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Interplay of strain and magnetism in La;_.Sr,MnOj; from first principles
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The structural, electronic, and magnetic properties of Lag ¢,55r 37sMnO3 under planar and orthogonal (i.e.,
uniaxial) strains are investigated from first-principles generalized gradient approximation (GGA) and GGA
+ U approaches. We analyze a series of magnetic phase transitions from ferromagnetic to A-type and C-type
antiferromagnetic orderings caused by uniaxial strain at various in-plane lattice constants. The competition
between ferromagnetic and antiferromagnetic interactions obeys the following general rule: antiferromagnetic
coupling is enhanced in the direction parallel to applied strain, while ferromagnetic coupling is enhanced in the
orthogonal direction. The microscopic mechanisms at the basis of the strain effects are analyzed in detail.
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I. INTRODUCTION

An exciting frontier for spintronic applications is the field
of magnetic multilayered heterostructures and thin-film de-
vices capable of cleverly exploiting magnetoelectric, magne-
toelastic, and magnetoresistive effects. Candidate building
blocks for this technology are manganese perovskite [e.g.,
La;_,Sr,MnO; (LSMO)] films, with their unique variety of
magnetic and magnetostrictive properties.!~!% Potentially
revolutionary functionalities of manganite-based heterostruc-
tures are, to quote but a few, large magnetorestivity in
LSMO-sandwiched carbon nanotube,'' magnetotransport in
LSMO/BaTiO; and LSMO/SrTiO; multilayers,'>!* magne-
toelectric effects in LSMO/piezoelectric and LSMO/
ferroelectric interfaces,'*!> and proximity effects in ferro-
magnetic (FM)/superconducting heterostructures.'®

For many of these capabilities, a preponderant role is as-
sumed by the strain. Understanding how structural, mag-
netic, and transport properties are affected, and can be even-
tually controlled, by the applied strain is instrumental to
elucidate the fundamental coupling mechanisms and to trace
design rules for devices with improved performances. A for-
midable deal of experimental work has been carried out to
investigate strain effects in either bulk or thin-film
manganites,'’?! Experiments have emphasized the crucial
role of strain in a range of fundamental aspects of manganite
(especially LSMO) films:  metal-insulating  phase
coexistence,>* phase separation,23 orbital reconstruction,?*2>
formation of magnetic stripe domains,?6-?’
inhomogeneities,”®?° electronic transport,’®3! anomalies in
magnetostriction, and thermal expansion.*?

On the theoretical side, studies treating equilibrium bulk
properties abound; 03335 gtrain effects are less studied, either
by  model calculations®'3%37  or first-principles
approaches.'%3-4! Structural distortions in tetragonal LSMO
are extensively treated in Refs. 38 and 39 but limited to FM
order, whereas in the seminal work by Fang et al.'” the mag-
netic phase competition as a function of the orthogonal/
planar lattice ratio (c¢/a) is investigated by GGA calculations.
There, the general behaviors of magnetization under strain
have been identified and interpreted coherently with many
experimental findings. Nevertheless, a complete understand-
ing of the massive experimental data for manganite films is
far from accomplished.
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Usually, strain effects are understood in terms of band-
width and hopping parameter changes, in turn linked to the
magnetic interactions according to the prescription of
double-exchange (DE) model. In this framework a compres-
sive strain is usually associated with the enhancement of 7
and FM coupling,® whereas tensile strain is thought to sup-
press FM double-exchange and reduce conductivity.?6:42-44
However, these behaviors are not univocally reproduced, and
opposite trends have been reported as well.*~*° In many
studies on the subject, a key assumption is that the depen-
dence on the tetragonal distortion c¢/a captures the whole
dependence on strain. In fact, manganite properties can be
sensitive to the separate action of in-plane (substrate-
induced) strain and out-of-plane uniaxial strain.

In the present paper we give a comprehensive analysis of
uniaxial and in-plane strain effects on structural, electronic,
and magnetic properties in tetragonal LSMO. We choose the
Sr concentration x=0.375, safely in the FM metallic region.
Our focus is on the competition between FM and several
antiferromagnetic (AF) order patterns. We recently reported
in Ref. 41 a similar study of rhombohedral LSMO under
hydrostatic pressure. In this paper, instead, structural param-
eters are chosen to mimic pseudomorphic growth conditions
on noncompliant substrates. We consider three values of in-
plane lattice constant (a) corresponding to planar strains
ranging from strongly compressive (—5.2%) to weakly ten-
sile (1.2%).!7-!8 The lattice-constant values correspond to the
three widely used substrates YAIO;, LaAlOs, and SrTiO5. In
the following, we will often refer to our in-plane lattice-
constant change as a substrate-induced strain. For each such
strain, LSMO properties are evaluated in a wide range of
orthogonal strain (c¢/a from 0.95 to 1.15), with full atomic
relaxation at each (a,c) configuration. In this way the action
of planar and vertical strains is disentangled, and a complete
picture of tetragonal LSMO under generic strain is obtained.

In our calculations we employed two different ap-
proaches: the generalized gradient approximation (GGA) and
the GGA+U.*° It is important, for a reliable description, to
carry out studies with both methods in parallel. Although
GGA is accurate enough for optimally doped LSMO, elec-
tron correlation effects are still important for specific prop-
erties (such as, e.g., magnetic moments and density of states,
as will be shown below) and especially for large applied
strains, which can severely change the density of states at
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Fermi energy (Ey) and, hence, the degree of electron corre-
lation (i.e., localization) in the system.

