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Abstract

It was found recently that multiferroic Pb(Fe; /,Nb; /2)O3 (PFN) has a complex crystal structure con-
taining nanoscale regions of Fe ions segregated into chemical clusters. This unusual property may have
exciting applications, for instance, in magnetic, electric or magnetoelectric devices, and it definitely has a
fundamental significance. However, this challenge will be unclaimed until one can find the way how to
control this property. In the present study, we investigate the possibility of using an epitaxial strain for
these purposes. We have performed first-principles calculations of the energies of different chemical con-
figurations of PFN for a wide range of the misfit strains. We found that the misfit strain does influence the
energy, magnetic moments, crystal shape, ferroelectric and even antiferroelectric polarization of PFN, due
to a different response to strain of different chemical configurations. This makes the epitaxial strain one of

the most valuable candidates to control the chemical clustering in PFN.



Lead iron niobate Pb(Fe, ,Nb; 3)O3 (PFN) belongs to one of the most actively studied multi-

ferroics possessing simultaneously the ferroelectric (FE) and magnetic orders'=. On cooling, PFN

E4~6 2,3,6,7 6,8,9

undergoes F and magnetic phase transitions , it is supposed to have the FE relaxor->*" or
even birelaxor-properties’, while some of them might have extrinsic reasons'?. First-principles
calculations of the energies of different chemical configurations of PFN revealed an unusual ef-
fect of Fe nanoscale ordering'! influencing magnetic properties of PEN'2!3. In line with these
predictions, the studies of Mossbauer-'! and NMR-spectra'* showed that PFN is chemically inho-
mogeneous at nanoscale. Very probably, this evidence can explain the fact that the experimental
value of the Neel temperature, Ty =~ 150K, in PFN is much lower than the value estimated on the
basis of the random distribution of the Fe and Nb ions in the lattice'>. Similarly, calculations'!' and
experiment™''® showed that this kind of Fe ordering should take place also in Pb(Fe; 5 Ta; 5)O;3
(PFT), but, in Pb(Fe;/2Sb;/2)O3 (PFS), one may expect only local crystal structure excitations of
this kind. Glinchuk et.al'® explained unusual magnetic properties of the solid solutions of PFN and
PFT with lead zirconium tianate (PZT) by internal pressure in nano droplets of Fe that again sup-
ports the idea of Fe-clustering. However, one cannot exclude the possibility of a small admixture

of ferromagnetic or ferrimagnetic compounds, like PbFe;,0;9, in PEN?,

The self-organization of the Fe ions in PFN under discussion would be of great interest for
applications if one could control it. Previously, Li- doping was successfully used to change the de-
gree of the compositional ordering of B-site cations in Pb(B?fZB?E)Og perovskites with B** =Sc,
Yb and B>" =Nb, Ta?!?2, Li-doping was reported to decrease T’y in the PFN and PFT ceramics
by about 50K?*. However, it is more important to increase T}y up to near—-room temperatures that,
probably, can be done if one could increase the disorder of the B-ions in PFN. It was recently
reported that high-energy mechanical activation of Pb(B‘I’szi‘ﬁ)Og perovskite ceramics increases
the disorder of the B-site cations and increases Tx>**. However, further annealing decreased Ty
back?. Recently, there appeared an intriguing report about T values in a PEN thin film of about
200K!7. Moreover, in this film, a remnant magnetization was observed up to room temperature,

while, in bulk PFN single crystals, it vanished above 10 — 15K°.

One of the goals of the present study is to investigate the stability of different chemical con-
figurations of Fe in PEN films, from first principles, as a function of the misfit strain, and to char-
acterize these films by calculating their magnetic and FE properties. Another aim is to calculate
phase diagrams of the PFN films versus the misfit strain for each of the chemical configurations

considered. Note that the calculation of the phase diagrams of thin films versus strain has become
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rather popular nowadays. For example, such calculations were done within Landau-approach?®,
first-principles approaches?’, and effective Hamiltonian method?®%.

We performed the first-principles calculations within the local spin-density approximation
(LSDA+U technique)®*3! by employing the package for ab-initio computations “Vienna ab initio
simulation program” (VASP)*>3?. We used the generalized gradient approximation (GGA) in the
form proposed by Perdew, Burke, and Ernzerhof (PBE)**. We employed the functional obtained
by the Projector augmented-wave (PAW) method®. The supercells included 40 ions in the ge-
ometry 2 X 2 X 2, in terms of the primitive perovskite ABOj3 structure unit cells. The translation
vectors a, b, and ¢ were directed along [100], [010] and [001] main crystallographic axes. Four main
chemical configurations, found in Ref.!!, were considered. One is the most symmetric distribution
of the Fe and Nb ions with the Rock-Salt 1 : 1 - type order, which we will denote as configuration
(a). The other, configuration (b), is a planar 1:1 distribution of Fe and Nb, with the Fe and Nb
atomic planes perpendicular to the substrate. The third configuration, (c), contains the local Fe
and Nb clustering discussed in Ref.!! (to be shown below). At last, but not least, configuration (d)
is also planar, as configuration (b), but with the Fe and Nb planes in parallel with the substrate.

