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The perovskite-like antiferromagnetic compound YBaCuFeO;
was studied by powder neutron diffraction, magnetic susceptibility
measurements, and Mossbauer spectroscopy. Crystal structure is
analysed in the centrosymmetric space group P4/mmm and com-
pared to previous results in the noncentrosymmetric space group
P4mm. Fe/Cu atoms occupy randomly the oxygen pyramids with
iron displaced inside the pyramid with respect to the copper posi-
tion. The magnitude and the distribution of the quadrupolar split-
ting obtained by electric ficld gradient calculations, taking into
account the cationic disorder, are in qualitative agreement with
those observed by Mossbaugg spectroscopy in the paramagnetic
range. Magnetic susceptibility and neutron powder diffraction re-
veal two magnetic transitions at Ty, = 441(2) K and Ty, = 230
K. Between Ty, and Ty, the magnetic structure is based on a unit
cell related to that of the nuclear structure by ¢y, = \/ianuc and
Cinag = 2Cnuc- The magnetic moments are coupled antiferromagnet-
ically within each [CuFeQs),, layer with the stacking sequence
along c: + ——+. The magnetic structure is refined with moments
tilted with respect to the c axis. The large reduction of magnetic
moment observed by neutron powder diffraction is explained by
the cationic disorder. Below Ty, the magnetic structure is incom-
mensurate with a short-range order.  © 1995 Academic Press, Inc.

1. INTRODUCTION

The substitution of iron for copper in layered cuprates
has been extensively studied by different methods—neu-
tron diffraction, Méssbauer spectroscopy, and magnetic
measurements—in order to understand the relationship
betwecn superconductivity and magnetism in these mate-
rials. Iron can indeed be used as a probe, especially when
it replaces copper in pyramidal sites, leading to a dramatic
decrease of the superconducting properties. Neverthe-
less, the numerous Massbauer studies performed on tron-
doped cuprates do not allow us fo determine the exact
position of iron in the FeQ; pyramid when it is substituted
for copper so that assumptions have to be made for the
interpretation of the spectra. In this respect, the structure
of YBaCuFeQ; is of interest since it is built up of only
(Cu, Fe)O; pyramids. The structure was first solved from
powder neutron diffraction data in the space group Pdmm
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(1} and confirmed from X-ray diffraction single-crystal
data (2). In fact, a more symmetric group P4/mmm was
also possible, but the authors of (1) clearly indicate that
the space group P4mm was chosen as the most symmetri-
cal allowing two different sites for iron and copper ions:
the reason for this choice is the presence of two compo-
nents, in the Mdssbauer spectrum registered at room tem-
perature, attributed to iron in two crystallographic sites.
However, further studies (3-6) have concluded that M§ss-
bauer spectra of YBaCuFeQq and LnBaCuFeOs display
only one component with a broad distribution of hyperfine
ficld. Based on the assertion that there exist two distinct
crystallographic sites in the structure of YBaCuFeO;,
Meyer et al. (3) and Pissas et al. (4-6) concluded that
iron is located only on one type of site exclusively, called
1b,, whereas copper is located on the other site, called
1b,. Now, as mentioned above, the existence of two crys-
tallographic sites was postulated in order to explain the
two components in the Mossbauer spectrum. This sug-
gests that the space group P4mm, which was chosen first
from Mossbauer data, may be questionable in spite of the
very good results obtained from the neutron diffraction
refinements, Moreover, the asymmetric broadening of the
lines of the magnetic Mossbauer sextet is, according to
us, not really compatible with an ordered distribution of
iron and copper on two distinct sites. We report here on
the re-examination of the nuclear structure of this phase
and on its magnetic structure and Mdssbauer study per-
formed on the same sample and supplemented by electric
field gradient (EFG) calculations in a point charge model.

2. EXPERIMENTAL DETAILS

Synthesis. Stoichiometric amounts of Y,0;, BaCO;,
CuO, and Fe,0; were thoroughly mixed and fired at 950°C
in air. The powder was ground and heated again at 1000°C
over several days. In order to avoid a possible small ex-
cess of oxygen, the sample was finally annealed at 500°C
under argon for 5 hr and then slowly cooled. Samples
quenched in air or annealed under oxygen were also syn-
thesised in order to compare their magnetic properties.



STRUCTURE OF YBaCuFeQ 25

Powder diffraction. The powder X-ray diffraction pat-
tern was registered with a Seifert C3000 diffractometer
using a primary monochromator selecting CuKe, radia-
tion. It was indexed in the perovskite-related tetragonal
cell with @ = g, and ¢ = 2a,. No trace of impurity was
detected by X-ray diffraction. Neutron powder diffraction
(NPD) data were collected on the 3T2 diffractometer at
LLB Saclay, using a neutron wavelength of 1.2268 A and
a 24 step scan of 0.05°. Data were registered over the Q
range 0.4 <Q <9 A~!at room temperature. In order to
study the magnetic structure, NPD data were also col-
lected between 8 and 450 K on the Gé-1 spectrometer at
LLB Saclay using a wavelength of 4.733 A. Due to this
long wavelength, the Q domain was limited to @ < 2.5
A~!. The nuclear and magnetic structure refinements were
performed using the profile-fitting program “‘FULL-
PROF" (7).

