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ABSTRACT

Since the discovery of high-Tc superconductivity in YBa Cu O

oxides several studies of metal ions substitutions were reported.

The observed depression on Tfi without a systematic correlation, with

the charge and magnetic moment of Cu substituents claims for more

detailed information about its local properties as can be revealed

by Fe Môssbauer spectroscopy. The results for different iron

concentrations combined with the modifications of the superconducting

transition are discussed concerning the presence of magnetic mo-

ments on the Fe ions and the preferential occupation of Cu(l) sites,

recently confirmed by neutron and electron diffraction experi-

ments. The oxygen coordination for the different iron species are

proposed on the basis of their dependence on Fe concentration, their

behavior at high temperatures as well as the electron diffraction

and electron microscopy measurements reported for Fe:YBa2Cu.,O7

samples.

Key-words: Superconductivity; Môssbauer spectroscopy; Iron in

ceramics; Oxides; Magnetic ordering.
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1 INTRODUCTION

Since the discovery of high T superconducting oxides intense

efforts have been done to achieve a better understanding of the

special properties of these oxides which could be responsible for

superconducting materials. From the several theoretical models

proposed until now it is still not possible to identify clearly which

mechanism is the dominant interaction contributing to pairing for-

mation.

From the phase diagrams of Y-Ba-Cu-0 and La-B-Cu-0 (B = Ca, Sr,

Ba) the compositions of YBaoCu,0, and La, ocB , cCu0. were established

as responsible for the Tc values of 90 and 30-40K respectively. The

effect of various substituents have been investigated mainly in

the YBa2Cu307 oxides in an attempt to enhance Tc further on. All

the trivalent rare earths which substitute the Y ions do not in-

duce modifications in the superconducting behavior . The same

is not true for the Cu substituents and several papersv described

the results obtained for various metals, which in principle should

(2)occupy the Cu sites with, in some cases, dramatic effect on T .

This depression of T has no clear systematic correlation with the

charge and magnetic moments of Cu substituents. However, the Cu

substitution must be analysed very carefully,, since it can induce

modification on the oxygen content of the YBa.Cu-O, samples which

has been widely proved to be essential for the H-T values.

Additional information for a better understanding of how the

Cu substituents perturb the superconducting behavior of H-T£ ox-

ides can be achieved from hyperfine interactions methods like MÔBS

bauer effect and perturbed angular correlations since they reflect



CBPF-NF-080/88

-2-

the microscopic charge distribution at the substituent nucleus.

However, this methods are restricted to some substituents which

present appropriated isotopes. The combination of such experi-

ments with usual macroscopic characterization methods can provide

important pieces of information. Here we report the contribution

obtained from Môasbauer spectroscopy to the understanding of Cu

substitution by Fe in the superconducting oxides.

Since the first Mõssbauer results were presented in the Inter

national Conference on Application of Mõssbauer Effect (ICAME), in

(3)Melbourne, August 1988 , different interpretations appeared.

The main agreement corresponds to the magnetic patterns for the

Mõssbauer spectra of FeiYBa-Cu-O- at 4.2K which indicate that i-

ròn has a magnetic moment. The presence of two crystallographic

sites for copper, namely Cu(l), with square planar oxygen coord̂ L

nation, and Cu(2), with pyramidal coordination, together with the

high sensitivity of Pe to the oxygen content of the samples, in

duced many authors to analyse the Mõssbauer spectra with two main

(4)asymmetric doublets and propose, as wrong assignement, that

the one with Quadrupole Splitting (QS) = 2.0mm/s, is due to the oc-

cupation of Cu(2) sites . Different interpretations are now

emerging from more carefull experiments and in the recent papers

the number of iron species has increased. A general agreement

established QSs2.0mm/s to be characteristic of iron species in

the oxygen deficient phase, converging to our previous results .
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2 EXPERIMENTAL

The YBa,(Cu. Fe )-0, samples preparation has been previously

reported . Several treatments in 0. flux at 500C were performed

to achieve the best oxygen content for the samples. The X-ray

analysis was made to determine the sample crystal structure.