Overall, magnetic ordering in LSMO turns out to be quite
sensitive to applied strain and, hence, potentially suited for,
e.g., piezomagnetic applications. It will be shown that the
system response in terms of structural distortions [e.g., Jahn-
Teller (JT)] and change in magnetization is highly aniso-
tropic. Under uniaxial strain, the FM phase (stable at the
equilibrium) is disrupted in favor of either A-type or C-type
AF coupling, depending on whether compressive or tensile
strain is applied. This behavior was already pointed out in
previous theoretical works,'” but here we show that the
choice of different substrates can remarkably alter the mag-
netic phase competition. In fact, two independent strain pa-
rameters enable nice tunability of the magnetic properties as
they respond to the external strain in highly anisotropic fash-
ion. Compression favors FM-AF switch but only in the di-
rection parallel to the applied strain while it strengthens the
FM coupling orthogonally to the strain. In this way one may
stabilize AF,-type ordering through the ¢ axis (e.g., me-
chanical) compression or AF -type ordering by substrate
shrinking.

It is also known that the anisotropic strain can dramati-
cally alter the electronic properties of the manganites and
even turn LSMO in insulator.?%3%31:51 This may in principle
be due to different (possibly coupled) sources: atomic dis-
placements and change in magnetic coupling. With our
analysis of the electronic properties we rationalize the micro-
scopic mechanisms governing conduction properties under
strain and the respective influences of structural distortions
and magnetic phase competition.

The work is organized as follows. In Sec. II we give tech-
nical details about the calculations. In Sec. III we discuss
results concerning total energies (Sec. III A), structural pa-
rameters (Sec. III B), and electronic properties (Sec. III C).
Section IV is devoted to comment and discuss our results,
and finally in Sec. V we offer our conclusions.

II. METHODS

First-principles calculations are performed using the pro-
jector augmented wave (PAW) method®? as implemented in
the Vienna ab initio simulation package (VASP) code.’® As
energy functionals we used standard GGA and GGA+U ¥
(U is the on-site Coulomb repulsion included for the Mn d
electrons) in the Dudarev implementation.* We set U
=3 eV and the exchange interaction J=0.98 eV [as in our
previous work on rhombohedral LSMO (Ref. 41)]. An en-
ergy cutoff of 300 eV and a 4 X4 X4 Monkhorst-Pack
k-point grid are adopted. All calculations are done within 2
X2X2 (40 atom) cubic supercells which are sufficient to

simulate bulk LSMO in R3¢ rhombohedral symmetry at low
temperature. Doping at x=0.375 concentration is treated with
Sr substitutions on La sites, chosen according to the calcu-
lated lowest-energy configuration at equilibrium (i.e., at van-
ishing stress). For each structure (i.e., applied strain) full
atomic relaxation is performed.

We considered four magnetic-order arrangements: FM,
C-type antiferromagnetic with spin wave vector (
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FIG. 1. (Color online) Calculated structure of tetragonal LSMO
under strain at a=3.80 A. (a) and (b): three-dimensional and side
view for ¢/a=0.95 (i.e., under strong out-of-plane compressive
strain). (c) and (d): same perspectives for c/a=1.15, that is, strong
orthogonal tensile strain. Solid and dashed lines draw planar and
out-of-plane Mn-O-Mn angles, respectively.

=[1/2,1/2,0] (AF.), and two A-type antiferromagnetic or-
derings corresponding to q=[0,0,1/2] (AF;) and q
=[1/2,0,0] (AF;}). Notice that the last two are not identical
under planar or vertical applied strain.

Calculations are done for three in-plane lattice constants:
a=3.95, 3.80, and 3.70 A. As our theoretical lattice constant
for rhombohedral LSMO is ay=3.905 A,*! the chosen lattice
constants correspond to planar strains €,~ 1.1%, —2.6%, and
—5.2%, which approximately correspond to the experimental
growth conditions on SrTiO;, LaAlOs;, and YAIO; sub-
strates, respectively. Sketches of the structure for the
LaAlOs-epitaxial condition at two c/a values are displayed
in Fig. 1.

III. RESULTS
A. Energies and magnetic ordering under strain

In this section we discuss the energetics of LSMO and the
competition among magnetic orderings as a function of epi-
taxial substrate (i.e., a) and orthogonal strain (c/a). We start
in Fig. 2 with the GGA-calculated total energies as a func-
tion of a and c/a. The curves relative to different substrates
are well distinguishable, and for each substrate the minimal
energy corresponds to a well-defined c¢/a value largely inde-
pendent of the specific magnetic order. This implies that a
change in magnetic order (e.g., by application of a magnetic
field) should not cause substantial changes in the structure.
We will see that the reverse does not hold; that is, a suitable
strain does in fact change the magnetic ordering.

Let us analyze the energy curves for each substrate. At
a=3.95 A the minimum c¢/a=0.98 is close to unity as ex-
pected, with the FM ordering visibly favored, in accord with
observations. Moving along the curve toward larger c¢/a the
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FIG. 2. (Color online) GGA-calculated total energies per for-
mula unit versus the ratio c/a for different a and magnetic
orderings.

FM phase remains favored, with the various AF orderings
gaining some stability. More interestingly, at c/a
~0.96-0.97 (that is, for small compressive longitudinal
strain €,~—1 and—2%) we find an energy crossing between
AF; and FM, with the former becoming more and more
stable along with the progressive shrinking of the orthogonal
axis. At ¢/a=0.92 the AF; has already a sizable energetic
advantage over the FM (AE=-70.3 meV/formula unit);
thus, a sign change in the orthogonal exchange interaction is
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prospected. The AF; stability is further strengthened by an
in-plane compression: we see that for fixed c¢/a, smaller a
lowers the AF; energy even more with respect to the FM: at
c/a=0.95, AE=-20.2, —=75.2, and —-89.9 meV/f.u. for a
=3.95, 3.80, and 3.70 A, respectively. See also Table I
where energies for all the considered magnetic phases are
reported at selected structural parameters and corresponding
strain values.