Magnetic measurements. The magnetic susceptibility
was measured with the Faraday method using & Cahn RG
microbalance, between 77 and 800 K, with an applied
field of 3000 G.

Madassbauer spectroscopy. The Mossbauer resonance
spectra were obtained in a transmission geometry with a
constant acceleration spectrometer using a Co source
diffused into a rhodium matrix and held at room tempera-
ture. The powder sample, which coatained 10 mg of natu-
ral iron per cm?, was studied at 4.2, 293, and 530 K. The
isomer shift values are given with respect to metallic iron
at room temperature.

3. NUCLEAR STRUCTURE

The neutron powder diffraction data were analysed first
with a “*whole pattern fitting’’ algorithm in order to deter-
mine accurately the profile shape function, background,
and cell parameters. This preliminary analysis has the
advantage of providing a good estimate of the R, and x*
that could be reached during the structure refinement.
Moreover, the result of this refinement does not depend
on the choice of the space group Pd/mmm or P4mm. This
whole pattern fitting (including the magnetic peaks) led
to R,, = 4.6% and x* = 2.2. No significant anisotropic
broadening of the peaks appeared so that the sample could
be considered free of strain or particle size effect. Other-
wise, two small residual peaks remained which cannot be
indexed in the YBaCuFeQ; cell. These peaks have been
attributed to a small impurity which will be observed by
Mossbauer spectroscopy (see Section 5).

The Rietveld refinement was initiated in the P4/mmm
centrosymmetric space group. The fitting of the two
atomic positions (Zc, g, and z,) and the five thermal pa-
rameters led to R,, = 7.22% and x* = 5.19. After the
refinement of anisotropic thermal parameters for the Ba
site and the O, site (3, 4, 0) the R,,;, and x* were lowered

to 6.79% and 4.60. In spite of a good value of R, (=5.45%),
a careful observation of the difference profile showed a
systematic discrepancy between the observed and calcu-
lated intensities: the even A, k, 0 peaks were observed to
be more intense than the calculated ones, while the #, &,
[ peaks with k, k = 2n + 1 and I = 4n were too weak.
At this stage of the refinement, a Fourier-difference
synthesis was made which revealed a significant aniso-
tropic residual on both sides of the Cu/Fe position along
the ¢ axis (Fig. 1). This suggested a splitting of the Cu/
Fe position: the more intense residual, inside the pyramid,
was at{ributed to iron (z = 0.23) and the less intense, near
the basal plane of the pyramid, to copper (z = 0.28).
The refinement with two half-occupied sites converged
toR,, = 5.59% and x* = 3.11. Fitting the magnetic peaks
as a second phase led to an even better agreement: R,,, =
5.43% and x? = 2.94. The refined values of the structural
parameters are listed in Table | and the final observed
and calculated diffraction profiles are drawn in Fig. 2.

Though this solution, involving the space group P4/
mmm, was very satisfying, it was necessary to compare
it to that obtained with the space group P4mm, especially
since the Fourier difference is sensitive to the used space
group. Seven sites were necessary in the second model
and all the z atomic coordinates were adjustable parame-
ters., One of them (Y site) was fixed in order to avoid a
global shift of the structure along z during the refinement.
The previous published positional parameters (1, 2) were
used to initiate the refinement. When the thermal factors
of iron and copper sites were forced to be equal, the R,
and x? were 6.8% and 4.6. If they were free, the refinement
was slightly oscillating and gave a small value for the
copper thermal factor and a high value (=1 A~?) for the
iron thermal factor. Moreover, the difference profile, al-
though reduced, always showed the same residual as men-
tioned above. The refined structural parameters, corre-
sponding to this second model with the space group
Pdmm, are given in Table 2. They correspond to signifi-
cantly higher reliability factors: x* = 4.42, R,,, = 6.66%,
and Ry = 5.80%.

Clearly the model with space group P4/mmm is better
than the one with the space group P4mm in spite of the
larger number of refinable parameters of the latter. The
higher x? obtained with the space group P4mm is ex-
plained by comparing the atomic positions in the two
models: in the space groups P4/mmm and P4mm (Fig.
3), the positions of the oxygen atoms, as well as those of
the yttrium and barium sites, are nearly identical. There-
fore, with some limited shifts, the oxygen sites, the yt-
trium site, and the barium site could be described in space
group P4/mmm instead of P4mm. Thus the main differ-
ence between the two models is due to the location of
transition metal inside the oxygen pyramids: in the Pdmm
space group, each pyramidal layer contains only one posi-
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FOURIER SECTION at 0.5 on ( 01 0 )
X parallel ta (1 O 0O ) from o] to 1
Y parallel to ( O 0 1 ) from (o] to 1
Coefficients are Fobs—Fcalce multiplied by 100
and averaged over a cube of edge 0.05

FIG. 1.
site (see text).

tion for the transition metal, while two positions are statis-
tically allowed in the first model. The anomalous value

.. of iron and copper thermal parameters, observed

in the P4mm refinement, shows that each sheet of transi-
tion metal has the same mean scattering length.

