Kparxue coobwenus OHAH N°4[30]-88 JINR Rapid Communications No.4[30}-88
YAK 538.911/945

DIFFRACTION STUDY OF SOME HIGH-T,
SUPERCONDUCTORS WITH THE TIME-OF-FLIGHT
NEUTRON DIFFRACTOMETER DN-2
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The results of neutron diffraction experiments performed on high-’[‘c
superconductors of the 1-2-3 type by using the time-of-flight dittrac-
tometer are discussed. The test experiment on YBa_Cu O -5 after
profile refinement of the data has given us a well-known structure. The
final profile R-factor is 2.7%. Neutron diffraction on YBagCu307and
GdB:12Cu307 single crystals has been measured with the aim to reveal
possible long-period modulation of the atomic structure. The diffrac-
tion patterns from these crystals do not involve any additional peaks
commensurate with the main structure. The incommensurate peaks are
also absent, the lowest limit for the period of modulation is as high as
400A . The structure of YBa2(Cu1_xFex)3O7_8 has been determined
at x=0,0.06 and 0.10. Some indications of occupying (2q) positions
in the centre of octahedra with Fe atoms have been received. The (1a)
positions on Cu-O chains contain both Fe-atoms and vacancies.

The investigation has been performed at the Laboratory of Neutron
Physics, JINR.

HefitpoHorpadmuueckue Hcclef0BaHHUA HEKOTOPbIX
BBICOKOTEMIIEpaTyPHbIX CBEPXNPOBONHHKOB
Ha nudpaxkromerpe [TH-2

AM.Banarypos H ap.

O6cyxqiaroTcss pe3ynbTaThl CTPYKTYPHBIX dkcnepumMentoB ¢ BTCII
THHa 1-2-3, mpoBeneHHbIX Ha HeHATPOHHOM IHQpaKTOMeTpe MO BpeMe-
HH TIPONeTa: TECTOBbIH JKCNepHMeHT ¢ YBa 2Cu307 5> NOHCK [UIHHHO-
TNIEPHORHOH MOMYJALKH CTPYKTYphl MOHOKpHCTaUIOB  YBagCug Oq
H GdBagCug O,  u axcrepument ¢ YBay(Cu 1—xFey) 07 -5 0O6pa-
60TKka HEHTPOHOrpaMM, MONYYEHHBIX Ha XOPOWIO ATTECTOBAHHOM
nopouike YBa,Cu 307—-8 JIpHBENIa K 3HAYCHHAM CTPYKTYPHBIX MNapa-
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METPOB, COBNAJAOWMM C H3BECTHBIMH H3 JIMTepatyphbl. BenmumHa
R-dakropa no mpodpmme cocrasuna 2,7%. B MOHOKPHC TAJUTHIECKHX
06pa3iax HHKaKHMX NPHIHAKOB [OTOJHATEIBHBIX THKOB OT NIEPHOIOB,
COM3MEPUMBIX C OCHOBHOH CTPYKTYpoiH, He OGHapyKeHO BIUIOTb AO
d = 40A . [lpusHaxu HecOM3IMEpHMOi CHHYCOHIZJIbHOH MOIYJALMH
CTPYKTypbl OTCYTCTBYIOT BIWIOTh 1o d < 400A . Hna coemumenns
C Me[blo, YaCTHYHO 3aMELICHHOH JKeNe30M, MOJIYMeHbl YKalaHHA
Ha 3aNOoJHEHHe XXene3oM Mo3uiumid (2q) B LEHTpEe YCEUEHHBIX KHCIIO-
POIHBIX OKTA3[APOB H HaJTHUME KAK aTOMOB XKejle3a, TaK W BaKaHCHii
B mo3uumAx (la) Ha uenouxax Cu-O BOONL OCH KPHCTaINA.

PaGora seimomiena B JlaGoparopun HeiitponHo# ¢usuxu OUAHU.

The crystal structure .of the high-temperature superconductors
is intensively analysed now in all neutron centres of the world. There-
fore, it is inevitable and even desirable to repeat identical experiments
in order to obtain reliable results. New unusual information may be re-
ceived on the spectrometers having the unique parameters. One of
such spectrometers is the neutron time-of-flight diffractometer DN-2 /1/
at the pulsed reactor IBR-2. It has been designed for long-period crys-
tal structure investigations, so the diffraction pattern is measured in the
range of long d-spacing which is hard-to-reach for conventional diffrac-
tometers. Another unique feature of DN-2 is extremely small exposi-
tion time needed for data collection, so it permits carring out the real
time diffraction investigations of noncyclic transient phenomena 72/ .