The superconducting behavior was observed by DC magnetization

measurements with vibrating sample magnetometer for sample cooled

in zero magnetic field . .

The Môssbauer spectra (MS) for several x values were obtained

at 4.2K and 293K with Co/Rh source, keeping the same temperature

for source and absorber. The 293K MS were fitted assuming always

doublets with symmetrical pairs of line's, while the 4.2K MS dis-

play complex magnetic splitted pattern which demand more elabo-

rated fitting(8).

3 MÔSSBAUER RESULTS FOR DIFFERENT IRON CONCENTRATIONS

The MS obtained for the YBa2(CUj Fe )3O7 samples at room tern

perature exhibit different results for x above and below some cri.

tical value x= .01. In the low concentration limit, x* .001, .005,

.01, shown in Fig. 1, the MS present mainly three doublets (A,B,C) corre-

sponding to iron species with quadrupole splittings (QS) of 1.56mm/s, 1.35mn/s,

.30mm/s, respectively (see Table I). A fourth iron species (D)

with QS = 1.97mm/s, characteristic of the Fe:YBa2Cu206 insulator

oxide, may be present in small proportion as a signature of an im
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properly formed compound, (see Table I), even if the X-ray dif-

fraction indicates a pure orthorhombic phase. The Môssbauer spec-

troscopy, in this case, is more sensitive than the X-ray analysis,

since it can show the presence of oxigen deficient islands which

are not big enough to be displayed as a crystallographic phase in

the X-ray spectrum. The doublets A and B, which dominate the MS

at low iron concentration, are sensitive to the sample oxygen con

tent: they both transform reversible to D when the reduced oxyde

in the tetragonal structure is prepared either by quenching or

annealing in Ar atmosphere . This leads to the conclusion that

Pe occupies preferentially a Cu site which is very sensitive to

recer

.(9,10)

the 0- content, namely Cu(l) site . This result has been recen

tly confirmed by neutron and electron diffraction experiments

The Fe species A,B and D are associated with the occupation of Cu(l)

site albeit with different oxygen environments. However, the as-

signement of C is still to be established.

The increase of iron concentration produces modifications in

the Fe MS as can be seen in Fig. 2 compared with the Fig. 1. The

spectra become more symmetrical due to the absence of the species

corresponding to A related to the low iron concentration. Despite

the fact that the samples with .10 ú x S.25 exhibit similar MS spec

tra, the line width corresponding to B, with reduced QS (£ l.lmm/s),

increases as well as the relative intensity of C. The MS for x=.25

(Fig. 2d) indicate the precipitation of a magnetic phase in agree

ment with the X-ray analysis which show the presence of extra re-

flection lines for x £ .20, establishing the limit of solubility

of Fe in YBa2 (Cu. Fe KO.. The preferential occupation of Cu(l)

site by iron may be modified at higher concentration mainly if we

consider that Cu(2) site is two times more abundant thanCu(l) site.
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The iron species corresponding to Cu(2) site should have a differ

ent electronic configuration and consequently produce new absorp-

tion lines in the MS. However, they were not observed and conse-

quently the possibility of such occupation needs to be discussed

considering Fe species corresponding to C, or similar to B.

In order to shed some ligth on this question Môssbauer studies

were performed on YBa2(Cu,xFex)3O6+fi samples, since the Cu(2) site

is less sensitive to the oxygen content of the sample. The MS at

458K obtained for several Fe concentrations are shown in Fig. 3.

They indicate that besides D, two new doublets E and F, with QS

of =.70mm/s and .50mm/s, are present, while the species corre-

sponding to B and C disappeared. Thus it becomes difficult to a£

sociate them to occupation of Cu(2) site. F develops a magnetic

spectrum at low temperatures

From these experimental results the doublets A, B and C are

assumed to be due to Fe species having higher oxygen coordination

present in the orthorhombic structure of Fe:YBa2Cu.O7. In order

to test their relative stability the MS were obtained in air at

high temperatures. An upper limit of 300C was taken since, even

in air, at this temperature D was formed, probably due to the loss

of oxygen.