4. MAGNETIC STRUCTURE

4.1. General Characteristics of the Magnetic Behavior

The inverse molar magnetic susceptibility of
YBaCuFeQ; is plotted in Fig. 4. The linear part of the

TABLE 1
Refined Structural Parameters of YBaCuFeO; at
Room Temperature

Fourier-difference section of YBaCuFeQ; at y = 0.5. Data were refined using P4/mmm space group with copper and iron on the same

1/x versus temperature, fitted with a Curie—Weiss law
X =xo + C/(T' — 8,), leads to alarge value of the paramag-
netic temperature 6,,: the least-square extrapolation, with
the data above 500 K, indeed gives 6, = —810(10) K,
typical of an antiferromagnetic behavior, A first antiferro-
magnetic transition is observed at Ty, = 440 K. Below
Tni. the temperature behavior of the 1/y curve is anoma-
lous. After a maximum at about 330 K, the 1/y decreases
with temperature and a second broad minimum is ob-
served at T = 200-230 K. This second transition, labelled
Ty», is also observed in all the samples whatever the

TABLE 2

Refined Structural Parameters of YBaCuFeO; at
Room Temperature

z B(AY
Atom Site x ¥ z B(AY) or g; x 10* Occupancy  Atom Site x y (This work) (n=? (2) (This work)

Y 5 00 1 0.43(2) 1 Y la 00 i 4 3 0.47(3)
Ba la 0 0 0 B = 63(8) By = 112(8) 1 Ba la 0 0 0.0118(14) 0.0114(22) 0.0090(8) 0.42(6)
Cu 2k 4 % 0.2854(3) 0.22(9) 3 Cu 16 4 4 0.7312010)  0.7275(5) 0.7247(7) 0.05(10)
Fe 2k § 0§ 0.2525(3) 0.27(7 3 Fe b & 1 0.2663(10) 0.2626(6) 0.263(1) 1.04(11)
01 e & % 0 B = 112(8) By, = 80(2) 1 [8]] 15§+ 1 -0.006916) 0.0037(23) —0.001(5) 0.97(5)
02 4i 3 0 0.3156(1) 4.57(1) 1 02 2¢ L 0 0307%1D 0.321%9) 0.310(2) 0.70(10)

o3 2¢ 400 0.6766(11) 0.6316(9) 0.678(3) 0.52(10)

Note, Nuclear cell: @ = 3.8751(1) A, ¢ = 7.6790(2) A. Space group:
P4/mmm. Magnetic cell: a = 5.4799(1) A, ¢ = 15.3581(3) A. Magnetic
moment: p, = 2.65(13)uy, w, = L48(15)up, |ul = 3.03(5)ug. R, =
4.54%, Ry, = 5.43%, R, = 3.17%, x* = 2.94, Ry = 3.28%, Ry = 14%.

Note. Space group: P4mm.
2 at 500 K.
¥ The values have been shifted in order to have Y at z = 0.5,
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FIG. 2. Final profile fit of YBaCuFeOs {P4/mmm) at room temperature. Ticks below the profile mark the positions of allowed nuclear (top)
and magnetic (bottom) reflections. The difference curve is plotted beneath at the same scale.

thermal treatments (see Experimental Details). The mean
hyperfine field of iron, obtained by Mossbauer spectros-
copy on YBaCuFeO; (see Fig. 2 in Ref. (3)], was not
affected by this transition. However, a plot of the hyper-
fine field dispersion width factor versus temperature (from
Ref. (3)) shows that the decrease of this parameter was
more pronounced under 200 K (Fig. 5). One can suggest
that this second magnetic transition affects at least the
distribution of hyperfine field on iron. The neutron diffrac-
tion data clearly reveal these two magnetic transitions

02-01=0.318(3)c

03-01=0312(3) ¢

Pdmm

Schematic drawing of the difference between P4mm and P4/mmm structural models.

FIG. 3.

Y-01=0.489(3) ¢

02-01=0316(5) c

(Fig. 6). Between Ty, and T)y,, the patterns show addi-
tional reflections whose nature is purely magnetic. These
peaks could be indexed in a magnetic cell related to the
nuclear cell with a,,, = \/iam,c and ¢y, = 2¢,,.. From
the temperature dependence of the first magnetic reflec-
tion it is possible to estimate the Néel temperature at
Ty, = 441(2) K, in good agreement with the magnetic
susceptibility and Mossbauer measurements (3). Below
Ty, the intensity of the magnetic reflections decreases
with the temperature, while reflections with a lorentzian

Y-0I=05¢

P 4dimmm
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shape grow up on each side of the magnetic peaks. These
additional reflections were indexed, with respect to the
magnetic cell, in an incommensurate cell with a propaga-
tion vector (0, 0, 0.212(3)) at T = 20 K. The lorentzian
shape of these satellites is indicative of a finite antiferro-
magnetic spin correlation over a short distance. An esti-
mation of the spin correlation length ¢ is achieved by
fitting the magnetic satellites to a lorentzian shape convo-
luted with the gaussian resolution function which is given
by the simultaneous fit of the commensurate magnetic
peak (see insct in Fig. 8). This length does not sensibly
change with temperature and is estimated to about 80 A
(K = 1/¢& = 1.28(1) x 107?). The spin correlation length is
slightly larger than the periodicity of the incommensurate
magnetic modulation (x = 72 A). The sum of the magnetic
bragg intensity I(4, %, %) and its satellites I(}, &, " in-
creases from Ty, to 4 K. It seems also that the increase
of the magnetic scattering intensity is more pronounced
below Ty, (Fig. 7a). In addition to the satellite peaks,
below 230 K, a very small peak indexed as (3, 4, 1) in the
nuclear cell increases with decreasing temperature: the
intensity of this peak is about 4.5% of the (3, 7, ) mag-
neti¢ reflection.

