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Magnetic properties of PbFe;,,Nb;,,03: Mossbauer spectroscopy and first-principles calculations
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Magnetic properties of magnetoelectric PbFe;,Nb;,,O3; (PFN) have been studied with the help of Mossbauer
spectroscopy. In contrast to the belief that Nb and Fe are randomly distributed in the lattice, we found that the Fe
ions occupy two crystallographic positions, which differ by the quadrupole splitting and magnetic field mirroring
the difference in the nearest neighbor environment of the Fe ions. The ratio of the weights of these positions is
2.3, at 14 K. First-principles calculations provide a microscopic insight of this finding.
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I. INTRODUCTION

PbFe;,Nb;,,O03 (PFN) is a multiferroic promising a very
good magnetoelectric performance, under a field-cooling
protocol.! PFN undergoes phase transitions, on cooling, from
the cubic paraelectric to tetragonal ferroelectric phase, at
Tc1 ~ 370-380 K, and then to the rhombohedral'=3 (or
monoclinic)*’ ferroelectric phase, at T¢cs ~ 350-360 K, and,
finally, to the G-type antiferromagnetic (AFM) phase at
Ty ~ 150 K.>%8 It is believed that such a magnetic order
is a result of the crystallographic disorder of the Fe and Nb
positions over the same cubic sites resulting in a large number
of the antisite defects.> However, limited Fe segregation®’ or
some unknown special crystallographic order'®!! can also be
in line with this magnetic order. NMR studies of **Nb and
170 revealed two types of Nb ions in PFN lattice.!' However,
microscopic data about Fe clustering have been absent.

Besides the AFM phase transition, PFN exhibits also a
lower-temperature magnetic anomaly at 7 &~ 10-20 K.>12-14
This anomaly was, at first, attributed to the superexchange
interaction taking place via —Fe—O-Nb—O-Fe- pathways
caused by the local short-range chemical ordering of the Fe?*
and Nb>* ions.!” However, experiments on the temperature
and magnetic field dependency of the magnetic susceptibility
have shown that this anomaly marks the magnetic glass phase
transition rather than the AFM or ferromagnetic (FM) phase
transition.>®!*!* This kind of spin glass phase transition
implies the presence in the lattice of PFN of dynamic spin
variables, in addition to the G-type antiferromagnetic order.
The presence of such dynamic spins was supposed in Ref. 6
as a result of the existence of the disconnected subspace
of isolated Fe 3d ions as additions to the segregated finite
Fe clusters. However, still, there is a lack of a microscopic
model of this phenomenon. Indeed, Fe segregation would
resultin a large space charge, which can misbalance the crystal
lattice. To answer the aforementioned questions, we employed
Mossbauer spectroscopy in combination with first-principles
calculations. These data reveal unusual Fe clustering in the
lattice, owing to the strong electron-electron correlations in
the 3d shell of Fe.

II. EXPERIMENT

Mossbauer spectra were recorded in the transmitting mode
with the help of an MS1104Em spectrometer by using >’ Co(Cr)
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as the source for the gamma rays. The sample was cooled
down in the chamber of an He refrigerating cryostat CCS-850
(Janis Research). The treatment of the spectra was done with
the UNIVEMMS code.® The isomer shifts were measured with
respect to alpha-Fe, at 14 and 300 K. In order to record a
high-quality Mossbauer spectra, we enriched PFN with >’Fe
isotope at the level of 15% of the total Fe content. The
>TFe-enriched sample was obtained by a solid state reaction
of the starting oxides at 1000°C. The phase purity of the
sample was controlled by the x-ray diffraction and only
the rhombohedral perovskite phase was detected at room
temperature. As soon as, in the STRe-enriched sample, the
relative value of the Mossbauer effectat 7 < Ty did not exceed
2%, we appreciably increased the recording time, in order
to obtain good enough statistics. As a result, the Mossbauer
spectrum recorded at 14 K contained nearly 7 000 000 counts
that is about 30 times larger than, to the best of our knowledge,
in the Mossbauer spectra of PFN recorded in the AFM phase
by other authors.'> Figure 1 presents the resulting Mossbauer
spectrum of PFN obtained at 14 K. The analysis of this
spectrum by using only one sextet, as it was assumed in
previous works,'> gives a very high value of the chi-squared
criterion of fitting (Pearson criterion), of about 4.13. Normally,
this value should be close to 1. When we used for fitting two
sextets, the chi-squared value was reduced by about 2.5 times,
and proved to be much closer to 1, (chi square equals 1.66 in
this fit). Each of these sextets corresponds to the well-known
Mossbauer spectrum of Fe3*. Indeed, the isomer shift (IS),
for both sextets, is approximately of the same magnitude,
and its value (about 0.54 mm/s relative to metallic iron)
shows that all Fe ions are in the Fe3*state. The magnitude
of the magnetic hyperfine field at the Fe nuclei (H) in two
sextets differs by about 10%. This difference can be caused
by a different number of Fe ions in the nearest surrounding
of the Fe ions. The ratio of the sextets’ areas S is 2.3 at
14 K. One can assume that the origin of these two sextets
is the presence, in the crystal lattice of PFN, of two different
Fe positions differing by their environment. Below, we will
discuss a possible scenario for this environment, based on our
first-principles calculations.