The MS obtained in air for sample with x= .005 at the indi-

cated temperatures are shown in Fig. 4. From these data it is

possible to determine that the relative intensity of B increases

at the expenses of A and that this effect is partially reversible
(12)

with temperature . The behavior of A is similar to that ob-

served for the twin boundary in pure YBa2Cu307 by TEM . The

observation of twin boundary in several small single crystals from
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(9)samples with x= .05 by electron microscopy indicate that they

are only present in the specimens with reduced iron concentration.

This corresponds also to the concentration dependence of A which

disappears at concentrations 0.01á xá .05, depending on prepara-

tion condition.

4 POSSIBLE MICROSCOPIC STRUCTURE FOR DIFFERENT IRON SPECIES IN

YBa2(CulxFex)3O7 OXIDES

The understanding of the modification induced by iron substi;t

uents in the orthorhombic structure of YBa.Cu O as well as its

different microscopic structures may be achieved by combining

Mossbauer results with additional structural informations obtained

by EXAFS, neutron X-ray and electron diffraction, electron micro-

scopic and specific heat measurements. The critical Fe concentra

tion, which stabilizes the tetragonal structure for YBa (Cu. Fe ),O ,

may have different values depending on the preparation condition.

(9)The crystallographic studies reported for samples with x=.O5

and x= .10 revealed the preferential occupation of Cu(l) sites

by'iron, without an agreement concerning the relative occupation '

of Cu(2) sites. The combination of X-ray, neutron and electron dif

fraction with electron microscopy measurements in several small

single crystals revealed the presence of orthorhpmbic microdomains

Í 9)even when an overall tetragonal structure is observed . Only

when domains predominate in the single crystals, the twin bounda-

ries are observed. Structural studies and carefull analysis of

electron microscopy for more concentrated samples (x=.10) allow to

propose different oxygen coordinations for Fe ions and the forma-
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tion of linear clusters separated by 10 to 20 8 domains of the

orthorhombic structure with reduced iron concentration . More

over, the increase of oxygen content with iron concentration is

consistent with the EXAFS results which suggest that iron has main

(14)ly five oxygen neighbors

Recently a very carefull study was reported for samples with

0 i x £ .04 where specific heat measurements were combined with all

the structural techniques already mentioned .. The critical iron

concentration which induces tetragonal structure gives origin to

a non homogeneous superconducting phase despite there is no iron

segregation. The twinning observation depends also, as reported

in the reference , from the iron concentration in the grains.

The ensemble of above results may lead to several conclusions,

but the main one concerns with the homogeneity of iron distribu-

tion and the oxygen content. These two parameters can be respon-

sible for the discrepancies obtained from the studies performed in

samples with the same nominal concentration either by Môssbauer

spectra or X-ray diffraction. The analysis with complementary

techniques from microscopic to macroscopic level on the same sam-

ple is essential for the understanding of structural changes in-

duced by iron.

In the following of this section we will propose microscopic

assignements for some of the several iron species observed Ly Môss-

bauer spectroscopy, mainly based on the dependence of tWir rela-

tive intensities on iron concentration and oxygen content as well

as the structural informations described above. Even for a fixed

iron concentration several configurations may occur for Fe in Cu(l)

site mainly due to disorder in the occupation of oxygen sites in
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the Cu(l) plane established at the preparation conditions; the Fe

coordination can range from 2 to 6 (Fig. 5) leading to different

Mossbauer doublets.

The increase of oxygen content with Fe concentration may be

due to progressive occupation of the oxygen vacancies resulting in

the transition to the tetragonal structure. The assignement which

(12)we proposed to A , namely the occupation of twin boundary, is

based on the temperature behavior and the x dependence of this 1-

ron species. Its relative intensity depends on the preparations,as

observed for the twinnings, and both disappear when the tetragonal

structure is estabilized. In this case we consider A to be the

species most characteristic of the orthorhombic phase and which may

ave the configuration shown in Fig. 5d.