4.2. Rietveld Refinement of the Magnetic Structure

In order to study the commensurate magnetic structure
(between Ty, and Ty,), we used simultaneously the neu-
tron diffraction data registered on Gé6-1 and 3T2 at room
temperature: three well-individualised magnetic reflec-
tions were observed with the first set of data, whereas
about 17 reflections were used with the second set of
data. In the case of collinear spin models, the magnetic
structure profile refinements were performed with the uni-
axial configuration spin symmetry (8). As the refinement
was found to be rather insensitive to the exact shape of
the form factor, the magnetic form factor of Fe** was
used. At room temperature, the only superlattice peaks
found correspond to A/2, k/2, and I/2, with k, k, and !
odds. The fact that 4 and & were odds implied that first
nearest neighbour Fe (or Cu) atoms within a layer have
antiparallel spins. As / was always odd, two atoms sepa-
rated by ¢ have antiparallel magnetic moments. Two col-
linear models could be derived from these observations:
the magnetic moments in the antiferromagnetic layers
must be coupled, along the c axis, either with the sequence
+[+=]— or with the sequence +[——]+, where the
bracket corresponds to the position of the yttrium. The
refinements performed with the magnetic moment di-
rected along the ¢ axis gave poor agreement for the two
sequences of moments. A better result was obtained as-
suming magnetic moment lying in the (a, b) plane (Ry =
19% on 3T2 data). Nevertheless, it was not possible to
conclude between the two stacking sequences of spin

MR AEE A LI L LI L B
= YBaCuFeOS
5 so0p L
n_é Y
&
£
3
= T2
& T
3
2 250f ., l l ]
3 ey st -
. v '-. .l'
g Fee®
£

FENE ETEPUTITIE I S ATAPE INENEPENS SN IPEINSY BT TS AR IS DU
0 100 200 300 400 500 600 700 800 900
T(K)

FIG. 4. Plot of the reciprocal molar magnetic susceptibility versus
temperature,

ordering along the ¢ axis: in fact, since iron possesses the
largest magnetic moment and is close to the positionz =1,
the two models lead to nearly identical magnetic structure
factors and so are indistinguishable. It is worth mentioning
that a noncollinear model, with magnetic moments of suc-
cessive layers rotated by 90° in the (a, b) plane, will also
give the same scattering intensities for powder data.
The results of Mossbauer spectroscopy observations
((3) and this work) suggest that the iron moments at 4 K
are not oriented along the crystallographic axes. The tilt
of iron moment is probably related to the existence of the
incommensurate transition, but may perhaps exist in the
commensurate magnetic structure. At room temperature,

Hypetfine field dispersion width (mm/s)

T{K)

FIG. 5. Plot of the hyperfine field dispersion width factor versus
temperature. The data are taken from Ref. (2). The lines are used as a
guide for the eyes.
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YBaCuFeO; 8K<T<450K
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FIG. 6. Part of the neutron diffraction patterns as a function of the temperature.

i.e., for the commensurate rqagnetic phase, the refinement
of the magnetic moments with one component along the
¢ axis and the other in the (a, b) plane, both with the
sequence +[+—]—, led 10 a still better result (R, = 14%
on 3T2 data) than the in-plane models. The other models
with tilted moments, based on the combination of the two
stacking sequences and the “‘rotating’” sequence, were
again indistinguishable from each other, due to the nearly
special position of iron in the cell. Although the present
study shows that the best magnetic structure refinement
requires a tilting of the moments with respect to the ¢

axis, this result should be confirmed by further investiga-
tions with better statistic and resolution at high . Figures
3 and 8 show the diffraction profiles at room temperature
refined with 3T2 and Gé6-1 data.

The refinements of magnetic structure, between 200
and 450 K, were performed with the bilayer
{(Cu,Fe)0,-Ba0O—(Cu,Fe)O, antiferromagnetically cou-
pled, i.e., with the sequence +[+ ~]~—. The angle between
the magnetic moment and the ¢ axis is equal to 61 (=2)°
and is nearly temperature independent. This value can be
compared to that obtained by Mdssbauer spectroscopy
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FIG. 7.

T(K)

(a) Intensity of magnetic reflections I(3, §, §), (3, 3, H* and their sum versus temperature. (b) Value of the total magnetic moment in

YBaCuFeO; versus temperature. The solid line is a fit with a power law (T} o(Ty — T)?, where 8 is found equal to 0.380(9).
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FIG. 8. Final profile fit of the YBaCuFeQO; magnetic structure (P4/
mmm) at room temperature. Ticks below the profile mark the positions
of allowed nuclear {top) and magnetic {bottom) reflections. The inset
shows the profile refinement of the magnetic Bragg peak (3, 4, 1) and
its incommensurate satellites at 7 = § K.

