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The effect of replacing Y by Gd and Ba by Sr in YBaCuFeOjy is studied by Fourier Transform Infrared
spectroscopy, >’ Fe Méssbauer spectroscopy and DC susceptibility measurements. Site disorder is inferred from
FTIR and Mdssbauer spectra using a Maximum-Entropy-Method. A doping dependence of the IR peaks and the
hyperfine parameters is explained in terms of bonding energies and electric field gradient variations in the
crystal lattice caused by Fe/Cu site disorder. We find an influence of doping on the structural and magnetic

properties through a correlation of hyperfine parameters such as the electric quadrupole splitting and the
magnetic hyperfine field. We also find that a paramagnetic volume fraction appears for GdBaCuFeO; that
increases upon Sr doping at the Ba site. The different behavior of the susceptibility upon replacing Y by Gd
is attributed to the lack of a favorable environment to enable a Gd-Fe or Gd-Cu exchange interaction.

1. Introduction

Multiferroics are materials where ferroelectric and (ferro)magnetic
orders are present, and the potential coupling between these orders
makes these materials interesting for technological applications [1,2].
BiFeO; is probably one of the most famous examples of multiferroics,
where the ferroelectricity is caused by a Bi 6s? lone pair that creates
a charge imbalance in the unit cell leading to an electric polarization,
and the magnetic order is caused by exchange interactions between Fe
moments [3]. TbMnOj is another remarkable example of multiferroics,
though it belongs to another type of multiferroics where ferroelec-
tric and magnetic order are correlated; usually the onset of a spiral
magnetic state is accompanied by the observation of a robust electric
polarization [4]. Magnetically frustrated YBaCuFeOs is a material that
can potentially host multiferroicity at room temperature, and hence its
interest [5-13]. Its crystal structure is composed by bipyramids formed
by Fe/Cu atoms in the base of the pyramids and O atoms in their
vertices, in which between these bipyramids are located Ba atoms, and
Y atoms are located between the bipyramid layers [6,11,14,15]. The
crystal symmetry is tetragonal with space group P4 mm confirmed by
detailed X-ray and neutron diffraction [6,7,11,16,17], and Raman and

Fourier transform infrared (FTIR) spectroscopies [18]. The crystal struc-
ture is shown in Fig. 1. YBaCuFeO;s shows two magnetic transitions;
one from paramagnetic to collinear antiferromagnetic (AFM) order at
approximately T, ~450 K, and another from the collinear AFM to a
spiral AFM state at approximately Ty, ~200 K [14-16]. Ferroelectric
response and large dielectric constant below Ty, has been reported for
YBaCuFeOs as well [5,6,8,9,19], which suggest this compound may
have a multiferroic nature. ’Fe Mossbauer studies have revealed a
broadened sextet at room temperature [14-16,20], due to the onset
of collinear AFM order combined with inequivalent Fe sites observed
in the paramagnetic phase [16], and the resonance line broadening
persists at low temperatures.

Further interest has arisen around YBaCuFeOj after it was demon-
strated that is one of the few examples where spiral order is enhanced
by Fe/Cus site disorder [6,7,11,17,21,22]. This site disorder has allowed
the increase of Ty, up to values above room temperature. A strong
correlation between site disorder, magnetic incommensurability and
the increase of Ty, is explained by the different magnetic exchange
interactions that can arise between neighboring Fe/Cu moments. In
the perfectly ordered structure, i.e. bipyramids formed by Fe and Cu
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Fig. 1. Crystal structure of YBaCuFeO; [14]. Dark green spheres represent Y/Gd
atoms, light green spheres represent Ba/Sr atoms, Fe/Cu atoms are represented with
light blue/dark blue spheres, and oxygen is represented with red spheres. The Fe/Cu
bipyramids are also shown.

pyramids throughout the crystal, AFM interactions in the ab plane as
well as along the ¢ axis leading to a collinear AFM order are expected;
if site disorder is present, Fe-Fe and Cu-Cu pairs begin to form, and
the Fe-Fe bipyramids are considered as responsible for the onset of the
spiral state [6,11,21,22].

