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Abstract

The critical temperature T¢ of ferromagnetic La,Sr;_,MnO3 (LSMO) can be controlled by
distorting the crystal structure, as was reported by Thiele er al (2007 Phys. Rev. B 75 054408).
To confirm these findings theoretically, we investigate the electronic as well as the magnetic
ground state properties of Lay;3511,3MnO3 as a function of tetragonal lattice distortions, using
a multiple-scattering Green function method. Within this approach, we calculate exchange
coupling constants as well as the phase transition temperature from first principles. Comparing
our findings with those for La/3Sr1,3C003 (LSCO), we find that the decrease of T¢ is much
stronger in LSMO than in LSCO. Our findings can be explained by the electronic structures
and are also in accordance with the experiment. The computed decrease of T¢ with distortion

is smaller than observed experimentally, a result that corroborates the importance of phonon

contributions.

(Some figures may appear in colour only in the online journal)

1. Introduction

Multiferroic materials offer a broad spectrum of applica-
tions [1-3]. In some systems, a coupling between the crystal
structure and ferromagnetism or ferroelectricity shows up.
For example, the Piezoelectric effect generates an electric
polarization by distortion of the crystal lattice. Likewise,
lattice strain can change magnetic properties [4].

Perovskites are representatives for materials that show
the above effects [5-10]. Especially, perovskitic oxides
exhibit a variety of crystallographic, electronic as well as
magnetic properties that can be controlled by chemical
decomposition as well as by strain. Since the mid-20th
century, perovskitic manganites, which exhibit high magnetic
phase transition temperatures, have been spotlighted [11] and
applied in tunnel contacts. Las;3Sr1;3MnO3 (LSMO) lends
support for such applications because of its coherent growth
of monocrystalline layers [12, 13]. A LSMO/STO/LSMO
tunnel contact, where STO stands for SrTiO3, shows a spin
polarization as large as 95% and a magnetoresistance as large
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as 1800% [14] at T = 4.2 K; with increasing temperature this
effect disappears, which is explained by a reduced stability of
the ferromagnetic order due to structural distortions [15, 16].

A similar instability of ferromagnetic order due to lattice
distortion was also reported by Thiele et al [17]. The exchange
coupling and the associated phase transition temperature
in ferromagnetic LSMO can change by unexpectedly large
amounts due to small tetragonal crystal distortions. Starting
from an initial strain of 1%, a subsequent distortion of 0.1%
decreases the Curie temperature by about 19 K. Hence, the
effective change is as large as 7¢c = 190 K/%. This effect
is theoretically not well understood yet, to our knowledge,
and calls for an investigation within the framework of
first-principles calculations.

To calculate the electronic and magnetic ground
state properties in a strained crystal lattice, a scalar-
relativistic multiple-scattering Green function approach
(the Korringa—Kohn—Rostoker method) has been used. We
calculate Heisenberg exchange coupling constants, from
which the critical temperature is obtained within the

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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mean-field approximation, the random phase approximation
(RPA), as well as by Monte Carlo simulations. We compare
the results for LSMO with those for Lay3Sr;,3C003 (LSCO),
for which a reduced effect has been found in experiment.

Our calculations reproduce the trends found in the
experiment by Thiele et al [17] on both LSMO and
LSCO. However, the differential changes in the critical
temperatures are significantly too small. This finding suggests
that electronic effects alone cannot explain the effect; we
thus conclude that in addition phonon contributions may be
important [18, 19].

The paper is organized as follows. Computational details
are given in section 2. The magnetic and electronic properties
of undistorted LSMO as well as of LSCO, which serves as
a reference system, are addressed in section 3. The effect of
tetragonal lattice distortions on the ground state properties for
both perovskites are reported in section 4.

2. Computational aspects

Electronic ground state calculations have been performed
by a scalar-relativistic Korringa—Kohn-Rostoker (KKR)
method [20] that relies on the local spin-density approx-
imation (LDA) to density functional theory. We utilize
Perdew—Wang exchange correlation functionals [21-24] and
apply the generalized gradient approximation (GGA) for
LSMO, but the local spin-density approximation for LSCO.
The choice of the exchange correlation functional affects
mainly the magnetic atoms. Studies of the ground state of
Co [25] and of Mn [26] show that experimental data are
described well using LDA for Co and GGA for Mn.