(3), i.e., 68° when the quadrupole splitting (QS) value is
positive. Figure 7b gives the value of the refined magnetic
moment for one copper plus one iron versus temperature.
It appears that the extrapolated value of the total moment
at low temperature is far from the expected value (Suy +
1up) even if we take a probable reduction of moments,
due to covalency effects, into consideration. The fit of
the magnetic moment with a power law w(T) a (T — T)*,
in the range 0.7 < T/Ty < 1, gives a critical exponent
B = 0.380(9), which rules out the invocation to a spin
reduction by 2-D magnetic ordering.

5. MOSSBAUER STUDY

The Mdssbauer spectra, recorded at 4.2 and 300 K, are
reported in Fig. 9; they consist of a sextet with well-
defined lines atlow temperature and a very small paramag-
netic contribution in the zero-velocity range (singulet or
doublet whose relative intensity is <4%). The asymmetric
broadening of the sextet lines has been previously dis-
cussed by Mever ef al. (3). From our point of view, this
asymmetry could be attributed to the cationic surrounding
the iron probe as suggested by our EFG caleulations (see
below). Mdssbauer experiments on our sample are in
progress, in order to follow the temperature dependence
of the hyperfine field. In the present study, we reproduce
the spectra by using a fitting procedure which involves a
discrete distribution of static hyperfine fields (Table 3 and
Fig. 10). The maximum of the distribution is obtained for
the hyperfine field values of 51 and 39 Tat 4.2 K and room
temperature, respectively. These results are in agreement
with those observed by Mevyer et al. (3). The Mdssbauer

300K ¢

Relative transmission

4K

VIl PR RO NRUE ST PPl U O | 1
8 4 0 4 8
velocity (mm/s)

FIG. 9. Mdossbauer specira of YBaCuFeO; at room temperature
and 4.2 K.

spectrum recorded at 7 = 530 K (as is shown in Fig. 11}
exhibits a slightly asymmetric doublet with broadening
wings. A first attempt of fitting was done by introducing
two independent paramagnetic components. The site with
8% intensity could be attributed to the residual impurity
observed by neutron diffraction. Furthermore, one can

.also suggest a procedure involving distributions to take

into account the different possible local environments of
the iron site: it consists in a discrete distribution of quadru-
pole splitting (P(QS)) linearly correlated with that of the
isomer shifts, so as to reproduce the asymmetry. As is
shown in Fig. 12, P|QS| exhibits a narrow peak centered
around |QS| = 0.2 mm/sec corresponding to the main
component previously observed, and a large tail in the
range 0.5-1.6 mm/sec. Assuming that the crystalline
structure is not temperature dependent, the quadrupole

TABLE 3
Massbauer Parameters Derived from the Fitted Spectra

T{(K) & (mm/sec) T (mm/sec) 2e(mm/sec) Hy, (T %
4.2 0.41 0.24 -0.06 51 96
335 0.26 0.30 — 4

293 0.31 0.26 —0.03 39 9
0.19 0.44 0 — 2

QS (mm/sec)

530 0.16 0.31 0.21 — 92
0.19° 0.35 1.13 — 8

Note. 8, 1somer shift referred to a-Fe at room temperature. T', Line-
width: 2¢&, quadrupole shift; QS, quadrupole splitting; H_,,, hyperfine
field value corresponding to the maximum of the ficld distribution.

2 At low temperature, this impurity spectrum cannot be resolved from
the whole hyperfine distribution.



STRUCTURE OF YBaCuFeQs 31

40

Jof

P(H)

20F

1ot

) :
200 300 400 500

H(T)

[ HTTETR oo T

FIG. 10. Fitted hyperfine field distribution P{H) corresponding to
the Missbauer spectra of Y BaCuFeQ; at 4.2 K (a) and room temperature
(b). The lines are used as a guide for the eyes.

shift 2e = —0.06 mm/sec, and the quadrupole splitting
QS = 0.21 mm/s, values observed at 4.2 and 530 K, re-
spectively, lead to 8 = 68° with respect to the relationship
2e =

QS(3 cos?f — 1)/2 in the case of axial symmetry, where
@ is the angle defined by the principal axis V,; of the
electric field gradient tensor and the hyperfine field direc-
tion. Such a value agrees well with that proposed by
Meyer et al. (3).

6. EFG CALCULATIONS

First calculations, restricted to the monopolar contribu-
tion of the EFG, were performed on YBaFeCuQs using
a point charge model, in order to give an interpretation
of the experimental distribution P(QS) seen in the para-
magnetic range (T = 530 K). It is important to note that
this numeric approach can only provide qualitative infor-
mation, because the nonnegligible covalency effects and

VELOCITY { mm.s~T)

Relative Transmission

FIG. 11. Mossbauer spectra of YBaCuFeQj; at 530 K.
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FIG. 12. {(a) Evolution of the EFG-calculated |QS| values at 530 K
for YBaCuFeOQjs as a function of the number of iron next neighbours
from 5 to 22 ions, corresponding to d distances in the range 1.997-4.77
A. For the case of 17, 18, or 22 ions, the effect of a cationic disorder
in the Fe—Cu sites must be considered and a dispersion of the [QS]
values is observed, noted with parentheses (17), [18], or {22}; the central
values of these domains correspond, in each case, to a situation where
the Fe and Cu sites are not split. The |QS| = 1.21 mm/sec value corre-
sponds to a fit via the two usual EFG programs applied to the central
Fe ion in a mean Fe/Cu position. (b) Mdssbauer fitted distribution
P(QS)) (full circles} and calculated binomial distribution of |Q$| for the
22-fold iron environment (dotted lines). The full lines are used as a guide
for the eyes.

the temperature dependency cannot be accounted for in
the present calculations.