One possibility to control the Fe/Cu site disorder is tuning it by
control of the sintering conditions; the faster the cooling conditions
after heat treatment, the larger the site disorder [6,11,17]. This en-
hanced site disorder is accompanied with a larger incommensurability
of the spiral wave vector (k = (1/2,1/2,1/2+ q) where q is the
magnetic modulation parameter) below Ty, and with the size and
separation between bipyramids in the crystal structure. This sensitivity
to small perturbations in the crystal structure can be also exploited by
replacing Ba by Ca and Sr [7,11,23-25], or by replacing Y by rare
earth elements [11,20,26,27]. Ty, has been increased up to 300 K
for DyBaCuFeOs, which is above room temperature and stands as a
promising material for technological applications [11]. Also recently,
the structural analysis previously reported for the samples used in this
study suggests that the effect of increasing the ionic radius at the
Y and Ba sites leads to the increase of key parameters such as the
tetragonal distortion c¢/2a, the ratio between the bipyramid separating
layer distance d, and the bipyramid height d;, and the Fe-O and Cu-O
distances [28].

Providing a local view of the Fe/Cu site disorder and the influence
of cation substitutions will be important to understand further the
underlying mechanisms in the formation of the spiral structure below
Tx- and their relation to the magnetic ground state. In this manuscript,
we report FTIR, >’ Fe Méssbauer and magnetization measurements on
(Y,Gd)Ba,_,Sr,CuFeOs, and the results found give insight on the role
of local disorder induced by doping in different crystallographic sites
on the macroscopic and local magnetic response.

2. Materials and methods

Single phase polycrystalline samples of YBa,_, Sr,CuFeOs; and
GdBa,_,Sr, CuFeOs (x = 0,0.25,0.5) previously grown by the solid-state
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Fig. 2. FTIR spectra for YBa,_,Sr,CuFeOs (panels on the left (a-c)) and
GdBa,_,Sr,CuFeOs (panels on the right (d-f)) between 900-400 cm™'. The data points
are shown in blue for YBa,  Sr,CuFeOs and gray for GdBa,  Sr,CuFeOs, and the
vertical lines indicate the position of the bands.

reaction method has been used for this study [28]. Fourier trans-
form infrared (FTIR) spectroscopy experiments have been obtained at
room temperature using a IRPrestige-21 Shimadzu spectrophotometer
equipped with a diamond crystal cell for the total attenuated reflection
mode. The spectra were acquired by 8 scans per sample in the 4500 —
400 nm range, and the spectral resolution was set to 8 cm~!. 57Fe
Mossbauer spectra were measured in a standard Mossbauer spectrom-
eter in the transmission mode using a 3’Co:Rh source moving in a
constant velocity mode, and the measurements were performed at
80 K and 300 K using a liquid nitrogen cryostat. The analysis of the
Mossbauer spectra was performed by using the Moessfit software
package [29], which allows fitting models using magnetic hyperfine
field distributions calculated by the maximum entropy method (MEM)
and correlation between hyperfine parameters. Temperature-dependent
DC magnetization measurements were performed in a QuantumDesign
Physical Property Measurement System (PPMS) using the vibrating
sample mode (VSM) option, with temperatures ranging between 2 and
380 K and applied fields of 1 kOe.

3. Results
3.1. FTIR

Fig. 2 shows the FTIR spectra measured for YBa,_,Sr, CuFeOs (a—
¢) and GdBa,_,Sr,CuFeOs (d-f) in the 900-400 cm~! range, with
three strong and few weak bands, typical of perovskite layered com-
pounds [18,30]. Since the bands are somewhat broadened, the second
derivative of the IR transmission was calculated in order to facilitate
the extraction of the positions of the corresponding bands. The three
strong bands are positioned at 666.1-655.4 cm™! (strong v,), 596.3-
591.2 cm™! (strong v,) and 554.5-541.7 cm~! (strong v;), associated
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Table 1
Peak positions extracted from FTIR spectra measured for
YBa,_,Sr,CuFeO;.

Sample Yx=0 Y x=0.25 Y x=05

vi 653(2) 664(1) 666(2)

vy 595(1) 597(1) 598(1)

vy 548(2) 549(1) 552(1)

vy 466(4) 466(4) 466(3)

Vs 419(4) 419(3) 420(3)
Table 2

Peak positions extracted from FTIR spectra measured for
GdBa,_,Sr,CuFeOs.

