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First-principles calculations for the magnetic phase diagram in electron-doped CaMnO;
under compressive and tensile strains
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We study how compressive and tensile strains affect a magnetic phase transition in electron-doped CaMnO;
using density-functional theory calculation. In this system, distortion of oxygen octahedrons around Mn atoms
and slight occupancy of e, orbitals play important roles in the stability of various magnetic phases. Without
strain, the magnetic phase transition occurs nearly at the same number of doped electrons as the experimental
one. Under both compressive and tensile strains, a smaller amount of doped electrons causes the magnetic
phase transition as compared to that without strain. Note that the compressive and tensile strains stabilize
different phases after the phase transition. These features suggest that we can control the magnetic phase with

electron doping and strain.
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I. INTRODUCTION

Perovskite manganites have been under intensive study
because of their attractive electronic and magnetic properties
such as colossal magnetoresistance, metal-insulator transi-
tion, and magnetic phase transition. A typical example is
hole-doped manganites such as La;_,CaMnO; and
Pr,_,Sr,MnO;.!71% A large number of studies have been de-
voted to these system. On the other hand, there have been
few studies on electron-doped manganites as compared to
hole-doped ones.!%-13

Ca,_,Ce,MnO; (Refs. 16 and 17) is one of electron-doped
manganites with undoped CaMnO; being an antiferromag-
netic (AFM) insulator. The substitution of Ce** for Ca* pro-
vides two electrons into e, orbitals of Mn atom. In the bulk,
a small amount of Ce doping causes consecutive phase tran-
sitions: from collinear G-type AFM insulator to canted
G-type AFM metal at x~0.01 and from canted G-type AFM
to collinear C-type AFM insulator at x~0.07 (see Sec. II for
AFM magnetic structures). Interestingly, transport properties
of the thin film are different from those of bulk materials due
to epitaxial strains.!® This feature suggests a possibility that
we can control various properties such as magnetic phase
transition with a small amount of electron doping and strain.

In previous first-principles calculations, structural, elec-
tronic, and magnetic properties of CaMnO; were
investigated.'®>® However no report is available so far on
the effects of electron doping and strains on the electronic
and magnetic properties. As there is a strong correlation
among orbital, spin, and lattice in perovskite transition metal
oxides, small change in orbital occupation by doping and
also small change in lattice parameters by strain will strongly
influence the electronic and magnetic properties of CaMnOs.

In this paper, we will demonstrate that CaMnOj; can have
a very rich phase diagram in the space spanned by strain and
electron doping and analyze the basic mechanisms control-
ling the phase diagram. Our study is based on the first-

1098-0121/2010/81(21)/214108(8)

214108-1

PACS number(s): 71.15.Mb, 75.10.Lp, 75.30.Kz, 75.47.Lx

principles density-functional calculations as explained in the
next section.

II. COMPUTATIONAL DETAILS

All the calculations were done with QMAS (Quantum MA-
terials Simulator), which is based on the projector augmented
wave method?>*" with the plane-wave basis set. As for ex-
change and correlation energies of electrons, we used the
PBE version of generalized gradient approximation
(GGA).3! See Ref. 32 for the comment on the use of GGA
rather than GGA+ U in the present work. Convergence crite-
ria for the stress and the atomic force were 1.0
X 107% Ry/bohr?® and 1.0 X 10 Ry/bohr, respectively. The
plane-wave energy cutoff for the wave-function expansion
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FIG. 1. A schematic illustration of the unit cell for orthorhombic
CaMnOj. Note the relation between (x,y,z) and (a,b,c).
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FIG. 2. A schematic illustration of magnetic structures.

was set to 40.0 Ry. The sampling k points were set to 8
X 6 X8 in the whole Brillouin zone. In the calculations for
the electron-doped system Ca;_,Ce ,MnO;, we adjusted only
the number of valence electrons without taking account of
the difference in the pseudopotential between Ca>* and Ce**.
The charge neutrality of the system is guaranteed by using a
uniform background of positive charge. This is certainly a
rather crude approximation neglecting the randomness in the
potential and ionic size difference. The description of the
insulating phase appearing frequently (but not observed in
the present system) in the low-doping regime is beyond the
scope of the present work. Nonetheless, as the basic physics
of perovskite manganites is mainly controlled by the occu-
pation of Mn 3d orbitals and the hybridization between
Mn 3d and O 2p orbitals, the present approximation will
capture the basic aspects of doping and pressure effects on
the present system. More elaborate calculations taking ac-
count of different pseudopotentials for Ca** and Ce** are the
next step task.