The doublet B dominates the MS for higher iron concentration,

when the tetragonal structure is stabilized, and remains even for

concentrations as high as x= .25. This species reflects a modifi-

cation in the local structure of Cu(l) site as compared with the

pure YBa^Cu-O.. It is compatible with the configuration shown in

Fig. 5e with an extra oxygen in Cu(l) plane resulting in the ob-

served increase of oxygen content with iron. Similar configuration

has been reported from EXAFS measurements on YBa, (Cu Fe )-07 sam-

Ples
(14).

The configurations assigned to the Fe species associated with

A and B need to be consistent with the Mossbauer results at high tern

peratures since, as can be seen in Fig. 4, the relative intensity

of B increases at expenses of A. Indeed the configuration at-

tributed to A can transform in to B if an oxygen atom from a neigh

boring ion hopps to the 0(1) site and completes the 5 coordina-
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tion as is shown in Fig. 5e.

The electron diffraction results indicate the formation of

iron clusters rich in oxygen content which could include an octa-

hedral coordination for Fe in Cu(l) site as shown in Fig. 5f. This

configuration has high local symmetry and its relative intensity

should be small and increase with Fe concentration. It may be as-

sociated with C which displays similar features and, moreover, is

absent in the MS of reduced samples.

The species corresponding to Fig. 5e, d and f are related, to

samples having high oxygen content. However in the process of pre

paring the reduced sample disorder may occur in the occupation of

oxygen sites in the Cu(l) plane which will lead to other configura

tions. In such reduced samples with low iron concentration the MS

is mainly formed by the doublet D, which can be attributed to axial

coordination exhibited in Fig. 5a, similar to what is observed for

Cu in YBa2Cu.O6, or to configuration shown in Fig. 5b, if Fe binds

an extra oxygen. This seems to be consistent with EXAFS measure-

ments reported for Fe: EuBa2Cu_O6 samples .

There are still two iron species, E and F, which are present

in reduced samples whose relative intensities increase with iron

concentration (see Fig. 3). It is possible that the configuration

proposed for E and F need to take into account not only Fe-oxygen

coordination in Cu(l) site but also the configuration of Fe and Cu

as next neighbors. In this case more structural informations are

necessary to understand them. However, the magnetic ordering tem-

perature for F may indicate that it corresponds to occupation of

Cu(2) or iron clustering at Cu(l) plane.
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5 THE INFLUENCE OF IRON CONCENTRATION ON THE SUPERCONDUCTING TRANSI-

TION OF YBa2(CulxFex)3O7

It is well established that Fe substituents depress T in YBa£u 0-

compounds; initial studies compared 10% of Cu substitution by sev

era-1 transition metals Fe, Co, Ga and Zn. The latter induces the

(2)strongest effect on T .

Fig. 6 shows how the superconducting transition, as seen by

DC magnetization measurements , depends on iron concentration.

The Tc onset stays constant until x= .01, but the fraction of Meis

sner effect decreases. Above x= .01 this last effect is enhanced

and the T onset decreases further down until being supressed for

x= .15. These two effects should be analysed with the information

obtained from Môssbauer spectroscopy and X-ray diffraction. Since

the magnetization measurements give a bulk information this re-

sult is an integration of part of the sample where no iron is pre

sent and parts where it gradually depresses Tfi, resulting in a

broadening of the transition. The observation of superconductivity

until xs ,10 is in agreement with the X-ray analysis of our sam-

ple which still sees part of the orthorhombic structure; only with

x».15 the tetragonal structure is established and no supercon-

ducting transition is observed. Consequently, as long as consi-

derable fraction of the sample has an orthorhombic structure, T

may still be observed. The measurements of Tc for samples which

have already pure tetragonal structure, induced by iron substitu

tion, may be understood on the basis of crystallographic studies

which indicate that this structure contains orthorhombic micro-

domains responsible for finite T£ values.

Consequently, the iron substitution always perturbs the su-
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perconducting transition, but completely depresses Tc only when

the concentration stabilizes the tetragonal structure.

6 CONCLUSION

The combination of Mdssbauer results with several structural

studies performed on YBa2(Cu1_xFex)30 samples help to propose mi

croscopic configurations for the several iron species observed in

the Môssbauer spectra. This technique has proved to be very sen-

sitive to the quality and oxygen content of the samples. Unhappi

ly the complete structural studies were not performed on the same

samples used for Mossbauer spectroscopy and their extreme depen-

dence on preparation condition must be taken into account for the

validity of our interpretation.