Sample Gd x=0 Gd x=0.25 Gd x=05
v 656(2) 660(1) 667(2)
v, 594(1) 595(1) 595(1)
V3 548(2) 549(1) 549(1)
vy 464(4) 466(4) 474(3)
vs 421(4) 415(3) 417(3)

to the vibration of apical O1 atoms in the 15 Wyckoff position (v,),
and stretching of Cu-O2-Fe bonds in basal planes with O2 in the 2¢
Wyckoff position (v, and v;), respectively [18]. A variation of the
relative intensities of the v;-v; bands after replacing Y by Gd and by
replacing Ba by Sr in YBaCuFeOs is also noticed. The weak bands
observed are located at 469.1-460.2 cm~! (weak v,4) are associated
to Cu-O2-Fe vibrations, and bands located at 419.1-416.6 cm™! (weak
vs) are probably related to impurities or site defects. These results are
reported in Tables 1 and 2.

The displacements of the v, band towards higher values show that
the vibrations of the apical oxygen are very sensitive to variations of
the Sr content at the Ba site. Since the Ba site (1a Wyckoff position) is
in between the bipyramids, it is therefore expected that a smaller ionic
radius leads to smaller Cu/Fe-O distances, a larger bonding energy and
hence an increase in the wavenumber. The effect of Gd substitution at
the Y site (1a Wyckoff position) leads to an increase in ionic radius,
leading to a reduction of Cu/Fe-O distances, larger bonding energies
and to a further increase in the v, peak wavenumber. On the other
hand, the v, and v; bands, related to the basal vibrations of the Cu-O2-
Fe bonds, show a very small variation upon Sr doping, reflecting little
effect to the in-plane atomic bonds and distances [31].

Regarding the peak widths, only v, shows a consistent variation
from 43(4) cm™! to 63(4) cm™! for the YBa,_,Sr,CuFeOs, and from
52(10) cm~! to 58(4) cm~! for the GdBa,_,Sr,CuFeOs. This can be
understood by considering enhanced site disorder at the Fe/Cu sites by
doping [32]. This enhanced disorder seen in the basal Cu-O-Fe planes
will be connected to the magnetic behavior below.

3.2. Méssbauer spectroscopy

The 57Fe Méssbauer spectra measured for the YBa,_,Sr,CuFeOs
at 80 and 300 K are shown in Fig. 3(a)-(f), and the spectra for the
GdBa,_,Sr,CuFeOy are shown in Fig. 4(a)-(f). A sextet with broad
lines is observed for all the spectra, which confirm their magnetically
ordered nature in the measured temperatures. The GdBa,_, Sr,CuFeOs
spectra also show a paramagnetic doublet, which will be discussed
below.

Due to the line broadening observed in the spectra, a model using
a distribution of hyperfine fields is used. Nevertheless, a standard
histogram model for the magnetic hyperfine field was tested without
a satisfactory fit. One of the possible causes of the line broadening is
the presence of inequivalent Fe sites due to their local environment,
i.e. the influence of neighboring atoms on the Fe site, which is strongly
dependent on the growth conditions [6,11,16,17]. Previous Méssbauer
studies on YBaCuFeOs [14,16] and LaBaFe;sTijsMnO¢_s [33] have
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Fig. 3. Mossbauer spectra for YBa,_  Sr,CuFeOs; x = 0 at measured at 80 K (a) and
300 K (b), x =0.25 at 80 K (c¢) and 300 K (d), and x = 0.5 at 80 K (e) and 300 K (f).
Experimental data is represented by black dots, blue lines represent the fitted doublets,
green lines represent magnetic distribution and total fits are represented by red lines.

suggested that in the presence of site disorder at the Fe site, a distribu-
tion of quadrupole splitting values AE, should be expected, accounting
for the different local electric field gradient interactions for every set
of atoms in each configuration, as it was observed in the paramagnetic
state for YBaCuFeOs[16]. In addition, the role of different Fe-Fe, Fe-Cu
and Cu-Cu magnetic exchange interactions, as has been explained [21,
22], lead to different local Fe environments, hence different magnetic
hyperfine fields should be expected. For this reason, our approach
involves a hyperfine field distribution calculated using the Maximum
Entropy Method (MEM) [29], modeling the site inhomogeneities with
a linear dependence of the quadrupole splitting and the hyperfine
magnetic field. An equivalent approach would be the use of more than
one Fe sextet [14-16,20], however, it would be necessary to impose
constraints between the parameters to obtain meaningful results.

