Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Dalton Transactions

Spin-state Transition in Unstrained & Strained Ultra-thin BiCoOs;

Films

Tilak Das and Tanusri Saha-Dasgupta*

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: xxxxxx/b000000x

Using first principles density functional theory (DFT) based calculations supplemented with Hubbard U term (DFT+U ), we theo-
retically study the structural, electronic and magnetic properties of ultra-thin films of perovskite compound BiCoO3, constructed
along [001] direction at ambient condition. Our study shows that significant structural change occurs in thin-film geometry
compared to bulk, which modifies the local oxygen coordination around the Co ion from a square pyramidal environment in the
bulk phase to an octahedral environment in the thin-film structure. This changes high-spin state of Co’" in bulk to low-spin
state of Co>* ions in the thin-film geometry. The influence of both tensile and compressive strain on the structural and electronic
properties of the thin-film is studied. Our study shows a layer selective transition of Co>" spin state when subject to tensile strain,
which is found to be driven by the change in Bi environment. Our theoretical study should motivate experimental investigation

of thin film of BiCoOs.

1 Introduction

In search of lead-free multiferroic compounds, the Bi-based
cobaltate compound BiCoOs; was synthesized through high
pressure route.! The ferroelectricity in this compound was
found to be primarily driven by the lone-pair activity of the
Bi** ion, magnetism being driven the high-spin (HS) state of
Co** which orders in a C-type antiferromagnetic (C-AFM)
structure below a Neél temperature of 420 K. Th compound
was predicted to exhibit a large polarization (calculated value
of 120 uC/cm?) and extremely high transition temperature.?
The well known flexibility of the Co spin-state, depend-
ing on external conditions, adds on another dimension to the
problem. The ordered Co moment in BiCoO3; at 5K was
found to be 3.24up, indicating the high-spin state of Co*, in
marked contrast to similar compound LaCoO3, where Co’t
is in the low-spin (LS) state at the lowest temperature and
changes its spin state at higher temperature. In the situation
contrary to LaCoQs3, the HS state of CoT in BiCoOs was
found to be retained down to the lowest temperature, avoid-
ing the temperature assisted spin-state transition.> In an al-
ternative route, the pressure induced spin-state transition in
BiCoO3 was investigated both theoretically as well as exper-
imentally. The two DFT based studies predicted pressure
induced structural phase transition from tetragonal ambient
pressure phase to cubic* and isosymmetric tetragonal® high
pressure phase accompanied by HS to LS transition of Co>"
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and insulator to metal/semi-metal transition. Subsequent syn-
chrotron X-ray and neutron power diffraction experiment re-
vealed the structural transition from polar tetragonal symme-
try to centro-symmetric GdFeOs type orthorhombic symme-
try beyond a hydrostatic pressure of 3 GPa, accompanied by
a drop of electrical resistivity and spin state transition from
HS to LS.® The less resistive high pressure phase is found to
be insulating with narrow gap. The stabilization of the or-
thorhombic symmetry instead of theoretically predicted cubic
or tetragonal symmetry and narrow gap insulating state instead
of predicted metallic or semi-metallic state was argued to be
driven by the Bi-O covalency effect.” In very recent time the
effect of uniaxial pressure has been investigated theoretically
which shows stabilization of the LS state beyond a pressure of
9 GPa.?

Another possibility of inducing spin state transition is
through thin-film geometry with specific aim of controlling
properties, via tuning external parameters like strain, elec-
tric field etc. Such exercise has been carried out for the
LaCoQO3, in which LaCoOs thin films have been grown on
piezoelectric substrate and electric field is applied to tune the
substrate lattice constant generating strain and consequently
the magnetism in LaCoOs overlayers.® To the best of our
knowledge, such study has not been carried out for BiCoOs3.
In view of difference in intrinsic behavior of LaCoO3; and
BiCoO3 in terms of the ambient condition spin state of Co
as well as in their temperature dependence, such a study is a
worth while exercise. In the present study, we theoretically
investigate the structural, electronic and magnetic properties
of ultra-thin BiCoO3 films employing density functional
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Fig. 1 The schematics of studied films with a growth direction of
[001]. Each film consists of BiO-Co0;-BiO-Co00;-Bi0-Co0,-BiO
layers.

theory supplemented with Hubbard U. Our study shows
dramatic changes in local structure in moving from the bulk
to thin-film geometry, bearing important consequences in the
spin-state of Co ions. We further study the effect of applied
compressive and tensile strain on the thin-film geometry. The
application of strain is found to have a profound effect on the
magnetism with tensile strain being more effective in terms of
producing a layer selective spin-state transition. We hope that
our study will motivate future experimental studies to explore
the validity of our theoretical predictions.

