuprates, where the antibonding band due to Cu 3ds2_92-O 2pa hy-
bridization in the CuC>2 planes is half filled, long-range antiferromagnetic order is
observed. As the layers are doped with holes, the Neel order is rapidly destroyed, but
dynamical antiferromagnetic correlations survive.1 In this paper, I will review some
inelastic neutron scattering studies of the spin fluctuations in metallic YBa2Cu3O6+x-

Much of the experimental work that I will discuss is the outgrowth of a col-
laboration between the neutron scattering group at Brookhaven and Professor Sato
and his student Dr. Shamoto, both now at Nagoya University in Japan. Because
the High Flux Beam Reactor at Brookhaven has been without neutrons for the past
two years, it has been necessary to perform most of our measurements on metallic
YBajCusOe+z crystals at other institutions. As a result, we have had the pleasure of
collaborating with groups at Ris* National Laboratory in Denmark2; AECL Research
in Chalk River, Ontario, Canada3'4; Laboratoire Leon Brillouin in Saclay, France5;
and the National Institute of Standards and Technology in Gaithersburg, Maryland.6

Of course, quite similar studies have been carried out by Rossat-Mignod's group,
working primarily at the Lnstitut Laue-Langevin in Grenoble, France.7'9

The paper is organized as follows. In the first section I briefly discuss some back-
ground information concerning the phase diagram and spin waves in the insulating
phase. Experimental results on metallic YBa2Cu3O6+z samples are presented in the
second section. The interpretation of these results and their relationship to nuclear
magnetic resonance (NMR) studies and to theory are discussed in the final section.

Background

The characteristics of the crystals that we have studied are indicated in the
schematic phase diagram for YBa2Cu3O6+s shown in Fig. 1. Each of these crystals
has a scattering volume of roughly 1 cm3. With a typical mosaic spread of — 2°,
each sample is best described as a well-oriented collection of many small crystals
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Fig. 1. Schematic phase diagram of YBaaCuaOe+x showing the relative po-
sitions of the crystals that have been studied.

having a typical dimension of 0.1 mm. This polycrystalline nature is beneficial for
the purpose of controlling and homogenizing the oxygen content. The widths of
superconducting transitions measured by ac susceptibility (e.g., see Ref. 2) are in the
range of 5-10°, and are comparable to those of sintered samples. Measurements of
the Meissner fraction are difficult because of the large sample size; nevertheless, field-
cooled dc magnetization measurements on a piece broken from crystal #29 dearly
indicated bulk superconductivity.4 The oxygen contents of the crystals are typically
determined by comparing the measured c lattice parameter with data hi the literature
for sintered samples. The uncertainty in x is roughly 0.05-0.10. It is important to note
that no sign of magnetic Bragg peaks has been observed hi any of the superconducting
crystals. This result implies that there is no significant volume fraction of tetragonal,
insulating phase present which might contribute to the inelastic magnetic scattering
that is of interest here.

All of our studies of inelastic magnetic scattering in metallic
crystals have been performed in the (h, h, T) zone of reciprocal space illustrated in
Fig. 2(b). In this zone, the 2D antiferromagnetic Bragg point, which I will denote by
QAFJ extends along the rod (5, \, I). If the magnetic correlations were purely 2D, then
the scattered intensity would be independent of / (except for the Q dependence of the
magnetic form factor). However, the coupling Jj_i between nearest-neighbor Cu(>2
planes [planes A and C in Fig. 2(a)] causes the 2D-like spin waves in the insulating
phase to be split into acoustic and optical branches. The scattered intensity from
acoustic modes is modulated by the factor sin2(xz/), where zc is the bilayer separation
and / is measured in reciprocal lattice units, 2x/c. (Similarly, we specify h in units
1-KJa — 1.63 A"1.) A measurement of the modulation in an antiferromagnetic crystal
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Fig. 2. (a) Antiferromagnetic structure of YBaoCusOe- Open and solid cir-
cles denote Cu2+ sites with antiparallel spins, (b) [hhi] zone of the
reciprocal lattice for