The 3d° electronic shell of iron does not contribute to
the iron EFG tensor since only high-spin Fe?' is involved
in YBaFeCuOQO;. So the only contribution to EFG’s is
the “lattice” one, due to the electrostatic interactions
between the iron center and its surrounding ions.

Usually, the monopolar and dipolar contributions to
the EFG tensor (lattice term) can be estimated from a
summation of polarisable point charges; in the case of a
crystalline sample, the monopolar contribution can be
calculated either in the reciprocal (9} or in the direct (10)
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lattice, whereas the dipolar contribution is self-consis-
tently estimated in the direct lattice. The method consists
in lattice summations performed iteratively on volumes
resulting from the packing of elementary cells displayed
systematically around the origin cell (computing details
are given in (10)). Thus, fractional charges must be consid-
ered and accurate crystallographic data are required in
order to speed up the convergence.

However, in the Y BaCuFeO; structure, iron and copper
atoms are randomly distributed in their sites and these
sites are split and scparated by a distance of about 0.25
A, as deduced from the Fourier difference synthesis on
the neutron results (see above).

The two programs which generate automatically the
ionic positions and the charges of the atoms by a transla-
tion of the data relative to the central cell are not able to
account for randomly distributed situations. An alterna-
tive would consist in using a large ‘‘supercell’” in which
the cationic disorder between Fe and Cu sites would be
simulated, but this procedure would require high comput-
ing times. So these difficulties led us to work only at a
monapolar level with the classical programs described
above.

As a matter of fact, in this situation, one can only
introduce a ‘‘mean’” position for the Fe and Cu sites of
the central cell, to avoid the consequences of artificial
simultaneously nonzero occupancies in neighbouring Fe
and Cu sites which would generate unrealistic values of
the potentials, electric fields, and EFG components.

The results obtained with zg._c, = 0.2671 by the two
programs working in the reciprocal and direct lattice, re-
spectively, were in agreement and gave an axial V; tensor
(n = 0) with its principal Z axis along the ¢ direction and
a positive V; gradient. QS = (eQ/2)- V(1 — y.)(1 +
1*)V2 was found at 1.21 mm/sec, assuming a mean value

©Q = 0.2 barn (11) for the quadrupolar moment of iron in .

its excited state and an antishielding Sterheimer factor
(1 — v.) = 10.14 (12) typical for Fe**. The comparison
with the experimental distribution of |QS| values (0 < |QS|
< | mm/sec, with a main peak at about 0.21 mm/sec at
530 K) shows that the above mean value of 1.21 mm/sec
is too high. Let us mention that the disagreement subsists,
even with lower values of (Y encountered in the literature
(13). This is the evidence that the mean situation where
Fe and Cu are not split is not realistic.

As the above programs cannot account for local situa-
tions with atomic displacements, nonstoichiometry, va-
cancies, or distortions of the environment, we have writ-
ten a new simpler program {14) (GCEMON) which
calculates the EFG lattice tensor of a central iron ion
surrounded only by a ‘“‘cluster’” of nearest neighbours
defined in the local situation (first, second, . . . types of
neighbors can be introduced one by one, as numerous as
wanted). Calculations are limited to the monopolar

Cu Cu Cu Fe
Fe F
Fe +Fe Fe#Fe Fe~+£(‘u CH%FLCu
Fe Cu Fe Cu

) L] © @

14 L ] x4 x4

FIG. 13. Some of the 16 in-plane cationic environments of iron,
leading to nonaxial EFG tensors (the multiplicity indicates the number
of equivalent configurations).

order, owing to the finite limitation in the number of ions
and to the numerous unknown polarisability factors in-
volved in the problem. With this program, even if the QS
value estimations are rather crude, more realistic compar-
isons and qualitative interpretations become possible be-
tween various neighboring hypothesis. Figure 12a pre-
sents the results of successive QS calculations, starting
from a fivefold oxygen coordination for iron, adding suc-
cessively 4 yttrium (iron environment of 9 ions}, 4 barium
(13 ions), then 4 cations Fe or Cu in the Fe-0, plane (17
ions), then one apical Cu (18 ions, the situation with an
apical Fe has a small probability to be observed and has
been neglected here), and at last 4 equatorial O, oxygen
atoms (22 ions). So our calculation is limited to Fe-ion
distances lying in the range (1.997-4.77 A). In addition
to the high sensitivity of the calculated QS values versus
the surrounding of the Fe ion, one can note that they
become comparable with the experimental data when the
integrating sphere radius is larger than 3.4 A (Fig. 11).

For those of the investigated ion coordinations which
respect the axial ¢ symmetry of the cluster, the calculated
EFG tensors were axial, with a positive V,, gradient along
¢, as obtained by the two classical programs in the nonsplit
Fe-Cu situation.

The consideration of a cationic disorder in the Fe-0,
plane led also to the investigation of nonaxial situations,
such as in Fig. 13, which corresponds either to nonaxial
EFG tensors with n = 0.4, V,; > 0, and Z in the (a, ¢)
plane, near ¢ (Figs. 13a, 13d), or to nearly axial EFG
tensors with Z near 1o a or b and V,; < 0 (Fig. 13b) or
near to ¢ and V,; > 0 (Fig. 13c}).