2 Computational Details

The DFT calculations have been carried out with choice of
two basis sets, (a) linear augmented plane wave (LAPW) basis
with no shape approximation to the potential and charge den-
sity as implemented in Wien2K ' and (b) plane wave based
pseudo-potential method with the projector augmented wave
potential ! as implemented in VASP. 12 The consistency of the
results between the two sets of calculations in LAPW basis
and plane wave basis has been checked. We used a spin polar-
ized generalized gradient approximation (GGA) '3 to the ex-
change correlation functional. The missing correlation effect
beyond GGA was taken into account through supplemented

Hubbard U correction. ' To simulate the thin-film geometry,
a supercell of the bulk unit cell in ambient condition of di-
mension 2 X 2 x 8§ was constructed, and layers along (001)
direction were removed to create the thin film geometry. Thus,
the thin film was modeled through a repeated slab configura-
tion, the slab consisting of atomic layers with the following se-
quence: BiO-Co00;-BiO-Co0,-BiO-Co0,-Bi0O. This resulted
in a unrelaxed film of thickness 15.12 A and a vacuum layer
of 22.68 A in the cell.!> The thickness of vacuum layer was
sufficient to keep the separation between the two slabs in peri-
odic set-up of calculation large enough, allowing for structural
relaxation. The defined supercell was held fixed, while the po-
sitions of the atoms were allowed to move along the vertical
direction. This lead to relaxation of the width of the thin-film
along the vertical dimension, keeping the lateral dimension
fixed as should be the case for films grown on substrates. The
structural optimization was carried out until the forces on each
atom became less than 5 x 1073 eV/A. All the Co, O and Bi
atoms were considered to be inequivalent with no symmetry
restriction, so that a situation like mixed spin-state solutions
are allowed.

For the calculations in plane-wave basis set, a plane wave
cut off of 800 eV was used. For calculations with LAPW ba-
sis, the number of plane waves was chosen following the crite-
rion muffin-tin radius multiplied by K, (for the plane wave)
yielding a value of 7.0.

3 Results

3.1 Systems

We considered ultra-thin film of BiCoO3 with a growth direc-
tion of [001] terminated on both sides by BiO (cf Fig 1). Our
choice was motivated by creation of symmetric environment
of all the CoO, layers in the films. The films, thus contain-
ing an extra layer of BiO are non-stoichiometric. With the
remarkable advancement in layer-by-layer growth technique
either by molecular beam epitaxy (MBE) or pulsed laser de-
position (PLD), any kind of termination of surface layers is
possible.'® We thus believe that our studied system could be
synthesized experimentally. The studied film was subjected to
both tensile and compressive strains which can be achieved by
choice of different substrates, or using piezoelectric technol-

ogy.

3.2 Structure

The structural relaxation of all three films under study, un-
strained as well as that under compressive and tensile strain
resulted into large compression in the width of the thin films,
compared to initial unrelaxed width (see Fig 2.) constructed
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Fig. 2 The structure of the unstrained (left panels), 2% compressive strained (middle panels) and 2% tensile strained (right panels) BiCoO3 in
comparison to the initial guess structure, constructed from the bulk structure. Marked are the inplane lattice constants of the films, the
thickness of the film and the width of the vacuum layer in the unit cell for each structure. The upper panels show the the geometry of the
optimized films, while the bottom panels show the local oxygen coordination around Co ions, belonging to 1st, 2nd and 3rd CoO, layers in
the film. Marked are the Co-O bondlengths as well Co-O-Co inplane bondangles.

from the bulk geometry in ambient condition. This generates
an effective uniaxial pressure along the growth direction.

The compression in the film width is found to be as large
as 18.7 % for the unstrained film compared to the initial unre-
laxed structure. The structural relaxation produced significant
changes in the Co-O-Co inplane bond angle as well as in the
local environment of Co. The neighboring oxygens surround-
ing each Co ion in the three layers in the thin-film geome-
try formed octahedral coordination instead of polar, pyramidal
coordination of oxygens around Co ions in bulk. The signif-
icant compression of the film width upon optimization also
resulted into changes in Co-O-Co inplane bond angle from a
value ~ 137 to values around 160 or so.