Our approach is based on multiple-scattering theory,
in which the electronic structure is described by scattering
path operators t; (i,j lattice site indices) [20]. In the
spin-angular-momentum representation, we consider angular
momenta up to Inax = 3. The substitutional alloys are
treated within the coherent potential approximation (CPA).
Sr impurities in the LMO host lattice are created in the
effective CPA medium by defect matrices. The CPA medium
is described by scattering path operators tl;pa

The site-dependent potentials are taken as spherically
symmetric within muffin-tin spheres and constant in the
interstitials. Within the atomic sphere approximation (ASA),
the atomic polyhedra are replaced by spheres of the same
volume. Consequently, each muffin-tin radius equals the
Wigner—Seitz radius, which guarantees identical volumes for
the unit cell and for the sum of all potential spheres within
the unit cell. As we discuss in detail below, this restriction
of the potential shape introduces some arbitrariness in the
calculations for distorted systems. For example, it turns out
that the Wigner—Seitz radius for a La atom that is scaled by
a factor of 0.7-0.8 reproduces both the experimental 7¢ and
the magnetic moment. The scaling of the Wigner—Seitz radius
provides simultaneously the best space filling factor and the
smallest overlap of adjacent spheres.

Lattice distortions are considered by transformations of
the lattice and the basis vectors. The structural relaxations of
oxygen atoms have been neglected.
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Figure 1. Sketch of a perovskite structure ABO3;, B = Mn, Co.
Each Mn or Co atom (green sphere) is surrounded by six oxygen
atoms (red spheres). The z-axis defines the c-axis in the tetragonal
case; the x- and y-axes span the a-plane (gray area spanned between
the oxygen sites).

The Heisenberg exchange interactions J;; are calculated
from first principles using the aforementioned KKR method.
For sites i # j the exchange coupling constant is given by [27]

L
Jij = Etr/ At,“l?ijAleji dE, @))
with At; = tiT — tii. t7 and 17;-; are the spin-resolved KKR
single-site scattering matrices and the scattering path matrices
in the spin-angular-momentum representation (o = 1, |),
respectively [20]. T;; describes the propagation of an electron
from site j to site i. The energy integral runs up to the Fermi
energy EF.

3. Crystal structure and ground state properties

Perovskite structures ABO3 can exhibit an enlarged supercell
with respect to their basic cubic form because of deviations
from the 180° angles in the O-B—O bonds. To get a full
ab initio description of the perovskitic systems, we take into
account in this work these deviations.

Structures within the crystal group 167 are characterized
by their fractional indices: A = (0,0, 0), B = (%, 4—1‘, 41'1)* 0=
(z, % -z, z—ll), where z varies among the perovskites. In the
following, we focus on Laj;3Sri,3MnO3 (z = —0.29) and
Laj/35r1,3C003 (z = 0.21) (figure 1). In our calculations, the
lattice constant is taken from experiment: a = 5.47 A [28]
(Thiele er al found a = 5.46 A [7, 17]) for LSMO and a =
5.39 A [29] for LSCO.

LSMO and LSCO differ in their metallic behavior, which
can be seen in the density of states (DOS; figure 2). LSMO
manifests a band gap in the minority spin channel, thus
indicating half-metallicity. Due to this gap, the exchange
splitting and the magnetic moments are large (M = 3.67 ug,
experimental M = 3.70 up [30]). In contrast, LSCO has fully
occupied d states with majority spin. A peak in the minority
spin appears at the Fermi level; hence, LSCO exhibits metallic
character. The exchange splitting as well as the magnetic
moments are smaller in comparison to LSMO (M = 1.63 ug;
experimental M = 1.71 ug [29]).
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Figure 2. Spin-resolved electronic structure for (a)

Lay /3511 3MnO; and (b) Lay/3Sr;/3Co0; (minority spin |, majority
spin 1). In addition, the band structure of LSMO is shown in a small
range around the center of the Brillouin zone, I'; the respective
directions in reciprocal space, toward the high-symmetry points X
and K, are indicated. EF is the Fermi energy.