The observed preferential occupation of Cu(l) site may depend

on the condition of the sample preparation, and we believe that

this question needs further studies, because either no Fe is pre-

sent in Cu(2) sites or it has similar hyperfine parameters as B

since the line width of this doublet becomes broad with increasing

Fe concentration. This, however, is inconsistent with the Fe spe

cies observed in the reduced samples .

The validity of the microscopic configuration for Fe in YBaXu-O

may be tested from first principles calculations of the hyperfine

(18)parameters, like preliminary results already reported . The

fact that the calculated isomer shift is in good agreement with

the experimental values is an indication of the importance of d

electron delocalization, through interaction with oxygen p elcc-
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trons. Consequently the ionic configuration model seems not to be

appropriate for Fe in this compounds. The local d electron contra,

bution to the electric field gradient (EFG) is too small compared

with the observed values for the quadrupole interaction. This in-

dicates that the lattice contribution to the EFG at Fe nucleus is

important and may explain the good agreement reported between the

experimental quadrupole interaction and the values obtained from

(19)point charge calculations%

It is still puzzling why the isomer shifts of several iron spe-

cies, except A and F, stay in a very narrow range. One possible

explanation is that only A reflects the metallic character of

YBa-Cu-O, while the others species (B,C,D,E) correspond already to

the semiconducting phase induced by Fe or by the reduced oxygen con

tent. In order to confirm this explanation detailed calculations

for the several configurations are necessary.
*

The combination of all structural, specific heat and DC magne-

tization measurements confirmed the early Mossbauer results , which

indicated that above x=0.01 the Fe substitution perturbs the or-

thorhombic structure of YBa_Cu_O7 and proper studies should be done

below this value.

With respect to the superconductivity we may conclude that i~

ron always perturbs the transition, probably due to the modifica-

tion in the local structure associated with the occupation of the

oxygen vacancies in 0(5) sites. The long range order of the oxy-

gen vacancies is necessary to establish high T values in YBâ Cu.O-

oxide and the Cu(l) substitution by iron supresses it with a dra-

matic effect on superconductivity.
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FIGÜRE CAPTIONS

Fig. 1 - Mõssbauer spectra of YBa«(Cu. Fe ),O7 at room tempera-
í L ~X' X 3 /

tures: 'a) x= .001, b) x = .005 and c) x = .01.

Fig. 2 - Mõssbauer spectra of YBa (Cu, Fe ) _O7 . at room temper^

ture: a) x = .10, b) x = .15, c) x = .20 and d) x = .25.

Fig. 3 - Mõssbauer spectra of YBa,(Cu. Fe ) ,O7 at 458K: a) x=.O5,
A i ™"X X J *

b) x= .10 and c) x= .15.

Fig. 4 - Mõssbauer spectra for YBa2 (Cu 995Fe 005^3°7
 a t t h e i n d i~

cated temperatures.

Fig. 5 - Local environment of Fe at Cu(l) site.

Fig. 6 - Temperature dependence of the magnetic susceptibility x

for different Fe concentrations

fers to the sample with 10% Fe.

for different Fe concentrations^ . The upper scale re-
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TABLE I

A B C D E F

6pe -0.18 0.03 0.17 0.05 0.05 0.

QS 1.55 1.20 0.30 1.98 0.70 0.55

Isomer Shift (relative to metallic iron) and Quadrupole

Splitting for Fe species present in the room temperature

Mossbauer spectra of several YBa2 (CUj Fe )3O- samples.

The relative intensities of the corresponding quadnçole

doublets depend on the x and y values.



CBPF-HF-080/88
-22-

REFERENCES

(1) H.A. Borges, R. Kwok, J.D. Thompson, G.L. Wells, J.L. Smith,

Z. Fisk, and D.E. Peterson, Phys. Rev. B36, 2404 (1987).

(2) Y. Maeno, T. Tomita, M. Kyogoku, S. Awaji, Y. Aoki, K. Hoshlno,

A. Minami and F. Fujita, Nature 32Q, 512 (1987); J.M. Tarascon,

P. Barboux, P.F. Niceli, L.H. Greene, G.W. Hull, M. Eibschutz,

and S.A. Sunshine, Phys. Rev. B37, 5932 (1988).