At room temperature, the Mossbauer >’ Fe spectrum of PFN
appears to be a doublet (Fig. 2), which is a consequence of
the disorder in PEN, or a special order, of the ions of Fe3t
and Nb>* having rather different charges, and producing a
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FIG. 1. (Color online) Mossbauer spectrum at 14 K of the PEN
sample enriched by the 3’Fe isotope. Points mark the experimental
data; the red solid line is the result of fitting the spectrum by two
sextets shown by different lines.

strongly inhomogeneous electric field (see also Refs. 15-17
and references therein). In contrast to this, the Mdssbauer >’ Fe
spectrum of the highly ordered (in the rock-salt structure)
PbFe;,,Sb; /03 perovskite appears to be a singlet, at room
temperature.'® These data imply that the Fe ions in PFN
are either disordered or ordered in other than the rock-salt
structure. By taking into account that, in the low-temperature
AFM phase, there are two Fe positions, it is natural to use two
doublets for fitting the Mossbauer spectra in the paramagnetic
phase. We performed the fitting of the spectrum obtained at
room temperature in two ways, assuming the presence in the
spectrum of one and two doublets (see Table I). Although
both resulting fits provide approximately the same Pearson
X2 magnitudes, with both values close to 1, the line width
I in these fits becomes somewhat smaller, when using two
doublets. Both doublets have an IS of 0.41 mm/s inherent to
Fe3* (relative to the metallic iron). Notice that Refs. 15-17
also report for PFN a similar value of IS. When fitting the
spectrum by two doublets, we obtained a large difference
between the corresponding quadrupole splitting E€ values
(see Table I), implying that the surroundings of the corre-
sponding Fe** ions in two different Fe positions may differ
appreciably. A specific microscopic model will be discussed
below.
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FIG. 2. (Color online) Mossbauer spectrum at 300 K of the PEN
sample enriched by the 3'Fe isotope. Points mark the experimental
data; the red solid line is the result of fitting the spectrum by (a) one
doublet and (b) two doublets shown by different lines.

III. THEORY

To get microscopic insight into the crystal and magnetic
structures of double perovskites, we employed the ab initio
package VASP,'” with the LDA-PAW pseudopotentials®® in
the LSDA + U approximation. For the sake of comparison,
besides PFN, we calculated also PbFe;/,Sb;,,03 (PFS) and
PbFe;;Ta; ;03 (PFT). The U parameter was employed only
on the Fe sites, and U, at first, was equal to 4 eV (then we

TABLE I. Parameters of Mossbauer spectra of the PFN sample enriched by the Fe’ isotope, measured at 300 and 14 K. IS is the isomer
shift relative to a-Fe; ¢ is the apparent quadrupole shift; E€ is the quadrupole splitting; H is the magnetic hyperfine field; S is the relative
area of the doublet (sextet); I" is the linewidth of the Mdssbauer spectrum; 2 is the chi-squared criterion of fitting (Pearson criterion).

Components used

for spectrum IS + 0.05 g +0.02 E? +£0.05 H=£05 I' £0.05
T (K) deconvolution (mm/s) (mm/s) (mm/s) (kOe) S+0.5(%) (mm/s) X2
200K One doublet 0.41 0.40 100 0.40 1.01
1 041 0.35 71.7 0.36
Two doublets 2 0.41 0.62 223 0.38 0.99
One sextet 0.54 0.05 483.8 100 1.03 4.13
14K Two sextets 1 0.54 0.05 488.9 69.5 0.90 L66
) 2 0.55 0.02 4349 30.5 1.23 ’
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FIG. 3. (Color online) Different chemical configurations of Fe in
a 2x2x2 supercell of PFB (B = Nb, Ta, and Sb).

varied it to see the difference). The k mesh and supercell
were 3 x 3 x 3 and 2 x 2 x 2, respectively, and included
four Fe and four B ions (B = Nb, Ta, Sb). The translation
vectors were initially selected as (200), (020), and (002),
but, then, were relaxed without any restrictions. We tried
several chemical configurations shown in Fig. 3 for the ions
on the cube (each of these configurations was translated in
all three directions, as described above). Table II provides
the energies (in eV) obtained by us in this self-consistent
spin-dependent calculation. For all configurations, an AFM
order of the nearest spins corresponds to the ground magnetic
state.

