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1. Introduction

Multiferroic materials, which exhibit two or
more ferroic orders, have an important potential
for technological applications in novel devices and
sensors. Among them, the paradigmatic BiFeOj3
shows multiferroicity at room temperature. It is
ferroelectric below T = 1100 K [1], with
spontaneaous polarization of around 90-100 #C cm 2
along the [111] pseudocubic direction [2; 3] and
antiferromagnetic below Ty = 640 K [4]. It has
a canted G-type antiferromagnetic ordering with a
cycloid spin modulation of 620 A wavelength around
the polar direction, its macroscopic magnetization
averaging to zero. Besides, weak ferromagnetism
has been reported in thin films and in nanoparticles
of BiFeOs [5; 6] and also in doped bulk compounds
where Bi** and/or Fe®" are substituted by other ions
with comparable radii [7].

The improvement of the multiferroic properties
at room temperature, the reduction of the leakage
currents and the enhancement of the piezoelectric re-
sponse as well as the presence of ferromagnetic order
is desirable. Many works have been devoted to these
goals and different strategies have been proposed. As
mentioned above, the effect of doping has received
considerable attention. For instance, the compres-
sive lattice distortion induced by Co substitution at Fe
sites, significantly enhances the magnetic properties
attaining a saturated magnetization of 0.09up (f.u.) at
300 K in BiFe(95C000503 bulk ceramics [8]. In ad-
dition, substitution of bismuth by ions with differ-
ent ionic radius, rare-earths for example,4s thought
to be an effective way of achieving ferromagnetism
at room temperature. Moreover, since the ferroelec-
tricity of BiFeOs arises from the Bi 65 lone-pair elec-
trons [2], chemical substitution of the perovskite’s A-
site can affect also the ferroelectric properties. In this
sense, doping with Y3* is expected to,induce lattice
distortions and to modify the magnetic'and,fefroelec-
tric properties, due to the fact that Y3 lacks a lone-
pair and has an ionic radius of 1.02 A, while the one
of Bi®* is of 1.17 A . In fagt, it is experimentally ob-
served that doping BiFeO3; nanoparticles with yttrium
enhances the ferromagnetic response, also lowers the
leakage currents, and supresses the formation of sec-
ondary phases usually found in BiFeO3 [9-12].

The structural variability of Bij_,Y,FeOs re-
ported in the literature is remarkable. For instance, in

Ref. 9, Saleh-Medina et al. found that there is a com-
positional driven structural modification attributed
to a thombohedral to tetragonal phase transition for
0.1 < x < 0.2 in Bij_,Y,FeO3 nanoparticles. This
is in agreement with Mishra et al., whotworked with
powder samples in the composition range 0. < x <
0.15 [13]. On the other hand, Sheng etwal. reportéd
a structural transition from rhombohedral R3¢ to or-
thorhombic Pna2; when increasing»x above 0.10 in
Bi;_, Y FeOj3 polycrystalline/films [14], this transition
was also found by Luo ef al. in‘céramic samples [15].
Moreover, in Ref. 16 a structural symmetry break-
ing from rhombohedral R3¢ to orthorhombic Pnma,
at x ~ 0.10, was identifiedsin powder samples across
a ferroelectric-paraelectfic phase transition. In fact, it
is clear that the nature and sequence of the structural
phase transitions as@ function of Y doping in this al-
loy, is still an open/question.

Up to the, best'of our knowledge there are
no reported ab“imitio caletilations for the Y-doped
compounds till now. In order to shed some light on
the unresolved issues and taking into account the well
known high. predictive ability of Density Functional
Theory (DFT), we study in this work the effect of
Y-doping on the structural and electronic properties
of bulk BiFeO3 making use of DFT calculations and
comparing, with experimental results, in particular
those of Ref. 9.