The above proposed model brings two challenges to this work: 1.
the Mossbauer spectra presented in this study were obtained below Ty,
which implies to take into account electric and magnetic interactions
simultaneously, and 2. the Mossbauer spectra at room temperature may
be in the spiral state if Ty, is above room temperature. These challenges
can be tackled by using a distribution of B, and a correlation between
AE, and the magnetic hyperfine field B, ;, which improved the quality
of the fits, in particular those regions close to the base of the resonance
lines, where a standard B, distribution was not sufficient to obtain
good fits.

This MEM method was used within the Full Hamiltonian site model
for the hyperfine parameters at the Fe sites. The fitted parameters were
the spectral area A, the isomer shift 5, the linewidth I', the magnetic
hyperfine field B,,, the quadrupole splitting AE,, the correlation
parameters between B, and AE, defined as a and b, and the angle
0 between B, and the electric field gradient main component V,,,
the latter assumed to be parallel to the crystallographic ¢ axis. For
comparison with the available data in the literature, we estimated the
quadrupole lineshift 2¢ from AE, and 6. For the GdBa,_,Sr,CuFeOs
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Table 3
Hyperfine parameters extracted from the fits shown in Figs. 3 and 4 for YBa,_,Sr,CuFeOs and GdBa,_,Sr,CuFeOs.

Sample T (K) & (mm/s) E (mm/s) Th/ 0 9 (°) 2¢ (mm/s) I' (mm/s) A (%)

Yx=0 300 0.306(7) 0.35(10) 36(7) 61.3(5) —0.05(2) 0.28(1) 100
80 0.405(3) 0.13(2) 50.1(1.9) 88.3(7) —0.06(1) 0.32(1) 100

Y x=025 300 0.299(8) 0.24(12) 35(7) 69.6(5) —0.08(4) 0.28(1) 100
80 0.394(3) 0.16(3) 49.5(1.9) 87.6(7) —0.08(1) 0.32(1) 100

Y x=05 300 0.285(20) 0.29(17) 32(10) 74.4(5) -0.11(7) 0.42(1) 100
80 0.394(3) 0.23(2) 49.9(1.4) 71.7(8) —-0.08(1) 0.35(1) 100

Gd x=0 300 0.303(12) 0.12(9) 33(6) 67.6(8) —0.03(2) 0.30(1) 88(1)
300 0.239(2) 0.25(2) - - - - 12(1)
80 0.508(6) 0.25(2) 49.9(1.8) 75.0(5) —-0.10(1) 0.30(1) 92(1)
80 0.327(2) 0.34(2) - - - - 8(2)

Gd x =0.25 300 0.286(2) 0.27(12) 32(8) 70.78(9) —0.09(4) 0.36(1) 91(1)
300 0.222(2) 0.25(5) - - - - 9(1)
80 0.500(4) 0.25(2) 49.1(1.6) 79.5(7) -0.11(1) 0.30(1) 96(1)
80 0.394(2) 0.34(2) - - - - 4(2)

Gd x=0.5 300 0.27 0.31(16) 31(9) 76.6(10) —-0.13(7) 0.34(1) 83(1)
300 0.229(2) 0.25(5) - - - - 17(1)
80 0.502(4) 0.31(2) 50.1(1.9) 72.08(7) -0.11(1) 0.30(1) 92(1)
80 0.399(1) 0.37(5) - - - - 8(2)
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Fig. 4. Mossbauer spectra for GdBa,_ Sr,CuFeOs x = 0 at measured at 80 K (a) and
300 K (b), x=0.25 at 80 K (c) and 300 K (d), and x = 0.5 at 80 K (e) and 300 K (f).
Experimental data is represented by black dots, blue lines represent the fitted doublets,
green lines represent magnetic distribution and total fits are represented by red lines.

spectra the same analysis was performed, but additional values of &,
AE, and A were necessary to fit the observed doublet. The Mdssbauer
spectra and best fits for YBa,_,Sr,CuFeOs are shown in Fig. 3(a)-(f),
for GdBa,_, Sr, CuFeOs in 4(a)—(f), the respective B, ’ distributions are
shown in Figs. 5 and 6, and all the corresponding hyperfine parameters

are shown in Tables 3 and 4.