By comparing the energies in Table II, one can see that,
in PEN and PFT, the ground state is the AFM configurations
of PFB4 and PFBS, while, for PFS, the ground state is PFBO.

TABLE II. Energy difference (eV), with respect to PFBO, in
different chemical configurations of PFB (B = Nb, Ta, and Sb),
as obtained from the present first-principles calculations.

Configuration B =Nb B=Ta B =Sb
PFBO 0 0 0

PFB1 0.3324 0.35876 0.78895
PFB2 0.09034 0.07298 0.60445
PFB3 —0.05398 —0.09746 0.65441
PFB4 —0.36283 —0.41624 0.30435
PFB5 —0.49511 —0.5606 0.28831
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This striking difference corresponds to the above mentioned'®
difference in the shape of the Mossbauer spectra of PFS and
PFN: The former, at room temperature, presents a singlet,
while the latter is a doublet.

Our calculations show that all these configurations in PFN
have a polarization along the [111] direction, with a magnitude
of 0.55-0.6 C/m?. The tilting angle is also in the [111]
direction, and reaches 0.12 radians. The calculated value of
polarization correlates rather well with the one experimentally
determined at room temperature, from the hysteresis loop
measurement in PFN ceramics, and having a value of about
0.3 C/m? %! taking into account that the crystallites in ceramics
are oriented randomly.

In order to study the dependence of the result on the
choice of U, we performed calculations for PFN in the LDA
approximation, which showed that the ground state is PFBO,
rather than PFB4 or PFB5. Notice that PFBO cannot have the
G-type AFM order, but has the I-type AFM order, instead. It
is interesting that LSDA calculations, with U = 0, provided
a very different result, with respect to U = 4eV. According
to these calculations, the ground state is the antiferromagnetic
PFB4 configuration, though PFBO, still, has a close energy.
However, when using U =2 eVand U = 6 eV, we got, again,
as in the case of U = 4 eV, that the ground state is the AFM
PFB4 and PFBS5 configurations. Thus, the stability of these
configuration owes to the strong electron-electron interaction
in the 3d shell of Fe.

IV. DISCUSSION

Our theoretical analysis of the calculated crystal positions
of Fe in double perovskites PFB (B = Nb, Ta, and Sb) has
revealed that there are, at least, four different sorts of such
positions for 3’Fe Mossbauer probe atoms, which can be
recognized by Mossbauer spectroscopy (Fig. 4): (i) Fe in Fe
chains with the coordination number of each Fe by other Fe
ions equal to 2, v = 2; (ii) Fe in the Fe chains or Fe planes
having coordination number v = 4; (iii) Fe surrounded by only
nonmagnetic ions, v = 0, and, finally, (iv) Fe is surrounded
by six other Fe ions, v = 6. Let us consider the example of
the most populated configuration. Notice that configuration

Fel - positions Fell - positions

56 57
Fe Fe

v=2 v=4 v=0 v="06

FIG. 4. (Color online) Classification of the >’ Fe Mdssbauer probe
atom’s positions in disordered double perovskites PFB (B = Nb, Ta)
in our model. Only Fe ions are shown. See the text for the description