(3) In: Proceedings of the International Conference on the Appli-

cations of the Môssbauer Effect ICAME (Melbourne, August 1987),

Hyperfine Interactions 42, 1221-1258 (1988).

(4) E.R. Bauminger, M. Kowitt, I. Felner, and I. Nowik, Solid

State Comm. £5, 123 (1988).

(5) Z.Q. Qiu, Y.W. Du, H. Tang, J.C. Walter, W.A. Bryden, and K.

Moorjani, J. Magn. Magn. Nat. £9, L221 (1987); Q.A. Pankhurst,

A.H. Morrish, and X.Z. Zhou, Phys. Lett. A127, 231 (1988);

T. Tamaki, T. Komai, A. Ito, Y. Maeno, and T. Fujita, Solid

State Comm. £5, 43 (1988).

(6) C. Blue, K. Elgaid, I. Zitkovsky, P. Boolchand, D. McDaniel,

W.C.H. Foiner, J. Oostens, and W. Huff, Phys. Rev. B37, 5905

(1988).

(7) E. Baggio-Saitovitch, I. Souza Azevedo, R.B. Scorzelli, H.

Saitovitch, S.F. da Cunha, A.P. Guimarães, P.R. Silva, and A.

Y. Takeuchi, Phys. Rev. B37, 7967 (1988).

(8) E. Baggio-Saitovitch, J.F. Litterst, I. Souza Azevedo, and

R.B. Scorzelli, to appear in Hyperfine Interactions 1989.

(9) 6. Roth, G. Heger, B. Renker, J. Pannetier, V. Caignaert, M.



o, CBPF-NF-080/88

Hervieu, and B. Raveau, Z. Phys. B - Cond. Matt. 71.' *3 (1988).

(10) P. Borde t, J.L. Hodeau, P. Strobel, M. Marezio, and A. San to-

ro, Solid State Comm. £6, 435 (1988).

(11) E. Baggio-Saitovitch, I. Souza Azevedo, and R.B. Scorzelli,

Progress in High Temperature Superconductivity, vol. 9, 359 (1988).

(12) E. Baggio-Saitovitch, I. Souza Azevedo, and R.B. Scorzelli,

in Proceedings of the 5th JIMIS (Kyoto March 1988), to appear

in Transactions of Japan Institute of Metals, 1988.

(13) N. Yamamoto, Y. Hirotsu, Y. Murata, O. Tomita, M. Takata, and

S. Nagakura, in Proceedings of the 5th JIMIS (Kyoto March 1988),

to appear in Transactions of Japan Institute of Metals, 1988.

(14) J.B. Boyce, F. Bridges, T. Claeson, R.S. Howland, T.H. Geballe,

and M. Nygren, in Proceedings of the Conference on High T su

perconductors and Materials and Mechanisms of Superconducti-

vity (Interlaken, March 1988), to be published in Physica C,

1988.

(15) A. Junod, A. Bezinge, D. Eckent^ T. Graf and J. Muller, to be

published in Physica C, 1988.

(16) K. Donnelly, J.M.D. Coey, S. Tomlinson and J.M. Greneche, to

be published.

(17) The Fe species corresponding to F has been observed by many

authors in the Fe:YBa2Cu307 samples and attributed to the oc

cupation of Cu(2) site. However, F is only present in some

of our reduced samples. In order to be consistent with that

attribution Fe would have to migrate from Cu(l) site to Cu(2)

site when the sample is annealed in Ar at 600C.



CBPF-NF-080/88
-24-

(18) D. Ellis, et ai Progress in High Temperature Superconducti-

vity, vol. 9, 259 (1988).

(19) E.R. Baumincfer, D. Edery, I. Felner, M. Kowitt, Y. Lehavi

and I. Nowik, in Proceedings of the Third Seeheim Workshop

on Môssbauer Spectroscopy (Seeheim, May 1988).