Due to the hybridization of electronic states associated
with oxygen and the magnetic atoms (Mn or Co), oxygen
sites carry a finite but negligibly small magnetic moment
(0.073 pup in LSMO, 0.013 pp in LSCO). Furthermore, the
La and Sr magnetic moments are small as well (0.12 up (La)
and 0.043 pp (Sr) in LSMO; 0.003 pp (La) and 0.008 up

8 T T T T T T
o — Co
6 A —— Mn |
T 4|
i
) 27
H
0
9 . . . . . .

8 10 12 14 16 18 20
rij (Bohr radii)

Figure 3. Heisenberg exchange coupling constants J;; for Mn in
LSMO (green, open triangles) and Co in LSCO (red, open circles)
versus distance r;; = ]r,- - rj] for sites i and j.

(Sr) in LSCO). Hence, the major contribution comes from the
transition metal atoms (Mn, Co). As a consequence, we will
consider exchange parameters J;; only between these atoms
(figure 3).

In contrast to LSCO, LSMO has a small antiferro-
magnetic (negative) second- and a significant fourth-nearest
neighbor coupling contribution. Apart from that, the decay
in the exchange coupling with distance r; is similar.
The next-nearest neighbor coupling for LSMO and for
LSCO calculated using equation (1) gives J = 6.99 meV
and 5.94 meV, respectively. Within the random phase
approximation, the Curie temperature is estimated to 7¢c =
305 K for LSMO (experiment 330 K [30]) and to 210.7 K
for LSCO (experiment 227 K [29]). The agreement of
both the critical temperature Tc and the magnetic moments
with the experimental values supports the validity of our
first-principles approach.

4. Lattice distortion

We now address the change of the magnetic characteristics
(critical temperature, magnetic moments, and exchange
splitting) with the tetragonal lattice distortion along the
c-direction (figure 1).

Following the ansatz of Biegalski et al [31], the change of
the in-plane lattice constant A’ with respect to the out-of-plane
lattice constant A reads as

A= L1TFA, )
2p
The Poisson number p is defined as the ratio between the
relative thickness and the length variation. For perovskitic
structures, i can be approximated by 1/3 [31], which results
in A" = A.

For a tetragonal distortion ' = Dr, the transformation

matrix D reads as

100 — A’ 0 0
D= 0 100—A" 0 . 3)
0 0 100 + A
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Figure 4. Nearest neighbor Heisenberg exchange parameters J (a) as well as the average magnetic moment M versus tetragonal
volume-conserving lattice distortion A for LSMO ((b) green lines and symbols) and for LSCO ((c) red lines and symbols). The symbols in
the figure on the left refer to the in-plane (squares, diamonds) and out-of-plane (triangles, asterisks) contributions.

This distortion does not conserve the volume (A and A’ in %).
To guarantee volume conservation, D is modified to

uv/100 — A 0 0
D,. = 0 u/100 — A 0 ,
0 0 u(100 + A) “4)

u= (1 - A2>_%

where A is the distortion parameter in %. Volume
conservation is often considered in studies of the magnetic
stability [30]. Hence, we will first dedicate ourselves to this
scenario (figure 4).

Half-metallic and metallic materials show different
responses to the distortion of the crystal structure. On the
one hand, half-metallic LSMO exhibits a constant magnetic
moment. This is explained by the large band gap in the
minority spin channel (figure 2) that is insensitive to A.
Therefore, the ny density of states is a well approximated
constant. On the other hand, the magnetic moment of metallic
LSCO is enhanced by about 0.06 up for A = 1%, which is
consistent with a larger change in the minority spin density of
states.

Under lattice strain, the exchange interaction becomes
anisotropic. The nearest neighbor exchange parameters J
split into an in-plane (figure 4, squares) and an out-of-plane
(figure 4, triangles) branch. The slopes of these branches
are larger (in absolute value) for LSMO than for LSCO.
Furthermore, the J’s for LSMO behave strictly monotonically,
whereas both J branches for LSCO increase for large
distortions (|A| > 1%).