of the notations.
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PFBS5, though having the lowest internal energy in PFN and
PFT, has a smaller configurational weight compared to PFB4.
In configurations PFB4, one Fe ion has v = 4, two have v = 2,
and one has v = 0. If one considers a simple model, in which
the quadrupole moment is composed from the charges of the
Fe and nonmagnetic B ions occupying the ideal cubic positions
then the cases of v = 2 and v = 4 can be joined in one group
(to be denoted as the Fel position), because they have the same
finite quadrupole moment, whereas the cases v = 0and v = 6
organize another group (to be denoted as the Fell position) with
zero quadrupole moment (the real quadrupole moment in these
positions can be finite because of the inhomogeneous strain).
In reality, the quadrupole moment may depend on some other
parameters, and we simply assume that there are two groups of
the Fe positions, Fel and Fell, one with a larger and the other
with a smaller quadrupole moment. The same groups of Fe
positions have different hyperfine magnetic splitting. Indeed,
at low temperatures, the weight of the v = 0 position in the
Fell group was found in our calculations large compared to
the v = 6 position. At the same time, one can assume that
the v = 0 position, which does not have other Fe ions in the
nearest environment, possesses a less hyperfine magnetic field
than the field at the (more Fe-dense) Fel positions (in our
first-principles calculations, we see this by the magnitude of
the magnetic moment on the corresponding Fe positions). In
configuration PFB4, there is a 3:1 proportion of the Fel and
Fell positions. On the basis of the analysis of our experimental
data one can conclude that the more populated sextet may
correspond to the Fel positions having a larger quadrupole
moment and hyperfine magnetic field compared to the less
populated Fell positions (at low temperatures, mostly v = 0).
Thus, the Fell positions are responsible for sextet 2. This
model, indeed, corresponds to our experimental data showing
alarger apparent quadrupole shift and hyperfine magnetic field
in the first sextet compared to the second one. The experimental
ratio of the sextet’s areas 2.3 is close to the model ratio 3.
Another situation may occur at room temperature, where the
weight of the v = 0 position in the Mossbauer spectrum can be
smaller than the weight of the v = 6 configuration (because
of the stronger thermally stimulated dynamics at the v =0
positions at high temperatures). Notice that in the simple
point-charge model, the quadrupole moment of the v =6
configuration is much smaller than the quadrupole moment
at the Fel positions (supposedly, mostly v = 4 from the Fel
group at high temperatures). This estimation corresponds to
our experimental data showing that, at room temperature,
the less populated doublet (hypothetically, the Fel position)
has a larger quadrupole splitting than the more populated
doublet (hypothetically, v = 6 positions belonging to the
Fell group).

In our opinion, percolation of the AFM interactions through
the lattice is the most important clue for the formation
of the mean-field Neel temperature. Without such a perco-
lation, the Neel temperature should disappear, but a glass
state can emerge instead. The coexistence of the mean-field
(infinite) percolation cluster together with the finite-size
percolation clusters is a well-known consequence of the theory
of percolation.?? Thus, the presence in the lattice of the Fel
positions belonging to the infinite AFM percolation cluster,
from the one hand, and of the separated Fe islands possessing
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a finite total spin, from the other hand, well corresponds to
the magnetic phase diagram of PFN involving two different
magnetic phase transition temperatures. Kleemann et al.®
related the coupling of the spins of the lone Fe positions
surrounded by only nonmagnetic ions to the low-temperature
glass phase transition. Our calculations confirm that such
positions are rather probable in PFN, and, according to our
classification, they belong to the Fell group. We relate the
coupling of the spins in the Fell group to the spin-glass phase
transition, while, we think that the Fel group is responsible
for the formation of the AFM phase. It is worth noting that,
in well-ordered PFS, there is only one group, v =0, but
this group is responsible for the weak AFM coupling of the
I type, instead of the glass phase, because of the high degree
of ordering. Thus, in the well-ordered double perovskites,
one should expect only one low-temperature phase transition.
Interestingly, such behavior was experimentally observed in
highly ordered double perovskite SrFe;/,Sb;,,03, by means
of neutron scattering.??

In order to compare our model with experiment quan-
titatively, one needs to calculate the hyperfine magnetic
fields, quadrupole moments, apparent quadrupole shift, and
quadrupole splitting in different chemical configurations.
First-principles calculations of these quantities require further
theoretical fundamental studies and implementations in the
codes. We believe the way of the straight first-principles
calculations, which was recently employed in Ref. 24 for the
calculation of 7O NMR spectra, is most promising.

In conclusion, we managed to experimentally find two
different crystallographic positions of Fe in PFN. On the basis
of first-principles calculations, we have shown that the Fe
ions in PFN and PFT experience clustering and, simultane-
ously, exist as lone impurities in the matrix of nonmagnetic
ions. In the disordered environment, the lone Fe ions and
other Fe clusters having total spin moment can organize a
ferromagnetic phase, on field cooling, or the glass phase, on
zero-field cooling, in line with the existing experiments.®>
The other Fe positions belonging to the infinite percolation
AFM cluster are responsible for the formation of the Neel
temperature. We speculate that these two groups of the 3'Fe
Mossbauer probe atom positions, one being responsible for
the spin-glass phase and the other for the AFM phase, can
be distinguished by Mossbauer spectroscopy because these
positions possess different quadrupole moment and hyperfine
magnetic field. In contrast to PFN and PFT, we found out
that Fe in PFS does not have the intention to clustering,
and rather organizes the rock-salt ordered structure having
the AFM order of Fe of the I type. Thus, by controlling the
clustering phenomena, one may control important magnetic
and, very probably, magnetoelectric properties of double
perovskites.
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