Consider now the energy curves for a=3.80 A, they all
have minima at c¢/a~ 1.05 (i.e., c=3.99 A); i.e., not surpris-
ingly a compressive planar strain induces a substantial
stretching in the orthogonal direction. This sensitively alters
the magnetic phase competition: at equilibrium the FM phase
is nearly degenerate with the AF) and is favored by 16.8
meV/f.u. over the AF and by 61.6 meV over the AF;. How-
ever, a relatively small change in c¢/a is sufficient to reverse
the order: for ¢/a~1.08 (corresponding to a tensile strain
€,~2-3%), it makes the AF. favored and stable at any
larger c. Orthogonal compression, instead, favors the AF;
ordering, similar to the previously discussed case of a
=395 A.

Finally, for a=3.70 A LSMO properties depart even
more dramatically from the equilibrium: the energy mini-
mum at ¢/a=1.13 corresponds to a remarkable orthogonal
elongation (c=4.181 A). Here the AF, phase is largely fa-
vored and remains stable under compression of up to c/a
~1.05. Between c/a=1.05 and 1.0 another crossing shows
up, and the AF; phase (the highest in energy for ¢/a above

TABLE 1. GGA-calculated total energies (in meV/f.u.) of LSMO in several magnetic orderings for
different substrates (a) and out-of-plane strain (¢/a). For each a and ¢ energies are referred to the most stable
magnetic phase. The corresponding planar (e,) and orthogonal (e€,) strains, and the c-axis component of the
stress tensor (in GPa) averaged over different magnetic phases at each strain are also reported. Positive and
negative stress values refer to compressive and tensile stresses, respectively.

cla o, FM AF¢ AF} AF;
a=3.95 A €=11%
0.95 €.=-3% 5.6 20 140 71 0
1.0 €.=+2% -7.9 0 115 58 42
1.05 €.=+5% -153 0 90 30 63
1.1 €.=+10% -16.1 33 80 0 89
IRE €.=+15% -16.5 69 107 0 126
a=3.80 A €, =-2.6%
0.95 €.==9% 320 75 201 113 0
1.0 €.==5% 12.8 7 65 9 0
1.05 €.=0 0.1 0 17 0 62
11 €.=+5% -10.6 23 0 9 102
115 €.=+9% -143 36 0 3 77
a=3.70 A €,=-5.2%
0.95 €.=—16% 58.9 90 155 97 0
1.0 €.=-11% 32.7 9 61 10 0
1.05 €.==1% 16.1 12 8 0 76
1.13 €.=0% -33 87 0 43 166
1.17 €.=+3% -10.3 88 0 44 195
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1.05) suddenly takes place and remains stable at any lower
cla.

The results just seen suggest some well-defined tenden-
cies. First, in-plane shrinking (i.e., smaller lattice-constant
substrate) makes LSMO stretch orthogonally (provided it is
left unconstrained along c) and reach equilibrium at ¢=3.87,
3.99, and 4.18 A for a=3.95, 3.80, and 3.70 A, respec-
tively. The in-plane shrinking and its complementary ¢ elon-
gation alter magnetic ordering, favoring the stabilization of
the AF. phase over the FM. Notice that even for tensile
in-plane strain (a=3.95 A), although never stable in our ex-
amined c/a range, the AF. gains substantial energy with
increasing ¢, with respect to all other orderings. On the other
hand, if for a fixed substrate the ¢ axis is suitably shrunk, we
can induce further phase transitions in the system: from FM
to AF for a=3.95 A; from AF_ to FM and then to AF% for
a=3.80 A; and from AF. to AF; for a=3.70 A.

In Table I we report the calculated internal stress tensor
component o, at the various vertical strains €. Apart from a
sign change, this is the pressure that should be applied along
the ¢ axis in order to produce that strain. In the calculation,
of course, the strain is simply imposed geometrically on the
supercell. It can be noticed that the pressure values in ques-
tion are fairly large but reachable in an anvil cell and possi-
bly also in a piezodevice setting.

The general tendency toward AF. or AF; stabilization
upon c/a increase or decrease, respectively, was first de-
scribed by ab initio calculations in Ref. 10, where a universal
diagram as a function of doping concentration x and c¢/a was
drawn.?® Our results on the one hand confirm this picture but
on the other attest that the ¢/a dependence is not really uni-
versal but crucially depends on specific ¢ and a values. Thus,
intriguingly, the control of the c-axis length by external pres-
sure may be a straightforward way to manipulate the mag-
netic ordering of the system. Over the years, a number of
experimental works (typical resistivity and magnetization
measurements)'83! have confirmed that applied strain can
indeed dramatically alter conducting and magnetic properties
of the systems in a sense that is compatible with the theoret-
ical results, although no direct proof of a phase transition has
been furnished, to our knowledge.

It is appropriate to check the GGA results with GGA+U.
In Fig. 3 our GGA+ U-calculated energies are shown in the
same format used in Fig. 2. Despite minor quantitative dif-
ferences, the picture drawn by GGA calculations is substan-
tially confirmed: the AF phase is still favored (although in a
smaller ¢/a range) with respect to the FM by the c-axis
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FIG. 3. (Color online) GGA+U total energies per formula unit
versus the ratio c¢/a for different @ and magnetic orderings.

elongation, while the AF; is stable for any substrate upon the
c-axis shrinking. As for the equilibrium structures, equilib-
rium is reached at ¢/a=0.98, 1.07, and 1.13 for a=3.95,
3.80, and 3.70 10\, respectively; thus, values are substantially
equal to those obtained within GGA. Given this similarity in
the energetics representation, the analysis of structural prop-
erties under strain in Sec. III B will be limited to the GGA
results only.