The self-consistent calculations of the parameter U responsible for the d — d Coulomb interac-
tion on Fe ions in BiFeOs gave U equal to 3.8 eV, and, in FeO, it is equal to 4.3 eV>’. Note that
the dependence of the stability of different chemical configurations on U in PFN has been already
studied earlier'!. Those results showed that small variations of this parameter do not change sig-
nificantly the relative energies of the chemical configurations in PFN. This is why, we employed
here the value of 4.0 eV discussed in Ref.!!, and we did not study here the change of the results
in response to the change of U. The k-point mesh was 4 x 4 x 4 and the cut-off energy for the
electrons was 500 eV. The magnetic structure was selected by choosing the minimum of the total
energy. Specifically, in all these structures, each Fe spin was antiferromagnetically arranged with
respect to the nearest Fe spins, independently of the chemical configuration. Only the most sym-
metric structure, (a), which did not have nearest-neighbor Fe pairs, had /-type antiferromagnetic
structure (the second nearest neighbors have opposite spin projections).

We structurally relaxed all supercells without any symmetry limitation. The epitaxial strain
conditions were imposed during the whole calculation via fixing two lattice vectors in the basal
plane and by automatic varying only the third lattice vector to minimize the forces. Specifically,
we selected the first two vectors as (a,0,0) and (0, a,0), where a is the lattice constant of the

substrate, which we supposed to be square-like. The third vector was (u,w, ¢), with all three
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quantities, u, w, and ¢, varied self-consistently until full convergence with the precision of energy
10~%eV. The misfit strain was changed from -4.5% to 4.5%.

Fig. 1 presents the dependence of the total energy of the four chemical configurations stud-
ied on the misfit strain. One can see that configuration (a) has the highest energy, in the whole
range of strain. Three other configurations compete each with the other: at small strain, the pla-
nar configurations are of the lowest energy, while, at large compressive strain, configuration (c)
dominates. Note that, at this highest compressive strain, the energy difference between different
configurations decreases that should make the sample more disordered, and, correspondingly, one
may expect increase of Ty, in line with experiment!'”.

Additional challenge is to study the crystallographic deformation and magnetic properties of
different chemical configurations of PFN versus the misfit strain. Fig. 2(1) presents the ¢/a ratio as
a function of the misfit strain. One can see that all four configurations have similar ¢/a ratio in the
range of the tensile strain (positive values of the misfit strain), but, in the range of the compressive
strain, configurations (a) and (d) have larger c/a than configurations (b) and (c). In configuration
(a), this increase happens in the way inherent to a phase transition to a supertetragonal phase (note
the abrupt change of the ¢/a ratio in configuration (a) at exactly the same misfit strain as in Fig.
D).

Interestingly, magnetic properties of the four different chemical configurations are also differ-
ent. As one can see from Fig. 2(2), the average magnitude of the magnetic moment per Fe ion in
the planar configuration (d) is the lowest in the compressive strain region, and configuration (b)
has the smallest magnetic moment in the tensile strain region. The largest magnetic moment exists
in the symmetric configuration (a) in the whole range of strain. It is interesting that this moment
abruptly changes (decreases) at the phase transition to the supertetragonal phase, on the increase
of the magnitude of the compressive strain.

In order to characterize the results better, we calculated polarization, by using the atomic dis-
placements and calculated by us dynamical charges. The results are shown in Figure 3. For all
configurations, three different regions can be selected, which drastically differ by the morphology
of the polarization. In region I, we have a tetragonal or quasi-tetragonal structure. We denoted it as
¢, in line with Pertsev notations?®. Almost all the electric dipoles, in this phase, look out of plane.
Configurations (a), (c), and (d) in region II, have the symmetry of r type, in Pertsev notations,
which implies that the out-of-plane and in-plane components of polarization are comparable. In

configuration (b), this symmetry is of ac type. This unusual symmetry is a consequence of the

4



symmetry of the Nb and Fe planes. In configuration (b), these planes are arranged perpendicular
to the substrate. Such arrangement dictates the symmetry of polarization: it is directed along the
Nb-and-Fe planes that can be explained by the large electric polarizability of the Nb planes. Thus,
by engineering the atomic structure of PFN one can control the direction (and magnitude) of the
polarization. Finally, region III, contains mostly the in-plane dipoles. However, there is still some
difference between configurations (a), (c), and (d), on the one hand, and (b) on the other: config-
uration (b) has two different in-plane components (x and y), while configurations (a), (c), and (d)

are orthorhombic.