In Fig. 14, we have reported the calculated QS values
for the maximum iron environment studied (d < 4.77 A),
accounting for a binomial distribution of probability in
the Fe—Cu sites of the Fe-0, plane. The results lie in
the range —0.23 < QS < 0.21 mm/sec. The calculated
distribution of |QS| is then reported in Fig. 12b to be
compared to the Mossbauer fitted distribution. The
agreement is qualitatively correct and, in spite of the
crudeness of the present calculations, this numeric ap-
proach gives a tendency to account for the P(QS) distribu-
tion by the cationic disorder in the (Fe—Cu)O, planes.
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FIG. 14. P(QS) distribution calculated with binomial probabilities
in the (Fe/Cu)O; plane for the 22-fold iron “‘cluster.”’ (A negative QS
value is observed in the case of Fig. 13b, associated with 5 = 0.2.)

7. DISCUSSION

The nuclear structure proposed in this work does not
question the main conclusion, obtained by C. Meyer et
al. (3), about the existence of a unique pyramidal oxygen
environment for iron in YBaCuFeQs. As expected from
chemical consideration, the location of iron inside the
oxygen pyramids is different from that of copper, but the
geometry of the pyramid is the same for the two cations.
Some remarks c¢ould be made about trivalent iron in pyra-
midal coordination:

The apical Fe—O, distance is shorter than the basal
Fe-0, distance and these interatomic distances agree well
with those of structures containing trivalent iron in pyra-
midal coordination (15-19). Except for the case of
LnTiFeQ;, the compounds reported in Table 4 are related
to the perovskite structure and contain layers of FeOs
or (Cu,Fe)O;. Bond valence calculation using the Fe?*
parameter (20) gave a valence for iron in YBaCuFeQ;
close to the calculated value for compounds containing
trivalent iron in pyramidal coordination.

The displacement & of iron out of the basal plane of
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the pyramid toward the apical oxygen, obtained from the
nuclear structure refinement, is fairly large, as observed
for compounds with iron in pyramidal coordination (Table
4). This value is confirmed by the agreement between the
EFG computed and experimental values of the Mossbauer
quadrupole splitting for iron. In contrast, the displace-
ment & of copper in related structures is quite short (Table
4). Clearly, as pointed out by Meyer ef al. (3), during the
substitution of iron for copper, iron never occupies the
exact Cuposition inside the **O;”" pyramid but is displaced
with respect to the latter. This shift of iron position, with
respect to copper, is of crucial importance for EFG calcu-
lations and has been invoked to explain the smali quadru-
pole splitting of iron substituted in the pyramidal copper
site for YBa,Cu,_,Fe 0,(21),Y,_,Ca Ba,Cu,_ Fe 0,(22),
and La,CaCu,_ Fe O (23).

The hyperfine field at 4 K in YBaCuFeO; (50.7T (3),
51T (this work)) is comparable to the values observed for
trivalent iron in high-spin state (§ = 5/2) with pyramidal
coordination: 52.17 {SryFe,04 (24)), 533.07 (YBa,Fe 04
(25)), and 53.7T (Pb,Fe;0,Cl1 (26)). A high-spin state for
iron is also reported for perovskite-related compounds
containing iron and copper (LnBaCuFeOQ; (5, 6),
Y,SrCuFe0, ¢ (18)).

The apical distance Fe-O; is slightly longer than the
most recent neutron structure refinements (on Sr;Fe,0y
(15) and YBa,Fe;O4 (16)). On the opposite, the apical
distance Cu-0), is in the low range of mean apical distance
for divalent pyramidal copper (18, 27-29) (Table 5). The
anisotropic thermal parameters of the apical oxygen O,
with the largest axis of thermal ellipsoid along the ¢ axis,
suggest that the apical distance M-0; coudd be accommo-
dated by small displacements of the apical oxygen; thus
a local order may exist where two apex-sharing pyramids
are occupied by iron and copper, forming CuFeO, bipyra-
midal units.

The results of the structure refinements may appear
contradictory with respect to those obtained from Raman

TABLE 4
Relevant Parameters for Trivalent Iron in Pyramidal Coordination

8. G 14/immm Pdimmm Pdimmm Pdimmm fham Pbam
Compound: SI'3F5206 YBa2F5303 Pb4Fe303Cl YBaCuF805 YzSTCUFCOﬁIS LnFeTiOs
Ref.: (15) (16) (17 This work (18) a9
Fe-Opya 1.980(1) 2.0138(9) 2.013(7) 2.001¢2) 1.989%(1) 1.92