B. Structural changes under strain

Understanding the competition among magnetic phases
requires a comparative analysis of the structural changes un-
der applied strain. For perovskites, the fundamental struc-
tural degrees of freedom are Mn-O distances and Mn-O-Mn
angles which are easily related to octahedral rotations
(sketched in Fig. 1). These quantities can be conveniently
expressed through averages of in-plane and out-of-plane
angles. In Table II we report for each substrate the GGA-
calculated equilibrium values of ¢, and planar (labeled with
x) and vertical (z) Mn-O-Mn angles and Mn-O distances. As
these structural parameters are barely sensitive to the specific
magnetic order (in consistency with the total-energy results)
the values in the table are averaged over the considered mag-
netic phases.

We start with the analysis of in-plane angles, as reported
in Fig. 4. At each fixed substrate, we see that moving from
large to small ¢/a causes a smooth, regular increase in the
angles (i.e., decrease in octahedral rotations) up to ¢/a~ 1.
Below this threshold a plateau is reached. This behavior fol-

TABLE II. GGA-calculated equilibrium structural parameters for each fixed substrate. Parameters include
the c-axis length (in A), average in-plane (6,) and out-of plane (6,) Mn-O-Mn angles, in-plane (Mn-O), and
out-of-plane (Mn-0),. distances (in A), and Jahn-Teller distortion, calculated as (Mn-0), and (Mn-O), dif-
ferences relative to their mean value. All values are averaged over the magnetic orderings as structure
dependence on the specific ordering is minimal and can be discarded.

a c cla 0, (Mn-0),, (Mn-0).. JT
3.95 3.87 0.98 168° 162° 1.98 1.95 -0.015
3.80 4.07 1.07 158° 178° 1.91 2.02 +0.056
3.70 4.18 1.13 155° 178° 1.88 2.10 +0.110
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FIG. 4. (Color online) Cell-averaged, in-plane Mn-O-Mn angles
versus ratio c¢/a, as calculated in GGA. Each panel reports values
for a given in-plane lattice constant a and several magnetic orders.

lows the usual space-filling argument, according to which
oxygen rotations take place in order to shorten their distance
from A-site cations, while shrinking ¢ flatten angles in the
(x,y) plane orthogonal to the applied strain direction. This
directionality is fundamental to understand the different be-
haviors of in- and out-of-plane angles and can be visually
appreciated in Fig. 1 comparing panels (b) (short ¢) and (d)
(long ¢): we see that in-plane rotations increase with ¢ in
such a way that oxygens get closer to two of their four A-site
nearest neighbors stretched apart by the c-axis elongation.

On the other hand, if we keep c/a fixed (i.e., scales a and
¢ simultaneously), the angles are much less responsive to
applied strain: fixing, e.g., c/a=1 and moving from larger to
smaller substrates, angles decrease (i.e., rotation increases) in
accord to the space-filling criterion, from ~170° at a
=370 A to ~165° at a=3.95 A (the c/a=1 case corre-
sponds to the hydrostatic strain studied in detail in Ref. 41).
This indicates that a nonisotropic applied strain is far more
effective than the hydrostatic strain in stimulating large
structural response.

The out-of-plane angle behavior under applied strain is
shown in Fig. 5. Here for each substrate we can distinguish
two regimes: at large c/a angles are nearly constant with
c¢/a. In this region, for compressive planar strain (€,<0)
angles are close to 180°; i.e., octahedra are almost com-
pletely stretched out along the ¢ axis. Then a cusp shows up
at ¢/a~1.05 below which angles rapidly fall; i.e., oxygens
rotate around the ¢ axis. (Notice that for consistency at c¢/a
=1 in-plane and out-of-plane angles coherently converge to
the same values.) For the tensile substrate a=3.95 A at large
c/a vertical angles are much smaller than for compressive
substrates (i.e., oxygens rotate more in accord with the
space-filling argument) and remain nearly constant through
the whole c/a range, although the cusp is still visible at
cla~1.

In summary, in the small c¢/a regime vertical angles do
not follow the space-filling rule anymore, as they fall consis-
tently along with c¢/a. This can be explained in terms of the
Mn-O repulsion coming into play when their distance be-

PHYSICAL REVIEW B 78, 235122 (2008)

AAFM
OO AF-A"
180 ET T T T T ol BD AF'AZ T 3
};fé a=3.95 A [ %% AF-C 3
) }g(s) TR :@‘"""‘ =eesasfeanzonol 3
L 155F 3
T 180¢ :
snl B
165E5) 3
= 1752— —
g
0.95 1.00 1.05 y 1.10 1.15 1.20
c/a

FIG. 5. (Color online) Cell-averaged, out-of-plane Mn-O-Mn
angles versus ratio ¢/a calculated within GGA. Each panel refers to
a given in-plane lattice constant a and several magnetic orders.

comes too short. Mn-O distances are reported in Fig. 6, also
separated in in-plane (upper panel) and out-of-plane (lower
panel) contributions. In the plane, the (Mn-O), distances are
obviously dependent on the substrate but weakly dependent
on ¢, and they remain close to the respective equilibrium
values (see Table II) through the whole ¢/a range. No regime
change is triggered. On the contrary, (Mn-O), distances are
highly responsive to change in ¢, and moving through the
c/a range, they shrink by as much as ~20% their equilib-
rium length. At c/a=1, for example, our calculations give
(Mn-0),=1.95, 1.90, and 1.85 A for a=3.95, 3.80 and
3.70 A substrates, respectively, corresponding to Mn-O
strained by €=0, —6%, and —12% with respect to their equi-
librium values (see Table II). Strong repulsive strain activates
c-axis oxygen rotations (i.e., smaller (Mn-O-Mn), angle) al-
lowing some Mn-O elongation [the minimum value
(Mn-0).=¢/2 corresponds to (Mn-O-Mn),=180°].

Finally, not surprisingly, as we move to more and more
compressive substrates, Jahn-Teller distortions consistently
show up. They are quantified in Table II as relative differ-
ence between in-plane and out-of-plane average Mn-O dis-
tances.