From these exchange interactions J we deduce the phase
transition temperatures within the mean-field approximation
(circles in figure 5) and the random phase approximation
(triangles). The mean-field approach overestimates the Curie
temperature by about 100 K, whereas the random phase
approximation gives better agreement with experiment. The
Tc’s for both LSMO and LSCO show parabolic behavior
versus lattice distortion A. The curvatures are almost identical
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Figure 5. Curie temperature versus tetragonal volume-conserving
lattice distortion for LSMO (green lines and symbols (squares,
diamonds)) and for LSCO (red lines and symbols (circles,
triangles)). The phase transition temperature is calculated within the
mean-field (MF) approximation (circles, squares) and the random
phase approximation (RPA, triangles, diamonds). The dashed lines
are a polynomial of fourth order fitted to the RPA data. The slopes at
A = %1% are 24.12 K/% and 36.67 K/% for LSCO and

34.60 K/% and 30.39 K/% for LSMO, respectively.

but the slopes show opposite sign. From a parabolic fit we
estimate the effective change of the critical temperature 97¢
(slope of the curve) at A = 1%; it is identical for both
materials, namely d7¢ ~ 30 K/%.

Distortions in theory that do not conserve the volume
correlate better to the experiment, as we will now show for
LSMO. Here, we consider LSCO mainly for comparison.
The Poisson number u affects the c/a-ratio; it therefore
induces strong anisotropies within the crystal (contrary
to the volume-conserving case). Hence, we consider two
representative values for the Poisson number, © = 3/5 and
1/3, where the latter is taken from experiment [32, 33]
(figure 6).

Similar to the volume-conserving case, the magnetic
moments in LSMO can be approximated as constant (not
shown here). However, one obtains considerable differences
between compression (figure 6 for A < 0%) and stretching
(figure 6 for A > 0%). This finding is attributed to the
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Figure 6. Curie temperature T¢ versus tetragonal lattice distortion
A in LSMO for two Poisson numbers, as indicated (u = 3/5
triangles; u = 1/3 circles). Lines represent a fitted polynomial of
fourth order. The slopes at A = +1% are 84.10 K/% and

29.23 K/% for u = 1/3 and 12.26 K/% and 31.83 K/% for

= 3/5, respectively.
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Figure 7. Spin-resolved electronic structure for distorted LSMO, as
indicated (minority spin |, majority spin 1). Ef is the Fermi energy.
The Poisson number is u = 1/3.

differences in coordination for in- and out-of-plane neighbors
in LSMO and the different Poisson numbers. It is traced back
to the electronic structure near the Fermi energy (figures 7 and
8).

The spin-down channel in the density of states is more
affected by the distortion than the spin-up channel (figure 7).
If the c/a ratio is larger than 1 (A > 0), electronic states
in the spin-down channel near the Fermi level become
occupied. This rearrangement reduces the exchange splitting
and results, in a Stoner picture, in a decreased phase transition
temperature. In contrast, for ¢/a < 1 (A < 0), mainly a
repopulation of electronic states at lower energies takes place,
which does not affect significantly the Curie temperature.

Due to distortion, the crystal symmetry is reduced. The
associated change in the crystal field modifies the d levels
(especially the eg levels, which are located below the Fermi
level and up to 1 €V, and the tyg levels, located below
1 eV) in the band structure, e.g. around I' (figure 8). For
stretching (figure 8(b)), an initially unoccupied band crosses

c) = K o 5 X =

Figure 8. Band structure for distorted LSMO in a small region
around the center of the Brillouin zone, I', for (a) A = 0%,

(b) A = 1%, and (¢c) A = —1%. The directions in the Brillouin zone
(toward the high-symmetry points K and X), starting from I', are
marked by arrows.

the Fermi level. It is populated by minority spin electrons and
consequently modifies the magnetic properties. In contrast to
compression (figure 8(c)), these states do not cross the Fermi
level. This difference is in line with the different slopes for
Tc versus A. Considering the charge state of the atoms, we
observe a transfer of electrons (less than 0.05 electrons within
the muffin-tin spheres) from Sr, La and Mn to the oxygen
atoms in the entire range of lattice strain. Hence, the valency
of Mn and Co remains unchanged upon distortion.