1.995(3) 1.97
1.996(3)
1.956(2)
Fe-Ogica 1.886(4) 1.872(6) 1.932(8) 1.927%(8) 1.994(1) 1.84
u 0.359 0.467 0.49 0.498 — 0.23
Valence 2.9¢ 2.74 2.64 2.72 2.72 —
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and infrared studies by Atanossova et al. (30). Consider-
ing the number of Raman active modes of YBaCuFeO;
the latter authors concluded that the structure can be
described in the acentric group P4mm rather than in the
centrosymmetric group P4/mmm. The neutron diffraction
results established that the 2 h site is split into two sites
half occupied by iron and copper. Consequently, the local
structure is noncentrosymmetric, although the mean
structure, based on ND results, is quiet and is described
in the centrosymmetric space group. In fact, the neutron
diffraction, the Raman, and the infrared data are not in-
compatible. The main difference between the noncentro-
symmetric (1, 3, 30) and the centrosymmetric models is
due to the distribution of iron (and copper) in the double
pyramidal layer. In the first case (P4mm model), one
pyramidal [Fe,Qs],, layer alternated with one [Cu,O].
layer so that in each bilayer each iron atom had the same
cationic environment, i.¢., was surrounded by four iron
and one copper. In our P4/mmm model, copper and iron
atoms are randomly distributed, forming a [CuFeOq].,
layer so that each iron has a mean number of two iron next
neighbors in each single layer. A complete statistical dis-
tribution of the transition element species would lead to
a mean number of 2.5 iron next neighbors per iren in each
double pyramidal layer. Considering the possibility of a
local ordering of iron and copper to form CuFe(Qyq units,
the double pyramidal layers consist then of such units
arranged in a statistical way, so that the mean number of
iron neighbors is reduced to two per iron atom in
each bilayer. The random distribution of magnetic atoms
with different single-ion magnetic anisotropy might lead to
a slight misalignment of the spin directions in the magnetic
structure. Moreover, the magnitude and the location of
the spin components are also distributed and so are not
correlated from site to site. Therefore, the disordered
components have no contribution to the Bragg diffraction
peaks and their magnetic scattering is distributed in the
background of the diffraction pattern leading to a reduc-

tion in the refined value of the magnetic moment. This
interpretation is fully consistent with the absence of a
drastic reduction in the saturated value of the hyperfine
field observed by Mdssbauer spectroscopy, which records
the local field acting at the iron nucleus, whereas only the
average ordered components of the spins are observed in
the diffraction experiment. The random distribution of
iron and copper cations, in a double pyramidal layer, is
also observed in the compound Y,SrCuFeOy 5 (18). Mdss-
bauer spectroscopy gives evidence for similar magnetic
behaviors of YBaCuFeQ; and Y,SrCuFeQ, ;: for these
two compounds, there is a progressive and asymmetric
broadening of the magnetic sextet lines as the temperature
increases and a coexistence of paramagnetic and magnetic
contributions near Ty. Moreover, for these compounds,
the easy axis of magnetisation is tilted with respect to the
¢ axes (about 45° for Y,SrCuFeO 5 (18)). Tt is plausible to
attribute these observations to the fluctuation of exchange
interactions between magnetic atoms in the (Fe,Cu)O;
layers which perturbs the local and long-range magnetic
order. The incommensurate magnetic transition, ob-
served below 200 K in YBaCuFeOs, could probably mini-
mise locally the distribution of hyperfine fields acting on
magnetic atoms by a rearrangement of the moments. This
point could be clarified by performing some high-field
Mossbauer spectroscopy experiments. The nature of this
short-range ordering is still unknown, due to the small
number of magnetic peaks revealed in the neutron powder
diffraction experiment.

8. CONCLUSION

This study shows that the YBaCuFeQ; structure can
be described in the space group P4/memum; consequently
there is only one crystallographic site for copper and iron,
respectively, in the tetragonal structure. However, it is
important to note that iron is not located at the same
position as copper inside the **Oy’" pyramid, as shown

TABLE 5
Relevant Parameters for Divalent Copper in Pyramidal Coordination
S. G I4/mmm I4fmmim P4/mmm Pdimmm Ibam
Compound: 1La,8rCu,Q, La gCap jCu0y YBaCu, O YBaCuFeQs Y,SrCuFe(q 5
Ref.: 27) (28) 29 This work (18)
Cu~Opaenl 1.938(1) 1.913(1) 1.939(2) 1.94%(1) 1.989(1)
1.995(3)
1.996(3)
1.956(2)
Cu—Oapica, 2.209(4) 2.306(4) 2.470(3) 2.213(11) 1.994(1)
u 0.148 0.057 0.205 0.206 —
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from the nuclear structure and as confirmed from Moss-
bauer spectra and by EFG calculations, From this study,
it appears that one must consider the bipyramidal units
CuFeQy;i.e., when the O pyramid is occupied by copper,
the adjacent one along c¢ is occupied by iron. These Cu
FeQ, units are distributed at random in the [CuFeQ;].
layers. The study of the magnetic behavior of this phase
shows its great complexity, For the commensurate mag-
netic structure, whose moments are characterized by a
component in the (a, b) plane and a possible contribution
along ¢, it is not possible to conclude between two kinds
of spin ordering along ¢, i.e., +[+—]— or +[——]+. Be-
sides the latter, the incommensurate phase, with a finite
antiferromagnetic spin correlation, is so far not com-
pletely studied.

Note added in proof. After the submission of this paper, we
received a preprint by Mombru er af. (31) which describes the magnetic
structure at room temperature and above in the ordered model (P4mm).
The authors report a stacking sequence +[0~]0 for the iron moment
with a small or no copper mament. In spite of this difference, Mombru
et al. obtained the same values as ours for the iron moment, the Néel
temperature, and the critical exponent 2. The observed reduction of
moment remains unclear in this ordered model.
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