T N N T B T
0.95 1 1.05 1.1 1.15 1.2

FIG. 6. (Color online) Top: GGA-calculated average Mn-O dis-
tances parallel to the x and y planes as a function of ¢/a for each
substrate and magnetic orderings. Bottom: same as top but for ver-
tical Mn-O distances. For each substrate dashed lines highlight
equilibrium ¢ and corresponding Mn-O values.
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With the analysis of structural changes in the hands, we
can go back to the energy results and give a straightforward
interpretation of the magnetic phase competitions: Stretching
¢ produces large in-plane rotations and nearly vertical octa-
hedral alignment; this strengthens the AF. stability over all
the other magnetic phases, in coherence with the usual pic-
ture according to which FM double-exchange interactions
are enhanced by flatter Mn-O-Mn angles (thus larger p-d
hybridization). According to Fig. 2, a FM-AF crossing takes
place at large c/a for the two compressive substrates but not
for a=3.95 A, and now we understand why: for the latter
substrate in-plane rotations are not large enough to reverse
the magnetic interactions.

On the other hand, shortening ¢ favors the AF; stabiliza-
tion as vertical angles get smaller and planar angles stretch
out. The mechanism of FM-AF; crossing is arguably quite
robust as it occurs at any substrate and is equally predicted
by GGA and GGA+U results. This aspect is the main high-
light of our study as far as interest in design applications is
concerned.

C. Electronic properties

Electronic properties and the orbital-resolved density of
states (OR-DOS) give us the microscopic keys to uncover
the mechanism driving the system response to applied strain.
To emphasize the vertical (i.e., uniaxial) strain effects, we
juxtapose the OR-DOS calculated at the end-points range
(¢/a=0.95 and 1.15), limiting the discussion to the most im-
portant magnetic orderings, i.e., FM, AF; (stabilized under
vertical compression), and AF (stabilized by vertical tensile
strain). The main characteristics of the OR-DOS and the con-
clusions of our analysis do not depend on the specific sub-
strate, so we only discuss results for one intermediate case.
Thus it is understood that all pictures shown below are for
a=3.80 A and either ¢/a=0.95 or ¢/a=1.15.

Usually for manganese perovskites the density of states
(DOS) and magnetic moments are particularly sensitive to
computational technicalities, as a small difference in spin-
splitting energy can sensitively alter the orbital occupations
on which magnetic moments crucially depends, at variance
with total energies and structural properties, which are only
marginally affected by the use of either GGA or GGA+U. In
our previous work on bulk rhombohedral LSMO,*' we found
that GGA sizably underestimates the spin-splitting energy,
and an applied compressive strain may therefore induce a
sharp drop of Mn magnetic moments due to the shift of
unoccupied Mn e, minority bands below the Fermi energy
(EF). A similar behavior may be arguably expected even for
nonisotropic compression.

In Figs. 7 and 8 we report the OR-DOS calculated in
GGA and GGA + U for the FM phase under vertical compres-
sion. Indeed, the difference is especially apparent for the Mn:
in GGA the spin-polarized f,, orbitals are split by only
~2.2 eV. Compressive strain further squeezes these orbitals
which spread out in space to reduce their electrostatic repul-
sion, thus reducing even more the associated spin splitting.
In GGA at ¢/a=0.95 the bottom of minority ,, bands lies
below E and the respective DOS is partially filled. This
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FIG. 7. (Color online) Orbital-resolved DOS for Mn and O at-
oms in the FM phase calculated within GGA at planar lattice con-
stant @=3.80 A and ¢/a=0.95 (i.e., under vertical compression).
Op and Oq refer to in-plane and on-top oxygens, respectively; py;, is
the ligand orbitals directed to the Mn (i.e., p, for Op and either p, or
py for Op); and poy; and py, are the two nonligand orbitals directed
orthogonally to the Mn-O bond.

makes magnetic moments strongly sensitive to a change in
c/a. In GGA+U the spin splitting of the 7,, orbitals is re-
markably larger (~4 eV) so that minority #,, remain well
above Ep even under strong longitudinal compression and
magnetic moments do not degrade. As for magnetic mo-
ments, the GGA and GGA+ U differences are relatively mi-
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FIG. 8. (Color online) Orbital-resolved DOS for Mn and O at-
oms in the FM phase calculated within GGA+ U at a=3.80 A and
¢/a=0.95 (vertical compression). Labels are described in the cap-
tion of Fig. 7.
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FIG. 9. (Color online) Orbital-resolved DOS for Mn and O at-
oms in the FM phase calculated within GGA+U at a=3.80 A and
c¢/a ratio of ¢/a=1.15 (vertical stretching). Labels are described in
the caption of Fig. 7.

nor at a=3.95 A (at equilibrium ¢/a=0.98 we have, averag-
ing over different phases, M=~34up in GGA+U and
~3.2up in GGA), while for a=3.80 A GGA+U gives M
~3.2-3.4 A, while GGA~3.0-3.2 A. Since we can safely
assume the GGA+ U description as the correct one, in what
follows we concentrate our analysis on the GGA+ U results
only.

Comparing the FM DOS in Fig. 8 with that in Fig. 9,
corresponding to c¢/a=1.15, we see that the c-axis compres-
sion causes a large spread of valence bandwidth (from
~7 eVatc/a=1.15to ~8 eV at ¢/a=0.95) associated with
a remarkable charge delocalization. Furthermore, ¢/a=0.95
is a condition of weak anisotropy (i.e., not too far from
c¢/a=1) so the ligand DOS of on-top oxygen (p.) and in-
plane oxygen (either p, or p,) are similar (Fig. 8), with py;,
partially filled and spin antialigned to the Mn, furnishing a
small negative contribution to the magnetic moment. Look-
ing at the orbital occupations for the FM phase in Table III,
at ¢/a=0.95 we have My,=3.29up, of which 2.51uz come
from 15, 0.45up, and 0.33up from x*>~y?* and z°, respec-
tively. Also py;, contributes with ~-0.06u, but this is over-
compensated by a positive p contribution of ~0.1up, so
the total magnetization per formula unit (Mn plus Oy plus
two Op) is M=3.40us.