The Mn atoms in undistorted LSMO couple ferromag-
netically, with a J of 6.9 meV. Stretching the structure in
the c-direction (A > 0) increases the ferromagnetic coupling
between Mn atoms that are displaced parallel to ¢ (for
A=1% and p = % J = 1.19 meV). However, the in-plane
ferromagnetic coupling becomes weaker (A = 1% and u =
%, J =3.70 meV) and can actually turn into antiferromagnetic
coupling (negative J at about A = 2%). The effective
interaction parameter, which is defined as the sum over all J’s
of the magnetic nearest and, for the case of a strained system,
next-nearest neighbors, decreases (from Jeff = 41.92 meV in
the undistorted case to Jefr = 37.18 meV in the distorted case
(A = 1%)). Loosely speaking, the system acquires a ‘more
antiferromagnetic’ character, which is in accordance with the
Goodenough—Kanamori—Anderson rules [34-36].

Upon compression along the c-axis, the system shows
the reverse effect. The out-of-plane interaction decreases
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(A =—-1% and pu = 1/3 give J = 1.45 meV) and
becomes antiferromagnetic at A = 1.9%, since the in-plane
contribution increases (A = —1% and p = 1/3 give J =
9.46 meV). The change in the magnetic coupling is weaker
with respect to A > 0; the effective interaction parameter is
reduced less (from Jegf = 41.92 meV in the undistorted case to
Jeff = 41.85 meV in the distorted case (A = —1%)). Similarly
for the volume-conserving case, two branches with different
slopes occur, one for the in-plane and one for the out-of-plane
interaction (not shown here).

For the Poisson number u = 3/5, the reduction of the
Curie temperature with respect to the undistorted case is
smaller than for u = 1/3, which is attributed to a reduced
change in the in-plane and the out-of-plane interaction
parameters. Because of this, the difference between the
effective interactions in the undistorted and distorted state is
less with respect to the previous case; the correlation of 7T¢
versus A is almost symmetric around zero.

Our calculations yield more or less the order of
magnitude of the experimental 07¢c = 190 K/%. Considering
u = 1/3, we observe a negative AdTc = 30 K/% (too small
by a factor of 6) and a positive AdTc = 80 K/% (too small
by a factor of 2). This raises the question as to the effect of
a particular critical parameter in our approach, namely the
Wigner—Seitz radius that has been optimized to reproduce the
critical temperature of undistorted LSMO.

For lanthanides, the overlap between neighboring muffin-
tin potentials is important for a correct description of the
magnetic structure. Dine has studied this effect on lanthanides
for different c/a ratios and for different sphere volumes [37].
For a constant c/a ratio, the magnetic order turns from
an incommensurable spin structure into ferromagnetic order
upon increasing the volume. Also for a change in the c/a
ratio at constant volume, a transition from ferromagnetic order
to an incommensurable spin structure occurs. This finding is
supported by experiments on terbium [38].

The approximation of the potential shape by a sphere may
not be appropriate in the case of a distorted lattice; here, an
ellipsoidal shape could be better. However, it is very hard and
beyond the scope of this paper to develop a multiple-scattering
theory with ellipsoidals rather than with spheres. Therefore,
we introduce a scaling of the Wigner—Seitz radius with A.

The radius is expressed as r{,vs = OWSIws. rws =
3.48 Bohr radii is the calculated initial value; a fit to the
experiment for the nondistorted case yields ows = 0.8. We
now address the dependency of 7¢c on ows for the distorted
lattice (figure 9).