In order to check the performance of approximations and
the validity of parameter sets in the present calculation, we
did careful analysis of the crystal structure of bulk CaMnOs
by fully optimizing the lattice constants and the atomic po-
sitions. For simulating the case where CaMnOj film is grown
on a given substrate, the lattice constants in the ac plane
were fixed to those of the substrate and only the one along
the b axis was optimized. The definition of a, b, and ¢ axes is
given in Fig. 1. As for magnetic structures, we considered
typical four cases, which are A-, C-, and G-type antiferro-
magnetic (A-AFM, C-AFM, and G-AFM) structures and fer-
romagnetic (FM) one shown in Fig. 2. Only the collinear
magnetic ordering is treated in the present work. The Mn
atoms were kept at the 4b position and the force acting on
them was smaller than the convergence criterion in all cases
studied in this work.

III. RESULTS AND DISCUSSION
A. Full structural optimization (bulk case)

For all the four magnetic structures studied in this work,
the electronic structure of bulk CaMnOj is insulating with
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TABLE 1. The theoretical and the experimental lattice constants
and nonequivalent atomic positions in CaMnQOj3. The magnetic or-
dering is G-AFM and the crystal structure is orthorhombic Pnma. u,
v, and w are internal coordinates of the a, b, and ¢ axes, respec-
tively. Wyckoff positions are represented in parentheses. dyy.o(1)
and dyy, o(2) are the bond length between Mn and O(1) and the one
between Mn and O(2). ZMn-O(1)-Mn and ZMn-O(2)-Mn are the

bond angles. m is the magnetic moment and E,,, is the band gap.

Lattice constants This work LDA¢ Expt.©
a (A) 5.3296 5.287 5.2791
b (A) 7.4853 7.498 7.4566
c (A) 5.2829 5.235 5.2706
Atomic positions
Ca(4c)
u 0.0459 0.040 0.0323
v 0.2500 0.250 0.2500
w -0.0078 -0.008 -0.0093
Mn(4b)
u 0.000 0.000 0.000
v 0.000 0.000 0.000
w 0.500 0.500 0.500
O(1)(4c)
u 0.4873 0.485 0.4932
v 0.2500 0.250 0.2500
w 0.0071 0.071 0.0683
0(2)(8d)
u 0.2889 0.287 0.2904
v 0.0372 0.036 0.0302
w -0.2901 -0.288 -0.2890
Bond lengths
Mn-O(1) (A) 1.9106 1.899
Mn-O(2) (A) 1.9213 1.907
1.9179 1.896
Bond angles
/Mn-O(1)-Mn 156.79 158.04
/Mn-0(2)-Mn 155.54 157.44
Magnetic moment and band gap
m (ug/Mn) 2.59 2.652 2.44b
Egyp (€V) 0.78 0.8 3.1¢

dReference 28.
®Reference 17.

4Reference 27.
PReference 9.
‘Reference 34.

the majority-spin Mn 1,, orbitals fully occupied and the other
Mn d orbitals unoccupied. In such a situation, the AFM
superexchange’>*  between neighboring Mn 1,, orbitals
makes G-AFM the most stable. The crystal structure after
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FIG. 3. The total density of states, the atom projected local
densities of states and the partial densities of states for Mn 3d or-
bitals of CaMnO; with G-AFM per formula unit. The top of the
valence band is taken as zero of energy.

optimization remains to be Pnma. Optimized lattice con-
stants, atomic positions, bond lengths and angles, magnetic
moment, and band gap are summarized in Table I. The struc-
ture parameters and the magnetic moment are in good agree-
ment with those in the density-functional theory (DFT) cal-
culation using local-density approximation (LDA) (Ref. 28)

| @A-AFM | () C-APM
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FIG. 4. The total energies of different magnetic structures per
formula unit with reference to that of G-AFM.

and experiments.”!” As usual, the DFT calculations give a
much smaller band gap than the experimental one, which
was observed in the paramagnetic state at room temperature.
Figure 3 shows the total density of states (DOS) and the local
DOSs for Ca, O, and Mn atoms and the partial DOSs
(pDOS) of Mn 3d orbitals for G-AFM. The pDOS of Fig. 3
suggests that the doped electrons occupy primarily the
majority-spin e, orbitals.