At c/a=1.15 the structure is much more anisotropic, with
nearly flat vertical angles and large octahedral rotations in
the plane. This is reflected in the difference between Op and
Oy ligand DOS in Fig. 9: for Op, the pj;, DOS tail crossed by
Ey is thinner under tension, as a consequence of the accen-
tuated planar rotations, while the same orbital for Oy is en-
hanced due to the realignment of the octahedra along c. We
can see in Table III that stretching c¢/a from 0.95 to 1.15,
x%>—y? and z? occupations change by —0.15 and +0.04 elec-
trons, respectively, and Oy py;, by —0.14 electrons. In words,
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elongation causes an enhancement of the p-d hybridization
(evidenced by the charge transfer from Oy py, to Mn 2%) in
the orthogonal Mn-O bonds and a decrease in p-d hybridiza-
tion (charge loss in Mn x>—y? orbital) in planar Mn-O bonds.
As for magnetic moments, at c/a=1.15 we have My,
=3.45u (2.53u from t,, and 0.33up and 0.59up from x?
—y? and z2, respectively), 0.01u, from Op and —0.03 u from
Oy, for a total M =3.44up per formula unit.

On the basis of this picture, and according to the usual
arguments of superexchange (SE) theory, we can conclude
that vertical elongation causes the enhancement of ferromag-
netic coupling in the direction of the applied strain (i.e.,
along ¢) and antiferromagnetic coupling in the plane (i.e.,
orthogonally to the applied strain). This picture is coherent,
indeed, with our total-energy calculations, which indicate a
strengthening of AF. ordering at large c/a.

Let us now consider the DOS of the AF; phase under
compression (Fig. 10). The AF; symmetry takes advantage
of the longitudinal compression, as small in-plane rotations
(Mn-O-Mn~170°) and large out-of-plane rotations
(Mn-O-Mn ~ 162°) strengthen planar FM coupling and lon-
gitudinal AF coupling, respectively. With respect to the more
isotropic FM ordering, the two e, orbitals present a more
marked difference, with x>~y? DOS more occupied than z%;
i.e., with respect to the FM ordering a portion of e, charge is
transferred from the vertical axis to the plane. This aniso-
tropy is also reflected in the oxygens: the p;;, DOS around Ef
is visibly larger for Op than for O7. Notice also that while Op
is spin-polarized due to double-exchange interactions with
Mn, Oy is nonmagnetic due to the vertical AF symmetry.

Under vertical tension the situation is reversed: vertical
angles (Mn-O-Mn~ 175°) are straightened, and in-plane
angles (Mn-O-Mn~ 155°) are sharpened. Although the AF;
order is now disfavored, it is interesting to see how the DOS,
in Fig. 11, reacts in order to minimize the disadvantage due
to the stretching: the Mn e,’s are completely pulled apart,
with majority z> almost completely filled (its band top lying
approximately half eV below Ej) similar to the 7,, (see the
corresponding occupation in Table IIT) and the x*—y? DOS
largely depleted and cut by Ej at the bottom. The Mn z? is
strongly coupled with majority O pjj, which also lies well
below Ep and is completely filled. As a consequence, Oy py;,
is no longer spin compensated as it was under pressure and
contributes with additional 0.06up to the total moment.

The magnetization of O py;, seems to be at odds with the
AF symmetry, which should favor nonmagnetic oxygens.
The inspection of atomic relaxations reveals that O;’s go
substantially off center with respect to the two spin-
antipaired nearest Mn aligned along z and get closer to one
of those to form a succession of ~1.9-2.0 A long Mn-O
dimers separated by ~2.3-2.4 A distance. The dimers are
characterized by the strong pl—dﬁ coupling, as revealed by

the DOS analysis, so that each dimer forms a magnetic po-
laron of ~3.55upz. The dimerization is associated with a
buckling in the MnO, planes and to polar displacements neu-
tralized in overall antiferroelectric fashion.

Finally we come to the AF. phase, stable at large or-
thogonal stretching. See first the OR-DOS under compres-
sion in Fig. 12. The rationale of DOS variations upon applied
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TABLE III. Orbital occupations calculated within GGA+U at a=3.80 A and ¢/a=0.95 and 1.15 for M,

AF, and AF orderings.

FM AF, AF¢
cla 0.95 1.15 0.95 1.15 0.95 1.15
Mn
dls_p 0.70 0.57 0.72 0.55 0.81 0.52
dp_p 0.25 0.24 0.25 0.23 0.21 0.25
d’, 0.61 0.76 0.56 0.93 0.62 0.80
d 0.28 0.17 0.30 0.1 0.26 0.17
dl, 0.95 0.90 0.95 0.90 0.93 0.90
d;, 0.10 0.11 0.10 0.11 0.09 0.12
dl, 0.94 0.94 0.93 0.94 0.94 0.94
d, 0.11 0.07 0.12 0.06 0.10 0.08
My (125) 3.29 3.45 3.20 3.69 3.48 3.40
Op
Plig 0.68 0.66 0.68 0.65 0.72 0.70
Plig 0.74 0.73 0.74 0.73 0.72 0.70
pl 0.78 0.76 0.78 0.76 0.75 0.75
P 0.73 0.73 0.73 0.73 0.76 0.75
Pl 0.79 0.76 0.78 0.76 0.76 0.73
Pho 0.74 0.71 0.74 0.71 0.76 0.73
Mo, (1p) 0.04 0.01 0.03 0 -0.01 0
Or
Plie 0.71 0.63 0.74 0.72 0.70 0.66
|
Plig 0.76 0.70 0.74 0.66 0.77 0.70
la 0.78 0.75 0.76 0.73 0.78 0.74
P 0.74 0.73 0.76 0.74 0.74 0.73
Pl 0.78 0.75 0.76 0.73 0.78 0.74
Pho 0.74 0.73 0.76 0.74 0.74 0.73
Mo, (1p) 0.03 -0.03 0 0.04 -0.01 -0.02
Mo (125) 3.40 3.44 3.26 3.73 3.45 3.38