above T/v is shown in Fig. 3(b). The energy gap for the optical modes depends on
the product of /j_i and J||, the in-plane exchange energy. Since Ju « 100 meV, even
a small value of J±i results in a large optical gap. Jj_i is not known because the
optical modes have not yet been observed, but its value is J> 2 meV.10*7 In the
absence of long-range order, one would expect the optical gap to decrease as the in-
plane correlation length gets smaller and the effective interplanar coupling is reduced.
However, the bilayer modulation is stilt observed in the x = 0.5, Tc = 50 K sample, as
shown in Fig. 3(a). As a consequence, measurements must be pefonned at values of /
corresponding to maxima in the modulation (/ = 1.8, 5.2,...). This restriction makes
it difficult to probe the (h, k, 0) zone in search of possible incommensurate scattering.

Experimental Results

Doping the CuOa planes with holes destroys long-range magnetic order. We can
obtain a measure of the dynamical spin-spin correlation length by measuring inelastic
magnetic scattering for a fixed energy transfer AE and scanning the momentum
transfer perpendicular to the 2D rod QAF> &S indicated by scan A in Fig. 2(b). Several
such scans, measured in crystals with varying oxygen content, are shown in Fig. 4. In
the superconducting crystals, we always observe a single peak with a width greater
than resolution. For low enough excitation energies, we expect the width of the peak
to be proportional to «, where K = 1/f. From various fitting analyses of the data, it
appears that £/a ~ 2 for x = 0.5.
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Fig. 3. (a) Scan along the 2D rod (£, £, /) at energy transfer AE = 12 meV
for the x = 0.5, Tc = 50 K sample. Little change in the modulation
is observed between 12 and 100 K. The solid line is calculated with
z = 0.286, taking into account the magnetic form factor of Cu, but
neglecting resolution effects. Note that the curve in the original
figure of Ref. 4 was calculated with the incorrect value of z. (b) A
similar scan at AE = 6 meV for an insulating sample above its Neel
temperature. Rrom Ref. 4.

Another useful measurement is to sit at QAF and measure the magnetic scat-
tering as a function of AE. Figure 5 shows such measurements for several different
crystals at low temperature.5 The soHd lines are fits to the data,3*4 The fitted cross
section is essentially uT/(u)2 + F2), corresponding to damped spin fluctuations. The
energy width F increases from 3 meV for the x = 0.45 sample to 30 meV for x = 0.5.
Taking F ~ «", with n = 1 or 2, the increase in F is consistent with the large change
in K indicated in Fig. 4.

The large change in F and K for such a small change in i and Tc is rather sur-
prising. However, it can be rationalized if we take into account the results of a fxSR
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Fig. 4. Constant-^ scans measured at Chalk River (Ref. 3) along (A, h, 1.8)
at AE = 9 meV for crystals with x = 0.3 (!> = 260 K), x = 0.45
(Tc = 45 K), and x = 0.5 (rc = 50 K). The x = 0.3 scan was
measured at room temperature; the other two were measured at
12 K.

study on a series of sintered samples by Kiefl et at11 In that study, a static internal
magnetic field was observed at very low temperature (T < 0.1 K) for samples with
x •& 0.5 and Tc £ 50 K. The coexistence of superconductivity and static magnetic
order (presumably short range) in such samples suggests that they are electronically
inhomogeneous. Such an inhomogeneity may be an intrinsic property related to order-
ing of the oxygen vacancies in the basal plane and related problems of charge transfer
to the planes.12 In any case, the strong damping observed in our x = 0.5 sample
clearly reveals the dramatic effects of hole doping and suggests homogeneity.

Fig. 5 also indicates that the low-energy magnetic cross section a.' QAF continues
to decrease on increasing x from 0.5 to 0.9. The dashed line indicates the expected
cross section if F increases by a factor of 2, a not unlikely possibility. Thus, the search
for the magnetic scattering for x ~ 1 is quite a challenge, one that is compounded by
the possible existence of large energy gap below Te. The measurements so far are not
inconsistent with the changes in spin susceptibility near QAF extracted from NMR
measurements by Imai.13

Our initial measurements of the magnetic scattering were a bit too noisy for
a proper analyis of the temperature dependence of T and K in the x = 0.5 crystal.4