We found the polarization in PFN strongly inhomogeneous. In order to characterize this in-
homogeneity, we calculated the antiferroelectric (AFE) polarization: PAFZ (q) = % > p,eiari,
where q is the wave vector, V' is the volume of the supercell, p; is the dipole moment associated
with the atomic displacement and calculated with the use of the Berry phases, and r; is the atomic
centrosymmetric coordinate of the ion. Fig. 4 presents the results of the calculations of this AFE
polarization. One can see that this polarization is significant in the whole range of the strain and
in all chemical configurations, but the type of this polarization is different. For example, in con-
figuration (a), in the range of tensile strain, the AFE moment is along z, but it switches to (110)
direction in the range of compressive strain. The g-vector, in this configurations is (1/2,1/2,1/2).
Interestingly the value of the AFE polarization for configuration (a) is the largest among the con-
figurations considered. This fact is in line with the well documented data that the PbBi’fQNbl /203

perovskites are AFE in the highly-ordered state and FE in the disordered state?!*?

. The largest
AFE component in configuration (b) is perpendicular to the Nb and Fe planes and has q-vector
(0,1/2,0). Configuration (c) has a similar AFE polarization, but in all three directions, z, y,
and z. At last, configuration (d), which is planar, has AFE polarization perpendicular to the Nb
and Fe planes, as in configuration (b). Note that AFE polarization was also found recently in
PbMg; /3Nb, /303 and BaZr; 2 Ti; 205 relaxors®®-°.

The results obtained in this study are in good accord with the previous results of other au-
thors on similar objects. For example, it was found theoretically, from first principles® and
experimentally*! that the (001) BiFeOj3 thin films change their symmetry from the monoclinic
C'c to tetragonal C'm phase under some compressive strain. The phase transition between these
two phases is followed by a strong increase of ¢/a. We found similar situation in all chemical
configurations, but only in configuration (a) this phase transformation is abrupt. In contrast to this

f,42

fact, for example, in Ref.**, it was found that PZT, under two-dimensional tensile strain, has only
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in-plane polarization components. We obtained similar results for all chemical configurations of
PFN.

We found out that, in PEN, in all chemical configurations, in the whole range of strain, the
polarization is locally inhomogeneous, and this inhomogeneity depends on the distribution of the
Nb and Fe ions. We characterize this inhomogeneity by the introduction of the AFE polarization.
For example, in configuration (a) we found out that this AFE polarization has (1/2,1/2,1/2)
order. This implies that each dipole, say, on the Pb ions, is surrounded by opposite Pb related
dipoles on the nearest neighbor Pb sites. In contrast to this, the other chemical configurations have
planar arrangement of the dipoles: one Pb layer has dipoles in one direction and the next Pb layer
has oppositely directed dipoles.

We also found that the directions of the largest components of AFE polarization are, in most
cases, perpendicular to the direction of polarization. For instance, in configuration (a) at large
compressive strain, the polarization is along c, that is perpendicular to the substrate, but the AFE
polarization is along [110] direction. In configuration (b), the main component of polarization is
along x, while the main component of the AFE polarization is along y. In configurations (c) and
(d), at large tensile strain, the polarization is in-plane of the substrate, but the AFE polarization is
out of plane. At the same time, in cases (c) and (d), at large compressive strain, both the FE and
AFE polarization look out of plane. Thus, besides the “normal” dependence of the polarization
direction on the misfit strain, in PFN, there exists some periodic tilting of polarization, which,
very probably, originates from the polarization inhomogeneity of the lead displacements due to
their interactions with the FE active Nb ions, because this AFE polarization strongly depends on
the chemical configuration considered.

In conclusion, we obtained that the energy difference between different chemical configurations
of PFN decreases on the compressive strain. This can make the distribution of the Fe and Nb ions
in the lattice more disordered in range I than in range II. Structural and magnetic properties of the
films with different chemical order are also different. For example, only configuration (a) shows
the abrupt phase transition to the supertetragonal phase that is followed with the jumps of the
c¢/a ratio and average magnetic moment magnitude. On the other hand, the qualitative change in
all chemical configurations is similar: the increase of the compressive strain increases ¢/a ratio
and decreases magnetic moment on Fe. The calculated phase diagrams show that some of their
details depend on the chemical configuration. For example, region III in configuration (b) has

monoclinic FE order, whereas configurations (a), (c), and (d) have orthorhombic order. In region
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II, configuration (b) shows orthorhombic FE order, while configurations (a), (c), and (d) are nearly
rhombohedral. We have discovered the presence of the AFE order in PFN, and this order proves
very dependent on the strain and chemical configuration. The results obtained show that the strain
engineering can be successfully used to modify not only FE, AFE, and magnetic properties, but
also can change the degree of Fe ordering influencing different characteristics of the multiferroic

thin films and superstructures via the change of the chemical order.
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Captions

Fig.1. Dependence of the total energy of the four chemical configurations in PFN on the misfit
strain. The insets show the crystal structure for the chemical configurations studied.

Fig. 2. Dependence of the c/a ratio (1) and average magnetic moment (2) on the misfit strain in
different chemical configurations of PFN.

Fig. 3. Polarization of PFN thin film vs misfit strain calculated for four different configurations
of Fe and Nb cations. The symmetry is denoted by using Pertsev notations?S.

Fig. 4. AFE Polarization in PFN thin film vs misfit strain calculated for four different chemical

configurations.
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