strain is reversed with respect to the AF; phase, as now spins
are longitudinally aligned and planar antialigned. Under
compression the Oy DOS nearby Ey is depressed, as a sign of
the reduced Mn-Oy hybridization due to the increased octa-
hedral tilting, while a sizable Mn-Op hybridization is still
present. Now in-plane AF and out-of-plane FM couplings are
clearly disfavored by this trend. On the contrary, tensile
strain (Fig. 13) reverts the situation, thus Mn-Or d_2-py;, hy-
bridization is visibly amplified at Er, while Mn-Op d,2_2-py,
coupling is switched off, as much as the planar DOS is al-
most gapped (with just a tail of d,2_,» DOS peak cut by Ep).

In summary, our GGA+U description of the OR-DOS is
coherent with previous experimental and theoretical reports
which indicate an imbalance in the two e, orbitals due to the
applied strain,'®?*23 causing charge filling of z> or x*>-y?
depending on whether an in-plane (x,y) or uniaxial
(z-parallel) compression is applied. However, the amount of
charge imbalance can also vary according to the magnetic

ordering; thus its effect on the conduction properties depends
on which magnetic ordering is stable at the considered strain.

IV. DISCUSSION

On the basis of our results for tetragonal LSMO we can
trace a coherent description of LSMO properties under
strain. Starting with structural properties, we have previously
found in Ref. 41 that, in agreement with observations, hydro-
static compression reduces oxygen rotations, decreases
Mn-O distances, and favors a more cubiclike, undistorted
symmetry.®>> For nonisotropic strain this prescription still
holds but must be suitably generalized: according to the
space-filling argument, oxygens strive to shorten the distance
from the A-site cation. Then, a unidirectional lattice elonga-
tion along, e.g., the z axis, increases the O-A distance within
the (x,z) and (y,z) planes but leaves unchanged the same
distance within the (x,y) plane orthogonal to the strain di-
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FIG. 10. (Color online) Orbital-resolved DOS for Mn and O
atoms in the AF} phase calculated within GGA+U at a=3.80 A
under orthogonal compressive strain (c¢/a=0.95).

rection so that only octahedral rotations parallel to (x,y) are
stimulated. That is, stretching induces rotations in the plane
orthogonal, but not parallel, to the applied strain direction.
This is a key concept to understand the whole structural re-
sponse of LSMO to an applied unidirectional strain: for fixed
substrate, stretching ¢ causes in-plane angle decrease, i.e.,
larger oxygen rotations (Fig. 4), while vertical angles remain
nearly constant (Fig. 5) for ¢ values above a minimal thresh-
old. Shrinking ¢ below this threshold, vertical Mn-O bonds
(Fig. 6) become repulsive and the vertical octahedra rotate to
relieve the pressure. This happens, in our calculations, at a

[

0.5 bl
0570\\\”\\”

r-T

density of states (a.u.)
[—]

=

TN TR Y AT R T
'0'5-8-7-6-5-4-3-2-10 12 3 4

E-E_ (eV)

FIG. 11. (Color online) Orbital-resolved DOS for Mn and O in
the AF; phase calculated within GGA+U at a=3.80 A under or-
thogonal tensile strain (c¢/a=1.15).
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FIG. 12. (Color online) OR-DOS for Mn and O atoms in the
AF_ phase calculated within GGA+U at a=3.80 A and orthogonal
compression ¢/a=0.95.

pressure of approximately 20 GPa. A similar abrupt reduc-
tion in the vertical Mn-O-Mn angle at high pressure was
observed also in other manganite systems as, for example,
the orthorhombic Laj Y (7Cag33MnO5 crystals under high
hydrostatic pressure.>®

Structural distortions are instrumental in understanding
magnetic phase stability competition under strain. In agree-
ment with experiments, the FM phase is found stable at equi-
librium (i.e., zero pressure) against several AF phases con-
sidered here (Fig. 2). However, this competition is highly
sensitive to the application of unidirectional strain. Uniaxial
compression favors the enhancement of AF and FM cou-
plings along and orthogonally to the strain direction, respec-
tively, favored by larger longitudinal and smaller in-plane
oxygen rotations. The situation is completely reversed for
uniaxial elongation as now FM and AF coupling are
strengthened along and orthogonally to the strain direction,
respectively, to flatter vertical and sharper in-plane octahe-
dral angles.

This behavior has a simple interpretation in terms of
double-exchange interactions, as illustrated by the calculated
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FIG. 13. (Color online) OR-DOS for Mn and O atoms in the
AF_ phase calculated within GGA+U at a=3.80 A and orthogonal
tension c/a=1/15.
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FIG. 14. (Color online) Schematic effects of uniaxial strain on
LSMO [indicated by thick (gray) vertical arrows]. [Mn: large (red)
circles; O: small filled circles; and La/Sr: small empty circles.] The
applied strain is indicated by thick (gray) vertical arrows. Left
panel: vertical elongation. Right panel: vertical compression.
Curled (yellow) arrows show corresponding octahedral rotations,
i.e., in-plane for elongation and out-of-plane for compression. The
directions of prevailing DE and SE interactions are highlighted by
thin (blue) Mn-O connecting arrows (solid for DE and dashed for
SE). The corresponding charge transfer between the relevant Mn
orbitals involved in the process is also showed at the bottom.