The recent measurements at Saclay are a significant improvement. Constant-JB scans
for the x = 0.5 sample were fit with a Gaussian plus a background linear in q. At
ftw = 8 meV, where the resolution contributed just 25% of the Gaussian line width,
the width was found to be independent of temperature between 10 and 300 K. If the
q dependence of ^(q,^) is of the form {q- + K2)"1 , where q = Q — QAF, then the
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Fig. 5. Constant-Q scans measured at Q = (\, \, 1.8) and {\, \, 5.0) at T <
20 K for x = 0.45 and 0.5 are fitted with the solid lines. Open
triangles for x = 0.5 and 0.9 represent constant-^ scans taken at
Saclay. Note that these data have been scaled to match the data
taken at Chalk River. All data have been corrected for a constant
background. From Ref. 5

observations directly indicate that the inverse correlation length K is independent of
temperature. Such a conclusion is less obvious if one assumes the dynamical suscepti-
bility to have the form proposed by Millis, Monien, and Pines,14 and also by Moriya,
Takahashi, and Ueda15:

(1)

where

For fixed u, the half width at half maximum (HWHM) of 5 as a function of q is then

HWHM -«{[:2 + 1 / 2 -1} ' (3)

The width, in general, is a function of w. However, we have found that at low
temperature the w-dependence of the data requires hT ~ 30 meV, and, as I will
discuss later, if F changes with temperature it only gets larger. Thus, for Aw =
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Fig. 6. Temperature dependence of the intensity measured at Q =
for the x = 0.5, Tc = 50 K sample. Because the measurements at
the two energies were performed under different conditions, their
relative intensities have been scaled using the low temperature data
in Fig. 4. The lines are model calculations which are discussed in
the text. Data from Ref. 5.

8.3 meV, (w/F)2 ~ 0.08, and the HWHM is essentially independent of u. Therefore,
we can still conclude that K has relatively little temperature dependence below 300 K.
Rossat-Mignod et al.7 have reported a similar result. The direct observation that K
is independent of temperature is in conflict with the assumption of a temperature
dependent £ made in some analyses of NMR relaxation rate measurements.14'16'17

The fitted Gaussian amplitude, which is essentially equal to 5(QAF»W)> is plot-
ted as a function of temperature in Fig. 6. I will discuss the temperature dependence
of the data in the next section.

Besides the strong damping of spin fluctuations by the added holes, Rossat-
Mignod et al.7'9 have reported a gap in the magnetic scattering at QAF which appears
at low temperature. The size of the gap grows rapidly from about 4 meV at x = 0.51
to 16 meV at x = 0.69. No such gap was apparent in measurements on our z — 0.5
sample. However, in recent measurements at NIST, we observed a gap in a crystal
with x = O.6.6 Typical constant-!? scans are shown in Fig. 7(a). The integrated peak
intensities as a function of AE are plotted in Fig. 7(b), where they are compared
with the data of Rossat-Mignod et al.9 Because of the time-consuming nature of these
measurements, we do not have a good characterization of the temperature dependence
of the gap; however, we do know that it is not present at 150 K. The implications of
these data will be discussed in the next section.

Discussion

Normal-State Temperature Dependence

The Saclay measurements5 on the x — 0.5 sample indicate that the correla-
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Fig. 7. (a) Constant-E scans measured along (ft,/i, 1.8) at AE = 5, 9, and
12 meV and T = 10 K, using a fixed incident neutron energy of
30.5 meV. Solid lines represent best fits to a Gaussian lineshape plus
linear background, (b) A composite figure showing the frequency
dependence of the magnetic scattering cross section measured for
i = 0.6 relative to those for x = 0.51 and x — 0.69 reported by
Rossat-Mignod et al. (see Ref. 9). The data for x = 0.6 are in-
tegrated intensities of constant-!? scans such as those shown in (a).
The other data sets are background-corrected constant-Q scans. The
solid lines are guides to the eye. From Ref. 6

tion length is essentially independent of temperature below 300 K. On the other
hand, S(Q\F,U>) decreases slightly with increasing temperature, which tells us that
X"(QAF)W) must be decreasing significantly. So where is the temperature depen-
dence coming from? Before attributing it entirely to behavior in the individual CuOo
planes, we must first consider the interplanar coupling within the bilayers. With the
very short correlation length in the x = 0.5 crystal, it seems likely that the gap is on
the order of thermal energies. Thus, some temperature dependence at a given point
along the 2D rod is expected due to the disappearance of the modulation, with a
maximum possible decrease of 50% due to this effect. Rossat-Mignod9 has mentioned
some weakening in the interplanar coupling above 150 K in an x = 0.51 sample, but
did not give details. This problem is currently being investigated.