2. Computational Details

We perform first-principles calculations within
the framework of Density Functional Theory and
the projector augmented wave (PAW) method [17],
as implemented in the Vienna ab initio package
(VASP) [18; 19]. We explicitly treat 15 valence
electrons for Bi (5d106sz6p3), 16 for Fe (3sz3p63d6452),
6 for O (2522p4) and 11 for Y (4sz4p64d15sz). The
generalized gradient approximation (GGA) in the
parametrization of Perdew, Burke and Ernzerhof
(PBE) [20] is used. We include a Hubbard term with
U=4 eV for a better treatment of the Fe 3d-electrons
in BiFeOs [3]. All the DFT calculations are performed
using a 500 eV energy cutoff in the plane waves basis.

We work with a 2x2x2 supercell containing
8 unit cells of the pseudo-cubic perovskite, as
sketched in the left panel of figure 1.  This
supercell is compatible with the structural distortions
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that characterize the low-symmetry phases of many
perovskites, allowing us to study the stability of
different structural phases that might be present when
doping BiFeOs3; with yttrium (i.e.: R3¢, Pnma, Pna2y
and P4mm symmetries). With respect to the magnetic
structure in this material, the noncollinearity of
the Fe magnetic moments is known to be quite
minimal and, therefore we approximate the magnetic
configuration with a collinear model, when exploring
the structural phase transitions. The most relevant
antiferromagnetic (AFM) orders shown by the Fe
atoms in the considered oxides, G-AFM (AFM
coupling between first nearest neighbours), A-AFM
(ferromagnetic (FM) coupling within the (001) planes
and AFM between adjacent planes) and C-AFM (AFM
within the (001) planes and FM between adjacent
planes), can also be described with the used supercell.
With this 40-atom unit cell, we are able to take into
account the following Y concentrations: 12.5%, 25%,
37.5% and 50%.

In order to explore lower Y-concentrations, as
those achieved in the experiments [9], we also
perform calculations in a 1x1x2 hexagonal R3c cell
containing 12 formula units, as it is shown in the right
panel of figure 1. Within this 60-atom unit cell, we
are able to take into account the following values of
Y-doping: 8.33%, 16.66%, 25%, 33% and 41.67% and
50%.

It is worthy to mention that the insertion of Y-
dopants in BiFeOj3, within all the studied symmetries,
produces small distortions in the corresponding
structures, as we do not introduce any constraints,
neither on the angles nor in the bonding-lengths,
when performing the calculations. Nevertheless, we
keep the corresponding symmetry labels (i.e.: R3g;
Pnma, Pna2y; and P4mm) in order to, trace back
the original structural prototypes, as=theyinduced
distortions are slight.

For the 40-atom unit cell we use a 5X5x5
Monkhorst-Pack k-point grid cenffered at the I-point
to evaluate integrals within the Brilloingzone (BZ),
while a 5x5x2 grid is used for the hexagonal cell. The
structural relaxations are ‘performediuntil the forces
on each ion are less than 0.01 eVhA.

3. Results and discussion

As a first step, we study the relative stability
of the R3c, Pnma, Pna2, and P4mm phases of bulk
BiFeOs as a function of volume and magnetic config-
uration by ¢onsidering the mentioned magnetic struc-
tures (FM, 'A-AFM, G-AFM and C-AFM) reported in
the literature [21]. In figure 2 the total energy of the
different structures is plotted as a function of unit cell
volume. The data are fitted by the Birch-Murnaghan’s

~
Figure 1. (Color online) Schematic representation of the considered
unit cells for BiFeOj3: 40-atom unit/cell (left) and 60-atom unit cell
(right).

equation of states. It can be seen from figure 2 (a)
that the'ground state of pristine BiFeO3 corresponds
to an R3c G-AFM phase, in agreement with the litera-
ture [22; 23]. The optimized lattice parameters for the
ground stateiagree well with the experimental values
and with preﬁous DFT calculations, as it can be seen
from table 1.