In the present work some results of the first diffraction experiments
with high-T, SC ceramics and single crystals on the DN-2 are given.

1. The Features of the Experimental Method
and Data Processing

Time-of-flight neutron diffraction data on the diffractometer DN-2
are collected using the one-dimensional position detector lying in hori-
zontal plane. In such a case two-dimensional spectra are measured
with scanning of wavelength and scattering angle. An available wave-
length range of 1.2-20f being combined with a scattering angle varia-
tion of 10°-160° permits one to have the d-spacing range of 1.6-100% .
At the same time, the resolution (A d/d) of DN- 2 is not very high and
in the best case it makes up 1% at 26 > 140 and d >3 A. Such
poor resolution as well as some features of wavelength distribution of
an incident neutron beam are not suitable for the precise powder dif-
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fraction study. But it does not preclude from a Rietveld profile ana-
lysis 72/ of HTS ceramics due to their relative large unit cell and high
symmetry. Certainly, in our case the Rietveld method gives temperature
factors of atoms much worse than at conventional diffractometers,

as the range of small d-spacing is inaccessible. But at the same time,
1nclud1ng in the fitting only the reflections with d > 1. 42 makes it
possible to have no effect of uncertainties in thermal factors on other
structure parameters. We use the version of the Rietveld method des-
cribed in Ref. /4/.

2. The Test Experiment on YBay,Cug0, 5

The well-known sample of high-T superconductor YBa Cu O _s
having T = 91K and AT = 3.7K was chosen for the test expenment
Earlier the refinement of the sample structure was done in Ref./5/
with the mini-SFINKS diffractometer. The main purpose of our mea-
surements was to check the sensitivity of structure parameters, deter-
mined in Ref. /5/, by the fit covenng the range from 0.9 to 2. 0A if
therangelsshlftedtol4<d<3A

The sample was carefully ground powder of 5. 5 g, placed into a
cylinder of diameter 8 mm made from Ti-Zr alloy with b ; =0. In
order to reveal possible parasitic phases the measurements at low scat-
tering angles (30° and 60°) were performed. It was shown that up to
d <16 A there were no additional diffraction peaks. For profile ana-
lysxs the data were measured with maximum resolution at 26 =150°
‘for about 10 hours. Data handling was done over the range of 1.4< d <
<3 X , which included 44 diffraction maxima compatible with the
symmetry of the lattice (see Fig. 1.).

The results obtained after refinement of occupancy factors and
coordinates of Cu- and O-atoms are shown in Table 1. These results
agree well with the data from Ref. /5/.

One can see that the results of independent neutron diffraction
experiments given in Refs. /5/ and /6/ are practically the same for
coordinates of atoms, but the thermal parameters differ by a factor
of 2.5. In order to test the influence of this difference on our results
the fitting has been done with the varied occupancy of 04 and z-coor-
dinate of Cu2; the other parameters are taken from /5/ or /6/ and
are fixed. It is shown in Table 2 that both n(04) and z(Cu2), R-factors
and vy, are practically constant for these two cases. Only the para-
meter A 12 which corrects the form of the effective spectrum of neut-

A -1
rons (f cor = d ) has marked change.
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Fig. 1. The observed (stars) and calculated (solid line) neutron profile intensities
for YBa2 Cu 07_ 5 with the difference marked below. The total number of points
are 245, R = 2.7%, the expected agreement index Re =1.8%.

Table 1
The results (agreement indexes, atom positions and occupan-
cies) for an orthorhombic PmmmYBaBCu O7 5 - The thermal
parameters and z-coordinate of Ba are taken from Ref./5/
and are fixed. R-factors in %, v _ =(v*m)¥2, mis a

degree of freedom. '
_I?p R, R w Y, n(Cul) n(Cu2) z{Cu2)
2.7 7.3 4.9 3.61 1.02(2) 2.02(2) 0.356(2)
z(01) z(02) z(03) n(04)
0.155(1) 0.372(3) 0.383(3) 0.97(3)

In conclusion, the analysis of data from YBa_Cu O | gives, firstly,
an excellent fit between 1.4 and 3 A and shows, secondly, that the re-
sults are week functions of the variation of thermal parameters. In some
limits the change is completely compensated by a common corrective
factor.