The effect of Sr doping at the Ba site in YBa,_,Sr,CuFeOs and
GdBa, _,Sr, CuFeOj is reflected in the behavior of the hyperfine param-
eters displayed in Table 3. A progressive reduction of 5 with x for each
temperature is attributed to the effect of a positive chemical pressure
leading to a reduction of the cell volume [28]. Besides, § values for
both temperatures are indicative of a Fe3* valence state for Fe.

The magnetic hyperfine field distributions extracted from the fits
for YBa,_, Sr,CuFeOs and GdBa,_,Sr,CuFeOs are shown in Figs. 5 and
6, respectively, and the corresponding average hyperfine fields B_,,f for
each spectrum are presented in Table 3. It is seen that for YBaCuFeOsg
the magnetic hyperfine field distribution shape and average values (B_hf
is 36(7) T) are similar to others reported previously [14-16]. Similar
results are obtained for GdBa,_,Sr,CuFeOs (see Table 3). The large
range of hyperfine field values seen in their distributions at 300 K
are mainly due to the proximity of T, to the temperature in which
the spectra were obtained, and variations in the Fe local environment
or spin fluctuations persisting below T, may be responsible for vol-
umes in the sample with smaller hyperfine fields [15]. At 80 K, the
spectra for the YBa,_,Sr, CuFeO5 and GdBa,_, Sr, CuFeO5 show reduced
line broadening (Figs. 3 and 4), nevertheless, the magnetic hyperfine
field distributions in Figs. 5 and 6 show well defined peaks, and
the estimated B_hf values are close to those previously reported [14-
16]. Also, B_,,f shows a decrease with Sr doping for both sets of
samples at 300 K, which suggests that Sr doping may be causing
a decrease in Ty, in agreement with a reduction of Ty, upon Sr
doping previously reported [11]. The angle 6 between B, and V, is
also reported in Table 3. At 300 K, the value of 6§ increases with Sr
doping for YBa,_,Sr,CuFeOs while, at 80 K, B, remains aligned nearly
perpendicular to the c-axis. The average quadrupole splitting E is
estimated from the correlation between B, and AE, through a linear
dependence of the form AE;, = a+bB,,;; the obtained values for a and b
are shown in Table 4. These values imply that Fe sites with lower local
disorder caused by differences in the local charge distribution will have
larger magnetic hyperfine fields. This is reasonable if we consider that
Fe-Fe pairs will introduce frustration in the lattice by minor differences
and will have the largest exchange interactions [11]; the replacement
of Fe atoms by Cu near a Fe site will reduce the local field and enhance
the electrostatic distortion. Furthermore, this is qualitatively consistent
with EFG calculations reported previously [16], however, our method
is limited because it does not allow negative values of AE, and relies
strongly on the hypothesis that the linear relation between B,, and
AE is valid.

For comparison with previous studies, the quadrupole shift 2¢ =
% g% was calculated with the values obtained for AE, and
0, and is also reported for all the spectra in Table 3; the corresponding
uncertainties were estimated through error propagation of the uncer-
tainty of E. The E and 2¢ values at 300 K for YBa,_,Sr, CuFeOs
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Table 4

Correlation parameters a and b from the linear equation AE, =
a+bBy,, employed as correlation function between the hyper-
fine parameters obtained from the B, distributions extracted
from the fits of Mossbauer spectra of YBa,_,Sr,CuFeOs; and
GdBa,_,Sr,CuFeOs, shown in Figs. 5 and 6.

Sample T (K) a (mm/s) b (mm/sT)
Yx=0 300 0.87(6) —0.014(4)
Yx=0 80 0.65(1) —0.010(1)
Y x=025 300 0.84(6) —-0.017(4)
Y x=025 80 0.81(1) -0.013(1)
Y x=05 300 0.81(5) —-0.016(4)
Y x=05 80 0.78(1) —0.011(1)
Gd x=0 300 0.59(5) —0.014(4)
Gd x=0 80 0.82(1) -0.011(1)
Gd x =025 300 0.65(5) —-0.013(4)
Gd x =025 80 0.76(1) —-0.010(1)
Gd x=0.5 300 0.56(5) —-0.011(4)
Gd x=0.5 80 0.74(1) —0.009(1)

are consistent with those reported previously [14-16], however, the
large error bars (around 50%) do not allow any conclusion about
the Sr doping effect; for GdBa,_,Sr,CuFeOs an increase in AE, and