We find a compression-induced structural transi-
tion from rhombohedral R3¢ to orthorhombic Pnma
at'an, estimated pressure of P = 4.8 GPa, in agree-
ment with previous DFT calculations [3; 24]. On the
other hand, the system presents another transition
under negative pressure. The volume expansion in-
duces a transformation from R3c to Pna2;, together
with a magnetic transition from the G-AFM to the C-
AFM configuration. The last phase displays a tetrago-
nal type of structure with a remarkable elongation of
the out-of-plane cell parameter, and thus an enhanced
c/a ratio (c/a = 1.27). This (negative) pressure-
induced transformation is consistent with the so-
called supertetragonal phase observed in BiFeOj3 films
grown on compressive substrates [3; 25; 26].

In the recent experimental work of Ref. 9 the
effects of Y doping on the structural, magnetic and
electric properties of BiFeO3 nanoparticles have been
studied [9]. The values of Y doping considered were
x = 0,0.05,0.10 and 0.20. In that work it was
determined, by X-ray diffraction (XRD), that all the
samples were essentially in a crystalline single phase
with perovskite structure. For x < 0.10 the compound
was found to keep the R3¢ symmetry while for x =
0.20 a different phase was observed. The distortion
of the XRD pattern with increasing Y substitution
was in agreement with the presence of a structural
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phase transition, similar to the ones reported in many
previous works when doping with rare earths [24; 27—
29]. In addition to this phase transition, Saleh-Medina
et al. found a change in the magnetic behavior at
room temperature from weak-ferromagnetism (WFM)
for x < 0.10 to superparamagnetic-like for x = 0.20.
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Figure 2. (Color online) Energy difference versus volume curves
for the most stable phases,of Bi;_,Y;FeOs. The zero energy is the
corresponding ground state for each x-value. (a) corresponds to
x = 0, (b).to.x =.0.125 and (c) to x = 0.25. The continous lines
correspond to the fitted Birch-Murnaghan’s equation of states for
each case.

In order to get insight into the observed phase
transition, we study the structural and electronic
properties of the ground state for different Y concen-
trations considering the same crystal structures and
magnetic configurations as for pristine BiFeOs. In fig-
ures 2 (b) and (c) the total energy curves as a func-
tion of unit cell volume are presented,for,x =0.125
and 0.25, respectively. For simplicity, we only show
the curves that correspond to the dnore stable mag-
netic configurations for each structural symmetry. It
is worth mentioning that for x > 0.25, there are many
possible arrangements for the/dopantatoms. Foreach
dopant-concentration within'all the studied structural
phases we analyse the incidence,of several dopant-
distributions in the fully relaxed total energy. We find
that the different patterns give rise to an error lower
than 6 meV/fu. infthe corresponding energy mini-
mum. In Fig. 2 ) we shoW the calculated energies for
the more stable pattern in each phase.

While the ground state for x = 0.125 is still
R3c (See figure 2 (b)), it is clear from figure 2 (c)
that the most, stable phase corresponding to x =
0.25 is thewPrnmaywith G-AFM magnetic ordering.
This result is robust against a dopant-configuration
change.. Therefore, the calculations show that a
structural phase transition takes place between x =
0125 andvx & 0.25 and that it clearly corresponds
tora thombohedral (R3c¢) to an orthorhombic (Pnma)
transformation.

In‘figures 3(a) and (b) we show the experimental
XRD patterns reported by Saleh Medina et al. [9]
for the different Y-concentrations and the ab initio
simulated patterns corresponding to the different
structural symmetries, respectively. As it can be
observed, for the pristine BiFeOj3, the calculated main
peaks of the R3¢ structure are located at angles 26,
that agree well with the corresponding experimental
ones (See also figure 3(c)). When comparing the XRD
patterns for x = 0, 0.05 and 0.10 in figure 3(a) a
shift of the main peaks towards higher values of 20
is observed, consistent with a shrinking of the unit
cell, which also is obtained in the calculations (see
table 2). The main features observed in the pattern
corresponding to x = 0.20 that could be correlated
to a Pnma symmetry are: (i) the development of
an incipient peak around 20 = 25° not present at
lower concentrations; (ii) the broadening of the peak
located around 20 = 32° compatible with splittings
seen in the Pnma case, indicating a lowering of the
symmetry and (iii) the localization of the main peaks
experimentally obtained matches well the simulated
ones (See figure 3(d)). Therefore, the ab initio results
are consistent with the experimentally observed phase
transition at 0.10 < x < 0.20, confirming that the
induced phase is the Pnma.
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Figure 3. XRD patterns corresponding to (a) Ref. 9, experimentally,obtained for-different Y-concentrations, (b) ab initio simulated for the
different symmetries, (c) (bold) ground state of BiFeOj3 calculated in this work and (shadow) pristine BiFeO3 obtained in Ref. 9, (d) (bold)
ground state of Big 75 Y0 25FeO3 calculated in this work and (shadow) Bijg¥peFeO3 obtained in Ref. 9.