Application of 2% tensile strain resulted into further com-

pression of the film width by additional ~9.3% compared to
the unstrained film, whereas application of of 2% compressive
strain resulted into expansion of of the film width by ~5.6%
compared to the unstrained film width. The octahedral coordi-
nation of oxygen environment in the unstrained film is main-
tained for both the tensile and compressive strained films. For
tensile strained film CoQg octahedra are found to be almost
regular with nearly equal Co-O bond lengths and Co-O-Co
in-plane bond angle of 170-180°. Compressive strained films
on the other hand shows distorted CoOg octahedra as in case
of unstrained film with little change Co-O-Co in-plane bond
angle compared to unstrained film.
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Fig. 3 (Color online) The GGA+U density of the states for unstrained (left panels), 2% compressive strained (middle panels) and 2% tensile
strained (right panels) BiCoOs films. The zero of the energy is set at GGA+U Fermi energy. The upper panels show the total density of states,
while the three following panels show the density of states projected to Co d states in layers 3, 2 and 1 (from top to bottom). The black solid,
red dashed, cyan solid lines, and shaded magenta area represent Co d density of states projected on to dyy, dy;/dy;, d3,2_,» and d,2 _y2

respectively.

3.3 Electronic and Magnetic Properties

Spin-polarized calculations have been carried out considering
the optimized structure of the three films. As mentioned, all
the calculations have been carried out with choice of GGA+U
as exchange-correlation functional. The choice of U is found
to be an issue specially in deciding the spin-state of Co in
LaCo0;3.!7 In this context self-consistent determination of
Hubbard U has been carried out for different spin-state of Co
in thin-film geometry of LaCoOs3,!® which found a U value
of 7eV for LS and intermediate spin-state (IS) and U value
of about 5eV for HS state. We have thus carried out calcula-
tions considering two different choices of U values 7eV and
5eV. The consistency between the two sets of calculation pro-
vide confidence in our obtained results/conclusions. The re-
sults shown in the following are for the choice of U = 7eV.
We have checked the validity our calculations by starting with
different initial guesses of the magnetic moments at Co sites
corresponding to the HS, LS, IS, in order to avoid any bias on
the choice of initial configuration.

Fig. 3 shows the density of states corresponding to un-

strained film, and the films under compressive and tensile
strains. The top most panels show the total density of states,
while the three following panels show the d density of states
projected to Co ions in the layers 3, 2 and 1 (see Fig. 2).

Focusing on the left panels in Fig. 3, shown for the un-
strained film, we find that the dy,, dy;, d.; states correspond-
ing to the octahedral crystal field split t;; manifold of Co d
states are filled up in both spin channels, while the d3 > _,> and
d,>_» states corresponding to the octahedral crystal field split
e, manifold of Co d states are empty in both spin channels.
This clearly suggests the LS state of the Co ions in all three
layers of the film, also supported by the calculated zero mag-
netic moment at the Co sites. The presence of extra BiO layer
in the film provides uncompensated charge, which is expected
to give rise to metallic character of the film following the polar
discontinuity model.'® We find this uncompensated charge to
be spin-polarized, with a magnetic moment of 0.43 (g in each
Bi, which align antiferromagnetically in the BiO layer, with
two of the spins pointing up and two pointing down out of the
four Bi ions in the layer. This gives rise to a net zero moment
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Fig. 4 (Color online) Left panel: The Bi-O environment, shown as
shaded polyhedra in case of unstrained and strained films. Note the
significant change in Bi-O environment under tensile strain. Right
panel: Density of states projected onto Co d(black solid lines) and O
p (red solid lines) states corresponding to middle CoO, layer and
the contribution of Bi states neighboring the middle CoO; layer
(blue shaded area) for the unstrained film (top), film under tensile
strain (middle) and film under compressive strain (bottom).

in the film, and a near insulating nature of the film.

Application of 2% compressive strain keeps the electronic
structure of the film more or less unchanged, as anticipated
from the trend in structural changes, discussed in the previous
section. As shown in middle panels of Fig. 3, the Co ions
in all three different layers are found to maintain the LS state
with completely filled d,y, d., dx; states and completely empty
dyp_ 2 and do_» states. The magnetic moment of Bi in the
extra BiO layer is found to be nearly same as in unstrained
film with a value of 0.39 ug at each Bi site, which similar to
the case of unstrained film, align antiferromagnetically in the
BiO layer.