2e is more clearly seen upon Sr doping. This can be associated to
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the degree of lattice inhomogeneities at the Fe sites caused by the
enhanced Fe/Cu disorder combined with the intrinsic inhomogeneity
caused to the crystal lattice by a smaller Sr ion at the Ba site. At 80 K,
E and 2¢ show smaller variations between them upon doping, but
there is a marked difference between the values for YBa,_, Sr,CuFeO;
and GdBa,_,Sr,CuFeOs: an increase of the quadrupole values may be
influenced by the chemical compression of the lattice, leading to further
deformation of the electric Fe surroundings and increasing the electric
field gradient at the Fe site.

For the GdBa,_,Sr,CuFeOjs is observed the presence of a paramag-
netic doublet in all spectra, with é and AE, values smaller and larger
than the major phase, respectively. Also, according to the evolution
of the resonance area, its cause can be attributed to small volumes
of the sample with high local disorder or Fe/Cu clustering that may
have lower transition temperatures. This volume separation can be
unseen in techniques such as neutron diffraction, that has been largely
and successfully employed in the study of the influence of the Fe/Cu
site disorder, the g-vector incommensurability, and the increase in
Two [7,11,171.

3.3. Magnetization

Temperature-dependence of magnetic susceptibility measurements
between 2-380 K for YBa,_,Sr,CuFeOs and GdBa,_,Sr,CuFeOs are
shown in Fig. 7(a-f). Remarkable differences between the YBa,_,Sr,
CuFeOs and the GdBa,_,Sr,CuFeOs are seen: the observation of broad
peaks between 200-250 K related to Ty, for the YBa,_, Sr,CuFeOs
contrasting with the paramagnetic behavior of the GdBa,_, Sr,CuFeOs,
a three-order of magnitude difference in the magnetic susceptibility at
low temperatures, as well as the absence of any signature of magnetic
transitions for GdBa,_, Sr, CuFeOs, as reported previously [11].
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A shift of Ty, towards higher temperatures with Sr doping is
observed for the YBa,_,Sr,CuFeOs, starting from Ty, ~200 K at x =0
to Ty, ~245 K at x = 0.5 (Fig. 7(a)-(c)). This shift was expected,
being attributed to the effect of disorder induced by the Sr at the
Ba site [11,23]. Furthermore, there is an enhanced response at lower
temperatures for the YBa,_,Sr,CuFeOs; that may be related to the
possible mixture of magnetic phases reported previously. Also, the
maximum in the susceptibility at Ty, broadens because of the disorder
caused by the Sr doping. In addition, a feature is observed around 50 K,
associated to the paramagnetic response of a small fraction of oxygen
trapped in the sample holder. For YBa, 5Sry s CuFeOs, a third transition
is observed close to 10 K, whose origin may be attributed to the onset
of a different magnetic phase [11].

Regarding the behavior of the GdBa,_,Sr, CuFeOs, we observed a
dominant paramagnetic response for all the samples, suggesting that
the Gd moments are responsible for the macroscopic magnetic behav-
ior. The temperature-independent susceptibilities y, for GdBa,_,Sr,
CuFeOs with x = 0,0.25,0.5 are 0.004(1), 0.002(1) and 0.003(1) emu/
mol-Oe, respectively; the effective magnetic moments 4, are 7.78(1),
8.15(1) and 8.39(1)uy, all values relatively close to the free ion value
expected for Gd of 7.94 up; and the Curie-Weiss temperatures are
-1.07(2), —2.69(1) and —3.68(2) K, confirming the paramagnetic be-
havior observed. The Fe and Cu magnetic moments do not contribute to
the paramagnetic effective moment because they are already ordered,
as confirmed by Mdssbauer experiments.