41



Table 2

The results of fitting for set parameters from Ref./5/ (1)
and Ref. /6/ (2). Only z(Cu2) and n(04) were varied. The
attempt to fit n(05) was also made (8).

Ry R, Rw }.L___ z(Cu2) n{o4) n(os) Ay,
(1y 2.7 7.4 4.9 3.61 0.3566(5) 0.974(30) ---- 0.57(3)
(2) 2.7 7.4 4.9 3.59 0.3563(5) 0.967(30) —---= 0.68(3)

(3) 2.7 7.4 4.8 3.58 0.3563(5) 0.925(40) 0.07(4) 0.58(3)

3. The Search for the Long-Period
Modulations

We have measured neutron diffraction from YBa,Cu 30, and
GaBay,CugO, single crystals to have evidence for posslble long-penod
modulatlon of the atomic structure both commensurate and incommen-
surate with the main period. The single crystals were prepared by mel-

" ting initial materials with Cu excess, and had superconducting pro-
perties (T, =70-75K). We did not separate the single crystals from
a crucible and therefore, had the plates of good quality with the area
of ~20 mm?2, large enough for the experiment. But on the other hand,
the diffraction pattern could be measured near ¢*-direction only.

All reflections from a (001)-plane up to the twelfth order ones
have been measured on both crystals at room and liquid nitrogen tem-
perature (Figs. 2 and 3). The commensurate modulation of the struc-
ture must give additional maxima either between diffraction orders
or at d >d,,,. But no evidences of such peaks were found. On the
other hand, the incommensurate modulation of the sinusoidal type
must give satellites near main peaks. If the modulation vector has the
c*-dlrectlon then the gap between the satellite position d, and the
main peak position d, is Ad = =d, /d The rough minimum estlmatlons
of d, may be obtamed for the (001) reflex. The width of this reflex
makes one possible to see some additional peaks if Ad> 0.3 A . From
this it follows that if an incommensurate modulation exlsts its period
will be more than 400 3
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Fig. 2. The orders of the reflection from (001) plane of the YBaZCu307single
crystal.
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Fig. 3. The same as in Fig. 2 for the GdBa2Cu3 07 single crystal.

4. On the Substitution of Copper
for Iron

The problem of substitution of copper in 1-2-3 ceramics for a
neighbouring elements of the 4th period from iron to gallium and
silver is discussed in many papers/7-12/There is detailed informati-
on on the modification of T o> Symmetry and lattice parameters in
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YBa,(Cu,_, Fe ),0, 5 depending on x /8,10,11/pyt at the same ti-
me, there is no reliable data on the possibility of the favourable sub-
stitution of one of the nonequivalent structure position (la) and (2q)
of copper for iron.

Our experiments were performed on three samples of
YBag(Cu 1_xFe1‘)30,7_6 with x = 0.0, 0.06 and 0.10, which were pre-
pared with standard ceramics technique at the Institut of Physics,
Warsaw. Diffraction patterns were measured at 26 =154° for about
9-4 hours. The initial values of parameters for profile analysis were
taken from Ref./8/. The typical parts of diffraction pattern, where
one can see the transition from orthorombic symmetry for x =0 to
a tetragonal one for x =0.06 and x = 0.10, are shown in Fig. 4. The
results of data analysis (R-factors and the values of varied parameters)
are given in Table 3. For the sample without iron the two versions
are given. They are different by the thermal parameter values, but
one can see that the occupancies stay in both cases invariable. For
the x =0.06 sample the two versions of data processing are given too:
for a+ b and a= b cases. In the second case there is the insignificant
increasing of R-factors; the structure parameters have not changed.

Table 3
The results for YBa,(Cu, ,Fe, ),0, with x = 0.0, 0.6
and 0.10. The sets (1) and (2) for 0% Fe are differentiated
by thermal factors: (1) — from Ref. /5/, (2) — from Ref./13/.