For the sake of argument, let us assume that all of the temperature dependence
is due to intraplanar effects. One possible model is to assume that T has temperature
dependence independent of «. We can model the data of Fig. 6 using

X"(QAF,^) = X O ^ — J , (4)

8



with
F = Toy 1 + (T/3o)2. (5)

Eq. (4) is consistent with both overdamped spin waves and Eq. (1). Using tbe value
hTo = 30 meV, determined from the u> dependence at low temperature,3'4 and setting
To = 53 K one obtains the solid lines shown in Fig. 6.

This parametrization gives a quite decent fit to the data; however, it is not com-
pletely satisfying from a theoretical point of view. It is not at all clear why F should
have a strong temperature dependence when n is temperature independent. Also, at
high temperature we find that hT w akgT with a = 6.6, which is quite different from
the result a w 0.5 found in two recent studies of lightly doped LajCuO^18'19 [The
latter experimental works evaluated the u and T dependence of x" after integrating
out the q dependence. They found that the q-integrated dynamical susceptibility is
reasonably well described by the function tan~1(w/F). It should be noted that one
obtains the same form by integrating Eq. (1).]

Both the renormalization-group analysis20 and the Schwinger boson mean field
theory21 for the square lattice Heisenberg antiferromagnet find that F « KC, where
c is the spin-wave velocity. In the antiferromagnetic Fermi liquid theories,14'15 the
relationship becomes F = FO(K/<?O)2- In either case, the temperature dependence of
F comes from K. In a heavily doped CuC>2 plane one expects the correlation length
to be controlled by the hole concentration. The kinetic energy of the holes is quite
large compared to the temperature, and with a sufficiently short correlation length
there is no problem with divergences due to thermal excitation of long-wavelength
spin fluctuations. Thus, it is reasonable that the correlation length be temperature
independent, but it is not clear from the theories mentioned what the source of the
temperature dependence of F would be.

In the nested-Fermi-liquid theory of Virosztek and Ruvalds,22 x" n a s a tem-
perature dependence of the form tanh(/u«;/7ifcgT), with 7 in the range 2 to 4, which
comes from Fermi occupation factors. There are problems with the theory, since, as
emphasized by Levin's group,23 the Fermi surface for YBajCusOs^-s found in LDA
calculations and photoemission experiments would yield nesting at Q = ( T , 0 ) instead
of (ir,ir). Nevertheless, it suggests the following alternative parametrization for x":

(6)

This form is roughly consistent with the phenomenological model of Varma et al.-4

The dashed lines in Fig. 6 correspond to Eqs. (2) and (6) with 7 = 2.3 and Fo =
30 meV. The agreement with the data is qualitatively quite reasonable.

Comparison with NQR/NMR

Several groups have performed NQR and NMR studies of YBa2Cu3O6+i sam-
ples with Te ~ 60 K.26 In particular, Takigawa et al.25 have carefully analyzed
measurements of the Knight shifts and nuclear-spin-relaxation rates, 1/Ti, for both
63Cu and 17O sites in the CuO2 planes of a sample with x = 0.63. They found
that various components of the Knight shift tensors for Cu and 0 share an identical
temperature-dependent spin component. From these measurements they extracted
the static planar spin susceptibility x* = Xo/t*B shown in Fig. 8(a).