Table 1. Optimized structural parameters of BiFeO3 ground state (R3¢ G-AFM). The lattice constant of the rhombohedral primitive cell,
a, is given in A, the rhombohedral angle, «, in deg and the equilibrium unit cell volume, Vp, in A3, The Wyckoff positions 2a and 6b are

referenced to the rhombohedral system.

Parameters Present Exp. Ref. [23] Theo. Ref. [2]
a 5.702 5.63 5.697
% 59.128 59.35 59.235
Vo 12851~ 124.6 128.48
Bi(2a) 0., 0., 0. 0.,0.,0. 0.,0.,0.
Fe(2a) 0.222,0.222,0.222 0.221, 0.221, 0.221 0.2232, 0.2232, 0.2232
O(6b) 0.536, 0.937, 0.391 0.538, 0.933, 0.395 0.5342, 0.9357, 0.3865

The localization ©f the wmorphotropic phase
boundary (MPB) is highly desirable as at this bound-
ary two crystallographic different phases, separated
by low energy barriers, coexist. In general, the coexis-
tence of two rather different phases in a multi-domain
sample results in‘afn enhancement of the electrome-
chanical response, as‘it'was predicted in the vicin-
ity of a strain induced R3c-Pnma morphotropic phase
boundarygin pristine BiFeO3 [30; 31]. The dissimilar
physical properties of the two phases gives rise to gi-
ant responses when the phase transformation is in-

duced, even with a slight external perturbation. To
determine the Y-concentration x at which the phase
transition occurs, we take into account the energet-
ics of the mentioned structural phases as a function
of x. The different dopant configurations within each
concentration introduce an uncertainty in the determi-
nation of the transition x-value. From the data plot-
ted in figure 4, the interval at which both the R3c
and the Pnma phases coexist can be calculated, giv-
ing x = 0.18 & 0.02. From table 2 and figure 5 it can
be seen that the bulk modulus as well as the unit cell
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Table 2. Ground state symmetry, equilibrium volume Vy (in A%)
and bulk modulus By (in GPa) for the studied Y-concentrations.

Y-doping Phase Vo Bo
0.000 R3c 64.53 99.76
0.125 R3¢ 63.87 106.95
0.250 Pnma 61.00 163.22

volume change abruptly when going from the R3c to
the Pnma phases at x = 0.18 £ 0.02, indicating a first
order transition. As stated in Ref. 32, due to the Gibbs
phase rule, there should exist an intermediate struc-
tural state within a concentration range close to the
boundary where both phases coexist. It is within this
concentration range where a tuning of the physical
properties could be done.