The absence of any further transitions explored by and y,c
(not shown) implies that, within that sensitivity allowed by the tech-
nique, the GdBa,_,Sr,CuFeOs are paramagnetic. However, from Mdss-
bauer spectroscopy we confirm a magnetic state. This discrepancy can
be explained if the Gd moments are considered as non-interacting with
the Fe/Cu magnetic lattice due to the oxygen vacancies in the structure
that suppress possible forms to enable a superexchange interaction
between Gd and Fe/Cu, as in the simple rare-earth perovskites [34-38].

dd/x

4. Discussion

The effect caused in the crystal structure by doping on the YBa, _, Sr,
CuFeO5 and GdBa,_,Sr,CuFeOs is reflected in the line shift observed
by FTIR, where it has been found that the effect of Sr doping affects
mostly the apical oxygen dynamics. On the other hand, Mossbauer
spectroscopy reflect the chemical doping effect on § and AE,. In
particular for AE, an increase at low temperatures upon doping can be
associated to a distortion of the Fe/Cu bipyramids caused by the pos-
itive chemical effect induced by Sr doping. We see a similar behavior
when replacing Y by Gd. These effects have been addressed as well by
techniques such as synchrotron/neutron diffraction [11,17,39], and our
expectation is that it would also be possible to relate further changes
in parameters such as wavenumber shift, isomer shift or quadrupole
interaction with site disorder at the Fe/Cu site, but a thorough analysis
will be necessary.

Evidence for site disorder is also extracted from the increase in FTIR
wavenumber and AE, widths, which is ultimately related to the distri-
butions of B, extracted from the fits. At 300 K, the distributions shown
in Figs. 5 and 6 reflect that, upon Sr doping, the number of peaks and
their heights for small hyperfine fields increase. The resonance areas of
the paramagnetic site observed in Fig. 4 also increase with Sr-doping.
At 80 K, closer to the saturation of B, [15], both the distribution
peaks and the paramagnetic areas are reduced, suggesting that long-
range magnetic order is causing B, to have a sharper distribution,
probably because of long-range magnetic interactions and reduced spin
fluctuations that are not strongly affected by thermal fluctuations at this
temperature. It is worth mentioning that, at 80 K, Figs. 5 and 6 clearly
show at least 4 peaks that, within our model, could be associated to
different Fe site environments; the larger the B, the smaller the AE,
for that site, and thus a Fe site with large B, would correspond to a
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less distorted site by the Fe/Cu occupancies, i.e. a Fe site surrounded
by Fe atoms.

While the Sr-doping effect on the YBa,_,Sr,CuFeOs is clear from
FTIR, Mossbauer spectroscopy and magnetization, the corresponding
effect in the magnetization for GdBa,_, Sr, CuFeOj is barely seen, where
a paramagnetic response is observed. As previously reported [11], rare-
earth atom substitution at the Y site in YBaCuFeOs enables the control
of Fe/Cu site disorder and the crystal structure, while no apparent
signature of the spiral ordering temperature could be observed. This
is compatible with the Mossbauer spectra, where sextets indicative of
a hyperfine field at the Fe site confirm magnetic order, despite the
paramagnetic behavior in the magnetization (Fig. 7).

In rare-earth perovskites, it is observed the effect of RE-Fe moment
coupling and magnetic transitions at low temperatures attributed to
rare-earths [34-38]. Thus, the absence of such behavior in REBaCuFeOs
may be attributed to the differences between the perovskite structure
and that of YBaCuFeOs, where the oxygen missing from the structure
leads to the characteristic bipyramid scheme. The Fe/Cu site disorder
effects on the magnetic properties of doped-YBaCuFeOs should be
better observed using non-magnetic elements such as Sc, Lu or La,
although La is known to be stable in an orthorhombic structure and
showing magnetic order below room temperature [33,40]. Further
systematic studies on how doping affect locally the Fe surroundings
would also be desirable. Also, the ferroelectricity of the samples studied
in this work is yet to be confirmed.

5. Conclusions

The Fe/Cu site disorder in YBaCuFeOs either by Sr-doping at the
Ba site or by replacing Y by Gd was studied by FTIR, Mossbauer spec-
troscopy and magnetization measurements. The chemical substitutions
affect mostly the bipyramids along the c-axis, and the degree of Fe/Cu
site disorder affects directly the magnetic properties, as reflected by the
behavior of B, extracted from Mdossbauer analysis. The replacement of
Y by Gd only affects the crystal structure and the Fe/Cu disorder, while
the Gd magnetic moment apparently has no interplay with the Fe/Cu
magnetic moments.
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