The linear correlation of Tc(ows) exhibits a strong
dependency on ows. d7c at constant ows (figure 9, inset)
indicates that the experimental value for d7¢c = 190 K/%
is not reproduced with a constant scaling factor. Hence, we
assume that ows depends linearly on A. If the difference in the
Tc’s for A and for A equals the experimental value, we obtain
the relation oy,q = 2‘1"25, (1 + A) for a linear transformation,
with Aows = 0.059 130y,5 — 0.01906; here, oy is a fitting
parameter (for 0\",«5 = (.81 one arrives at Aows = 0.029).
This relation provides an unphysically large scaling factor;
only with a very large overlap, which implies a long-range
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Figure 9. Critical temperature T¢ versus scaling factor ows of the
Wigner—Seitz radius in bulk LSMO for different distortions, as
indicated. Dotted lines are guides to the eye. The inset shows the
effective phase transition change d7¢ versus ows for A > 0
(circles) and for A < 0 (triangles).

effect of the potentials, does the experimental trend become
reproducible.

The analysis above shows that first-principles calcula-
tions on the electronic and the magnetic structure explain the
experimental trends in LSMO and LSCO but there are dif-
ficulties in reproducing the exact numbers. This observation
suggests that the calculations do not account for the additional
effects that are needed for a complete explanation. First,
lattice vibrations could increase the differential change in the
Curie temperature [39, 40]: The electron—phonon coupling
leads to the occupation of electronic states slightly above the
Fermi level, which affects the exchange splitting and hence
the Curie temperature. The density of states suggests that
LSMO is sensitive to such a population of electronic states.
Second, the temperature-dependent variation of the lattice
constant in the c-direction has been studied by May et al [6].
The lattice distortion in the c-direction is increased by 0.5%
by temperature. According to our calculations, this results
in an increased change of the Curie temperature by about
16 K, thus leading to better agreement with the experimental
value. Third, on the experimental side, one could think about
deducing the experimental values for d7¢ with increased
accuracy. At present, these numbers have been derived from
a fitting and extrapolation procedure for M>(T) in [17].
Fourth, the shortcomings of the muffin-tin approximation
could be overcome by a full-potential approach [41].
However, this is computationally very demanding. Instead,
we performed calculations within the full charge-density
approximation [42], a quasi-full-potential approach, for
selected setups; we found no significant changes compared to
the reported muffin-tin results. Wavefunction based methods,
like pseudopotential plane-wave or projector augmented-wave
approaches [43-50], do not rely on shape approximations for
the potential and, thus, could yield better results. However,
chemical disorder has to be treated within a supercell
approach which may introduce other problems (e.g. artificial
effects of short-range order by too small a supercell).

To support our approach further, we compare LSMO
with LSCO (figure 10) for a Poisson number of 3/5 in
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Figure 10. Curie temperature 7¢ versus lattice distortion A for
LSMO (green) and for LSCO (red). The calculated data are fitted by
a polynomial of fourth order (dotted lines). The slopes at a
distortion of A = —1% are calculated from the derivative of the
polynomial and are 31.83 K/% for LSMO and 8.39 K/% for LSCO.

the experimentally relevant region (A < 0). A fourth-order
polynomial fit gives a value of d7¢ for LSCO that is one third
as large as that for LSMO (LSMO d7¢ = 31.83 K/%; LSCO
dTc = 8.39 K/%). The electronic structure is affected as well
but not as strongly as in LSMO because the minority states
are already occupied, in contrast to LSMO. These findings
reproduce the experimental trends [17, 29].

5. Conclusion

The unexpectedly large change of the Curie temperature for
Laj /3511 ,3MnO3 upon lattice distortion, as reported in [17],
is a feature of its half-metallicity, as is supported by our
detailed first-principles calculations. Analogous computations
for metallic Laz;3Sr1,3C003; show a considerably reduced
change, in agreement with experiment. Our findings also
suggest that electron—phonon coupling could be essential for
the explanation of the effect [18, 19].

Our investigation is another step toward a comprehen-
sive theoretical description of distorted Laj;3Sr;;3MnO3.
Multiple-scattering theory, used in this work, is the method
of choice for dealing with magnetic substitutional alloys but
has the drawback of approximating the crystal potential by ar-
rangements of spheres>. In contrast, full-potential approaches,
like the full-potential linearized augmented plane-wave
method, have in principle no shape approximation for the
potential but in turn cannot deal well with substitutional
alloys. Hence, distorted Lay;3Sr1,3MnO3 remains a challenge
for first-principles electronic structure calculations.
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