The same phase transition is obtained when dop-
ing BiFeOs with 30% of La [24; 33; 34], which has a
ionic radius similar to that of Bi®* (1.16 A and 1.17 A,
respectively). In this case, the absence of the lone-pair
in La®" yields the preference towards a more isotropic
and highly-coordinated A-cation, as it is the Pnma
structure [35]. The same effect of lone-pair suppres-
sion as in the case of La doping is obviously intro-
duced when doping with Y3*. On the other hand, as
the ionic radius of Y3 is smaller than the Bi®* one,
chemical pressure is induced in this case. The larger
the Y-concentration, the bigger the induced chemical
pressure and, therefore, it is reasonable to find anal-
ogous consequences and structural evolution when
doping as when applying hydrostatic pressure to pris-
tine BiFeOs3 (See figure 2(a)). Therefore, when dop-
ing with yttrium the two mentioned effects sum, up,
namely chemical pressure and lone-pair absence, giv-
ing rise to the same phase transition reported for
Bi;_yLayFeOs, but at a lower dopant.concentration.
To ilustrate the presence of both effects we show in
Fig. 6 the local distortion around one\yttrium com-
paring it with the pristine BiFe@3. It ¥slalready es-
tablished that in the pristine BiFeO3 (ABO3), there are
two different bonding lengths between the A (A=Bi)
atoms and the O atoms lying within the (111) planes,
indicating the occurrence of peérmanent polarization
in terms of a structural point,of view. When intro-
ducing the Y-dopants, there are induced structural lo-
cal distortions that modify these bonding lengths such
that the larger A<O lengths become shorter and the
shorter ones become darget, when A=Y (See Fig. 6).
This is a consequence of the lack of the lone-pair in
yttrium. Besides, within‘our considered unit cell, we
find the same behavior in the Bi atoms sorrounding
the dopant, in average, thus reducing the off-center
shift of the Bi atoms, which gives rise to a lower polar-
ization value. Also from Fig. 6 it can be seen that the

smaller ionic radious of yttrium induces a slight de-
crease in the Bi-Fe bonding-lengths, yielding a shrink-
ing of the unit cell.

The electron localization function (ELF) gives an in-
sight into the chemical bonding presentdn solids [36].
Low ELF values indicate a dominant ioni¢sbonding
character, while large values indicate thepresence of
a covalent bonding character. In order to analyze
the incidence of Y-doping in the logal bonding envi-
ronment we show in Fig. 7 ¢he ELF foritwo cases of
Bi1_ Y FeOs (x=0, 0.25) within‘the R3c structure. In
the pristine case the lobe-likestructure at the Bi sites
indicates the presence of the 6s lone-pair which is ob-
viously absent at the Y sites in the doped case. Be-
sides, in the doped compound, the calculated ELF val-
ues show that the lobe-like structure becomes more
symmetric at the Bissites, consistent with the previ-
ously mentioned lowering of the polarization value.

7.2

6-0R3c G-AFM
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the visualization of the crossover, following Ref. 24 we define an
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For completeness find in table 3 the energies of
the lowest lying solutions for the considered cases,
referenced to the corresponding ground state for each
doping.

On hand of our results we also analyze the in-
creased ferromagnetic response obtained by Saleh-
Medina et al. upon doping BiFeO3; with yttrium. It
is by now well stablished that the wFM shown by
BiFeOs has its origin in the Dzyaloshinsky-Moriya in-
teraction (DMI), which competes with the exchange
interaction. Exchange favors collinear magnetic struc-
tures, while the DMI favors perpendicular magnetic
configurations between adjacent spins. According
to Weingart et al. [37], the antiferrodistortive (AFD)
distortions in BiFeOs; within the R3c structure re-
duce the strength of the exchange interaction and



Page 7 of 9

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-111014.R1

Rhombohedral R3c to orthorhombic Pnma phase transition induced by Y-doping in BiFeOs 7

64 | % ®-@0R3c G-AFM1
63\%\\ =-1 Pnma G-AFM
% 62} % Teg
S e
61: % .
60} %

0.00 0.05 0.10 0.5 0.20 0.25 0.30 035 0.40 0.45 050
Y concentration (x)

Figure 5. Volume per formula unit as a function of Y-concentration
(x) for the R3¢ and Pnma phases. The shadowed vertical stripe
indicates the concentration range

at which the phase transition occurs.

Table 3. Energies (in meV) of the optimized considered phases for
the different magnetic configurations. For each doping we fix the
zero energy at the corresponding ground state.