The application of tensile strain, on the other hand, is found
to be much more effective, as shown in the right panels in Fig
3. While application of 2% tensile maintains the LS state of
the Co ions in the 3rd and 1st CoO, layers, with completely
filled d,y, dy;, dx; states and completely empty d; > ,» and
d>_ states, major changes happen to Co ions belonging to
the 2nd layer. We find the d,, states to be completely filled,
with dy;, dy;, dy2_2 and d,2_ > states to be filled (empty) in
majority (minority) spin channel, giving rise to HS tggeg con-
figuration. The calculated magnetic moment of Co ions in the
2nd layer turned out to 3.12 up in each Co site, in good agree-
ment with the experimental estimate of the ordered moment
of HS Co?t of 3.24 Up at SK in bulk BiCoO3 at ambient con-
dition.® We find the ordering of the HS Co spins in the 2nd
layer to be antiferromagnetic, which also follows the C-type
antiferromagnetic ordering of the HS Co spins in bulk phase. !

The stabilization of the HS state of Co in the middle CoO,
layer under tensile strain is curious and needs investigation.
First of all, we checked whether the non-stoichiometry of the

studied film has any role to play on this issue. For this, we
repeated calculations by removing the extra BiO layer from
the top. This created oxygen coordination of Co to be pyrami-
dal, octahedral and octahedral in the top (3rd), middle (2nd)
and bottom (1st) layers. Even in this case, the effect of ten-
sile strain is found to cause LS to HS transition in the middle
layer. Having confirmed that nonstoichiometry has no role to
play in this interesting behavior, the possible suspect is the
role of Bi*t. Motivated by this, we investigated the O envi-
ronment around Bi atoms in the unstrained and strained films.
We find a remarkable change in the environment of Bi under
tensile strain. While for unstrained film as well as for film
under compressive strain, the Bi atoms around the middle Co
layer have eight Bi-O short bonds and four Bi-O long bonds,
under tensile strain the Bi positions shift making twelve Bi-
O bondlengths of nearly similar values, causing a significant
change in BiO polyhedra, as shown in left panel of Fig. 4.
This change in Bi environment gets reflected in the hybridiza-
tion of Bi states with that of Co, as seen in the partial density
of states plot projected to Co-d and O-p and Bi states in the
middle layer, as shown in right panel of Fig 4. There is clear
evidence of significantly enhanced covalency between Bi and
Co upon tensile strain. We have further carried out calculation
considering the case with Bi replaced by La. This resulted in
LS configuration of Co in the middle layer, confirming the role
of Bi in driving the HS state of Co in the middle layer under
tensile strain.

4 Summary

To summarize, we carried out a theoretical investigation of
BiCoO3 compound in ultra-thin film geometry. We studied
the structural, electronic and magnetic properties. Our first-
principles study shows that the realization of ultra-thin film
geometry, causes substantial structural changes, most impor-
tantly compression of the lattice constant along the growth di-
rection. This compression which acts like an uniaxial pres-
sure, in turn changes the local oxygen neighborhood around
Co ions from polar pyramidal coordination in bulk phase to
octahedral coordination in thin film geometry. This drives the
HS to LS transition of the Co’* ions, suggesting thin film
geometry to be a possible route to drive the LS transition of
Co in BiCoO3. We further studied the effect of strain on the
thin film geometry. We considered the compressive as well
as tensile strain. For the studied thin-film, we found the ten-
sile strain to be more effective than the compressive strain in
terms of switching the Co spin-state. Our study shows that
application of tensile strain is able to cause layer selective
switching of Co ions. This curious behavior is found to be
driven by change in Bi environment. The DFT energetics of
spin-state transition is well known to depend on the choice of
the exchange-correlation functional. 20 However, similar trend

1-7 |5



Dalton Transactions

obtained in our results and that of the study involving uniaxial
axis, 8 provide confidence in our conclusion. Note that while
our study was carried out within framework of GGA+U, the
study reported in Ref.® involved calculations with the choice
of Hybrid functional.?! We hope that our study will generate
interest in synthesis of ultra-thin films of BiCoOj3 and investi-
gation of our theoretical proposals.
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