DOS under compressive and tensile uniaxial strains: com-
pression favors flat angles and larger p-d hybridization
around Ep in the plane, tilted octahedra, and less p-d hybrid-
ization longitudinally. It is very clear from the DOS calcu-
lated under uniaxial compression (compare the DOS for FM
in Fig. 8, AF; in Fig. 10, and AF, in Fig. 12) that the only
p-d hybridization (i.e., pj,-d,2 2 overlap) near Ep comes
from Mn-Op bonds, while the Mn-Oy d2-py;, contribution is
swept off. The enhancement of planar FM double-exchange
and vertical AF superexchange follows. Under tensile strain
the situation is reversed as the Mn-Oy d2-py;, hybridization
is now always predominant over the Mn-Op d,2_,2-pj;, coun-
terpart (see Fig. 9, Fig. 11, and Fig. 13 for FM, AF;, and
AF, respectively); thus, we can expect stronger FM double-
exchange longitudinally and AF superexchange in the plane.
As a summary, in order to convey an immediate feeling of
the essential response of magnetic and structural properties
to uniaxial strain, we have drawn in Fig. 14 a schematic
picture linking uniaxial strain with orbital charge transfer,
octahedral rotations, and corresponding magnetic interac-
tions strengthened by the applied strain.

This general picture of magnetization under uniaxial
strain is qualitatively valid at any examined substrate, but the
choice of the substrate largely influences the practical possi-
bility to induce a phase transition in the system. As a general
rule, the larger the planar strain imposed by the substrate, the
larger the orthogonal response of the systems (i.e., the Jahn-
Teller distortion) and then the possibility to destabilize the
equilibrium FM ordering. The highly compressive substrates
studied here favor large vertical elongation; thus, they have a
fundamental role in the stabilization of the AF. phase under
uniaxial elongation. In Table I we have seen that the AF. is
never stable at a=3.95 A; it can be stable at a=3.80 A only
upon application of a considerable (€,=5%) tensile strain,
and it is finally stable at a=3.70 A at equilibrium ¢ (i.e.,
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€,=0). Thus, the only practical way of stabilizing AF. is,
according to our results, growing on very compressive sub-
strates. (Consistently with our present results, as we will re-
port elsewhere, AF. order is also locally stabilized at the
Mn-terminated surface of LSMO with a=3.80 A, i.e., grown
on LaAlO;.)

On the other hand, turning on AF; order appears more
likely since, looking again at Table I, it can be stabilized at
any substrate provided that a sufficient compressive strain is
applied longitudinally. The required strain is very large at a
=370 A (e,.=—11%) but seems plausible for a=3.80 A
(e,=—5%) and a=3.95 A (e,=-3%).

It is worth mentioning that GGA results found that the
AF, may be stabilized even by isotropic (i.e., hydrostatic)
compressive strain e~-2-3%.'94! However this result is in
contrast with GGA + U, which confirms the FM stability even
up to extremely high pressure. For uniaxial compression this
ambiguity does not appear as GGA (Fig. 2) and GGA+U
(Fig. 3) delineate a substantially equivalent picture of the
magnetic phase competitions. The role of structural aniso-
tropy in the FM-to-AF, transition was previously suggested
for other manganites with orthorhombic symmetry [e.g.,
La,_,Ca,MnOj; and Pr;_,Sr,MnO; (Ref. 21)].

Finally, within GGA+U the calculated magnetization is
essentially constant under hydrostatic pressure (in agreement
with experiments®’) or under planar strain provided that the
equilibrium ¢ for each substrate is maintained (in agreement
with the findings reported in Ref. 39). This seems to conflict
with magnetization measurements of FM LSMO films grown
on various substrates.”!>!4!18 This disagreement between ab
initio calculations and experiments may be either due to sur-
face effects, not considered in the present calculations, or
more likely to the possible coexistence of FM and AF
(and/or spin-glass) phases.’

V. CONCLUSIONS

We have investigated structural, magnetic, and electronic
properties of tetragonal LSMO under condition of in-plane
(e.g., substrate-induced) and uniaxial (c-parallel) strains us-
ing first-principles GGA and GGA+ U approaches. We have
described the general behavior of magnetic properties under
strain and provided a straightforward interpretation of the
relation between structural changes, electronic properties,
and magnetic ordering competition. Uniaxial stretching
along ¢ produces large in-plane rotations, longitudinal octa-
hedral alignment (i.e., flatter vertical angles), and enhance-
ment of vertical p-d hybridization. The latter strengthens the
AF stability over all the other competing orderings, coher-
ently with the usual FM double-exchange picture, and deter-
mines the FM-AF. crossing at large c¢/a for the two exam-
ined compressive substrates (except for the tensile a
=3.95 A as in the latter in-plane rotations are not large
enough to reverse the magnetic interactions). These results
emphasize the separate role played by the substrate and
uniaxial strains and question the interpretation of the strain
dependence in terms of the c¢/a ratio only. On the other hand,
shortening ¢ favors the AF; stabilization as vertical angles
become smaller and planar angles stretch out. The mecha-
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nism of FM-AF; crossing is arguably robust as it occurs at
any substrate and is equally predicted by GGA and GGA
+ U results.

In conclusion, magnetization in LSMO appears to respond
very sensitively and anisotropically to either planar or
uniaxial strain, suggesting some simple ideas for tuning mag-
netic ordering in designed applications. However, a better
assessment of the LSMO films properties and more reliable
comparison with the observations will require the simula-
tions of actual multilayers, e.g., LSMO layers interfaced by
substrate and vacuum on the two sides, as the presence of

PHYSICAL REVIEW B 78, 235122 (2008)

surfaces and interfaces probably plays an important role in
the magnetic properties physics of manganite films.
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