System Phase G-AFM C-AFM  A-AFM  FM
R3c 0 59 129 211

BiFeOs3 Pnma 69 125 194 271
Pna2y 7 2 141 160

P4dmm 66 59 190 209

R3c 0 58 127 208

Bio'375Y0Alz5F€O3 Pnma 15 72 142 217
Pna2, 12 10 147 164

P4mm 49 46 182 198

R3¢ 24 84 152 232

BiOA75YgA25 Fe03 Pnma 0 59 128 203
Pna2, 29 24 221 235

Pdmm 202 195 348 366

R3c 91 158 227 304

Bi0_5Y0'5Fe03 Pnma 0 57 130 203
Pna2, 291 289 441 457

P4mm 403 397 566 583

A S

enhance the DMI one. Furthermofe, the single ion
anisotropy (SIA), which ¢ouples the, spin space with
the spatial coordinates establishing a preferential di-
rection (or plane) for the'magnetic.moments, should
be also taken into account. Theiincidence of the SIA
is not straightforward, because the FE distortions fa-
vor an easy axis while!AFD distortions favor an easy
plane (see Ref. 37). The smallwalue of the magnetic
anisotropy constant,Jdeads to an easy plane perpendic-
ular to the hardraxis (111) in BiFeO3-R3c [37]. When
doping BiFeOs; with yttrium we find that, besides the
lattice compression, the octahedral tilt gets larger with
increasing Y-content, being of 11.5° for x = 0 and av-
eraging to (12.3:£0.2)° and (13.0 4+ 0.3)° for x = 0.125
and x'= 0.25 respectively, within the R3c structures.

Figure 6. Local atomic structure centered at the Bi(Y)-site of BiFeO3
(Bij— YyFeOs)lattice, showing the off-centering shift of the Bi-ion
(Y-ion) along the [111] direction of the 40-atom unit cell.

Therefore, the AFD distortions are enhanced with in-
créasing, Y-concentration. We also find that the FE
distortion pragressively diminishes upon doping as
the ¢alculated polarizations are P = 94 uC/cm? for
x =Oand P = 89 uC/cm? for x = 0.125. Accord-
ingly, we expect that the SIA should stabilize the easy
plane perpendicular to the (111) direction in a cooper-
ative way with the DMI. This cooperative distortions
should enhance the ferromagnetic response, as it is ex-
perimentally observed in Ref. 9 for Bi;_,Y,FeO3 with
0 <x<0.20.

For x = 0.20 a phase transition to the Pnma struc-
ture is experimentally found (supported by the results
of this work) and also a significant change in the mag-
netic behavior at room temperature, i.e. a superpara-
magnetic behavior appears. This superparamagnetic
response is beyond what these bulk calculations can
explain. Actually, in Ref. 9 the particle size decreases
with Y-doping and superparamagnetism seems to be
a consequence of the particles volume decrease.

4. Conclusions

Recent experimental results on Y-doped BiFeO3
nanoparticles detected a structural phase transition
for an yttrium concentration between 10% and
20%. In this work we analyze, by means of DFT
calculations, the possible transitions as a function of
volume for pristine and doped bulk BiFeOj3 in order
to clarify and understand the experimental results.
We find that, due to the smaller cation Y3* size
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Figure 7. Electron localization function (ELF) plotted along the
(100) plane for (left) pristine BiFeOsz and (right) Big75Y0.25Fe©3
within the R3c structure.

and the partial suppression of the 6s lone-pair;ythe
local Fe environment is distorted with different.Fe-O
bonds and Fe-O-Fe angles in such a way that at an X~
concentration of x = 0.18 + 0.02 a rombehedral (R3c)
to orthorhombic (Pnma) first order structural phase
transition should take place in bulki This result is
compatible with the experimental diffraction patterns
reported in Ref. 9. The evolution of the o¢ctahedral tilts
of the surrounding oxygen atoms with increasing Y-
doping together with a smaller ferroelectric distorsion
should lead to a larger canting of theFe magnetic
moments and to a larger ‘ferromagnetic response in
the R3c phase, effect that'isibeingralso observed in
the experiments. The superpatamagnetic response
experimentally detected\beyond the structural phase
transition could be attributed, on the other hand
to low dimension effectstof ‘the Y-doped BiFeO;
nanoparticles.
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