From arguments based on the commonly used hyperfine form factor model
(see, for example, Ref. 14) combined with the assumption of antiferromagnetically-
correlated Cu spins, one expects25 for the planar O sites that

i / 1 7 Tir~ X o/r (o ) , (-)
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Fig. 8. (a) The static spin susceptibility per p?B for YBa2Cu3 06.63 from
Ref. 25. The solid line is a fit disussed in the text, (b) Ratio of
nuclear spin relaxation rates for Cu and O in YBa2Cu3Os.63, from
Ref. 25. The solid and dashed lines are discussed in the text.

where F(0) is a spin fluctuation frequency characteristic of Q = 0. Takigawa et a/.25

showed that their measurements of 17Ti have this form with F(0) nearly temperature
independent. On the other hand, one expects for the planar copper sites that

where F(QAF) is the damping factor for antiferromagnetic spin fluctuations. By
making the somewhat bold assumption that X(QAF) = Xo, they arrived at the result

~ r(o)/r(QAF). (9)

Since F(0) has very little temperature dependence, the experimentally determined
ratio, shown in Fig. 8(b), can be compared with the temperature dependence of
F(QAF) determined by neutron scattering in our x = 0.5 sample. The solid line in
Fig. 8(b) is proportional to the reciprocal of Eq. (5), with To = 53 K. Expanding
Eq. (6) for u < T,F0, one finds F ( Q A F ) ~ T, and this model is indicated by the
dashed line. While the former model appears to be in better agreement with the
relaxation rate ratio at low temperatures, the important point is that the temperature
dependence of F (QAF) determined at relatively large frequencies by neutron scattering
is consistent with the w —* 0 result from NMR.

But what about the assumption X(QAF) = Xo? First of all, the temperature
dependence of xo suggests that an energy gap is present. To represent the temperature
effects of such a gap, I have considered the simple function

flu) = 1 + tanh[k(u - u,)/kBT\. (10)

The solid line in Fig. 8(a) corresponds to xo ~ /(0) with hut — 6 meV. Note that
in this parametrization the gap is present at all temperatures, and that there is no
transition temperature such as Tc or TV present. Also, the size of the gap is quite
similar to the magnitude of the gaps seen by neutron scattering for spin fluctuations
near QAF- The temperature dependence of the gap in an z = 0.69 sample reported
by Rossat-Mignod et al.9 shows a similar gradual temperature evolution with no clear
onset temperature; however, to model those results quantitatively requires a somewhat
more complicated u dependence than that give in Eq. (10). Thus, it appears that the
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assumption X(QAF) = Xo is quite reasonable, provided that one allows the factor x(Q)
entering x"(Q>w) t o have some frequency dependence similar to that in Eq. (10).

Bulut and Scalapino27 have obtained a pseudo-gap in X"(QAF»W) &om their
RPA analysis of a 2D single-band Hubbard model with a temperature dependence
similar to that seen by Rossat-Mignod et al.9 However, their pseudo-gap appears only
at Q = QAFI and not for all Q, which is not consistent with the NMR results. Mila28

has taken a different approach, considering the problem of a local-moment system.
He uses the Schwinger-boson mean-field theory (SBMFT) of Auerbach and Arovas21

for the 2D Heisenberg antiferromagnet, assuming the effects of doping to correspond
to the reduction of the effective spin per Cu site to a magnitude below the critical
value required for long-range order at T = 0. He finds that the static susceptibility
goes to zero at T = 0 when long range order is absent. Recently Mila, Poilblanc, and
Binder29 have applied the SBMFT to a frustrated Heisenberg model. They obtain an
energy gap in 5(Q,w) at T = 0, in qualitative agreement with experiment. However,
the doping dependence of the gap is not explained.

The strong temperature dependence of xo shown in Fig. 8(a) is not observed in
YBa2Cu3O6.fr with i ~ 1, suggesting that any spin-gap behavior in that compound
is much smaller than in the Tc ~ 60 K material.25 Thus, if the spin fluctuation
gap seen in neutron scattering is indeed connected with the temperature dependence
of xo» it might not have any direct connection to the superconductivity. Certainly
the gaps that have been measured are much less than the values of 2A/&BT C ~ 6-8
commonly reported for cuprate superconductors. If the spin-gap behavior is reduced
in the z ~ 1 material, will the superconducting gap be observable in 5(Q, w)? The
first challenge for neutron scattering is to find the magnetic scattering at any energy
or temperature in a highly oxygenated crystal. So far the measurements have been
limited by background.
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