0% Fe 6% Fe 10% Fe
T a4b  a=b “a=b
"'fz-e"""_Z_B"""ETQ“""E'T""-3'5 B 6.9

Rw 8.0 7.8 7.5 7.8 9.5

Jn 1.94 1.88 1.47 1.53 2.58

a.A 3.816 3.817 3.861 3.862 3.864

b, A 3.881 3.882 3.874 3.862 3.864

c, R 11.663 11.665 11.641 11.631 11.618
n, (1a) 1.02(1) 1.00(1) 0.92(2) 0.91(2) 0.96(2)
n, (2q) 1.97(2) 1.98(2) 2.05(2) 2.06(2) 2.06(2)
z (2q) 0.360(1) 0.359(1) 0.363(2) 0.362(2) 0.362(2)
:104) 0.92(2) 0.89(2) 0.97(2) 0.98(2) 1.00(2)




Y-Ba2-Cu3-07, 0%Fe, T=293K
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Fig. 4. The tvpical part of diffraction pattern for the Fe contained samp- ’
les:a — 0%, b — 6%, ¢ — 10%.

It should be noted that tetragonalization occurres with an increa-
se of Fe content and is accompanied by a decrease of the value g = ¢/3 -
-(a+b)/2, where a, b and c are the lattice parameters. It is known that in
the case of the falling of 04 occupancy from 1 to 0 in pure YBa20u307
the lattice becomes also tetragonal, but the g-value increases.

Given in Table 3 occupancies of copper are normalized on the
coherent scattering amplitude b, =0.772 -10"®cm, For x - 0 they
are in good agreement with multiplicity of positions (1a) and (29),
where the atoms Cul and Cu2 are situated. To determine the concen-
tration of impurity in these positions, one must know the probabili-
ties of the substitution. Initially assuming equiprobable substitution
of Cu for Fe both in (1a) and (2q) and having in mind that bpe =
= 0.954-10~'%m, one can have for x =0.10 n(la) =1.024 and n(2q) =
= 2.047. The experimental value n, (1a) is essentially less than 1.024,
while n, (2q) is equal to 2.047 in the limit of errors. This fact allows
one to assume that the (2q)-position is filled in by Fe-atoms in the right
concentration, while in the (la)-position there are some number of
vacancies. One can calculate the occupancies of (1a) and (2q) positions
for Cu, Fe and vacancies (see Table 4) taking into account the possibi-
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Table 4

The occupancies of (1a) and (2q) sites by Cu and Fe atoms
and vacancies. The caiculation was made assuming that n, =
=k(1-x),n re = KX

vac

(1a) (29)
X 0.06 0.10 0.06 0.10
n, 0.92 0.96 2.056 2.06
k 0.91 0.94 2.02 2.01
n.. 0.85 0.85 1.90 1.81
n., 0.05 0.09 0.12 0.20
n 0.10 0.06 -0.02 -0.01

lity of vacancies and assuming that Cu and Fe are present in the samples
in right concentration, i.e. ng ~(1-x) and n., ~x. It is obvious,
that Table 4 is correct only for a (2q) position due to n ac=0- For
the (1a) position the experimental value n, can be explalned by various
ways: one can decrease Npo, sunultaneously increasing n and noe:
In this sense, the values of ng,(la) given in Table 4 are the upper
limit. It should be noted that n re Dboth for (la) and (2q) positions
are practically equal to the iron concentration in initial composition.
The visible decrease of Cul is still obscure though there is information
of such kind in other papers. For example, in the YBa Cu3 Oe 8 single-
crystal structure analysis by X-Ray /13/it was reported that n, _(la) =
= 0.862.

b. Conclusions

The results of the present paper confirm the good possibilities of
structure investigations of high-T  superconductors with the TOF-
diffractometer DN-2. The Rletveld method gives reliable information
about the positional parameters and occupancies of atoms. The oxygen
content is determined with the accuracy of (0.02-0. 03) atom per unit
cell. Including in the fitting of data the diffraction peaks with d-spacing
greater than 1.4 A makes the correlations between thermal and occu-
pancy parameters not so important.

A likely explanation of our measurements on YBa2 { Cu Fe )
can be done if one concludes that Fe impurities are present in botl?x
Cul and Cu2 site in accordance with 1/3 and 2/3 probabilities. Simul-
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taneously the vacancies (6-10%) are present in Cul site. The search
for long-period modulations of single crystal structures of YBa,Cu; 0,
and GdBa,CugO, has not given any evidences of additional dlffrac-
tion peaks We have found that the lowest limit of possible incommen-
surate modulation is as high as 400 A .

The authors are indebted to V.L.Aksenov for encouragement
and helpful discussions.
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