Next, we study the electronic, magnetic, and structural
properties of electron-doped CaMnO; by optimizing full
crystal structure. Figure 4 shows calculated total energies of
the four magnetic states for the electron-doped CaMnO5; with
reference to the total energy of the G-AFM state as a func-
tion of number of doped electrons per Mn atom (N,). For the
undoped case (N,=0.0), as the nearest-neighbor magnetic
coupling is AFM, the magnetic structure with more FM pairs
has higher energy. From the pDOS of Mn 3d orbitals at N,
=0.175 shown in Fig. 5, it is clear that the doped electrons
fill mainly the e, orbitals. As we dope electrons to e, orbitals,
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FIG. 5. The partial densities of states for Mn 3d orbitals per formula unit at N,=0.175 in the case of (a) A-AFM, (b) C-AFM, and (c)

G-AFM.
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FIG. 6. The occupancy for e, orbitals as a function of number of
doped electrons per Mn atom for three different AFM structures.

FM double exchange® starts to operate and the magnetic
structure with more FM pairs becomes relatively more
stable. This tendency is clearly seen in Fig. 4 and all the
three AFM structures are nearly degenerate at N,=0.125.
Further increase in N, makes A-AFM the lowest in energy
and C-AFM the second lowest. Some detailed aspects of the
N, dependence of electronic structure and crystal structure
are discussed below. As we discuss the case for N,=0.175
where the FM structure has the highest total energy, most of
the results shown below are only for three AFM structures.

Figure 6 shows for three different AFM structures how
each e, orbital is occupied as electrons are doped. The varia-
tions in bond lengths and bond angles are shown in Fig. 7
and those for the lattice constants are shown in Fig. 8. In
order to understand these results, we first discuss the un-
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doped case (N,=0.0). As seen from Figs. 7(a) and 7(b), the
atomic structure of the ground-state magnetic ordering
G-AFM is characterized with the smaller bond angle in the
ac plane [ZMn-O(2)-Mn] than that along the b axis
[£Mn-O(1)-Mn] and also with the nearly same bond dis-
tance between in plane ({(dyyo())) and out of plane
(dym-o(1))- Note that there are two different Mn-O(2) bonds
in the ac plane and that (d\;, o(2)) denotes the average of the
two bond lengths. If the magnetic ordering is C-AFM, the
bond length dyp, (1) becomes longer and the bond angle
/Mn-O(1)-Mn becomes smaller compared with those in
G-AFM because of absence of energy gain by AFM super-
exchange between Mn atoms along the b axis in C-AFM.
Similarly in A-AFM where the magnetic ordering is FM in
the ac plane, the bonds dy, (o) are elongated and the bond
angle /Mn-O(2)-Mn becomes smaller. The orbital popula-
tion of e, orbitals in Fig. 6 is correlated with the structural
details of Fig. 7. For the undoped case (N,=0.0), the orbital
population is determined by the contributions of e, orbitals
mixed into the Mn majority-spin 7, bands and the oxygen p
bands. However the latter contribution is indeed tiny in the
present system. The mixing between e, orbitals and 7,, or-
bitals is possible through the deviation from 180° of the Mn-
O-Mn bond angle. The larger orbital population for the x>
—y? orbital than that for the 3z~ orbital in A-AFM struc-
ture is due to the smaller bond angle /Mn-O(2)-Mn than
/Mn-O(1)-Mn. Note that the x, y, and z directions are de-
fined in Fig. 1. The orbital populations in G-AFM and
C-AFM in Fig. 6 can be explained in a similar way.

The doping dependence of the orbital population and the
structural details can be explained straightforwardly. Al-
though we discuss only the A-AFM case as an example,
similar arguments hold for other magnetic structures. In the
A-AFM structure, the xz—y2 band will be wider than the
3z2—r* band because of the FM spin ordering in the ac
plane. In addition to this, the larger <dMn_0(2%> than dyg, o1
makes the position of the (antibonding) x*—y? band lower in
energy. Due to these facts, the bottom of the conduction band
is dominated by the x>—y? orbital. These features are clearly
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FIG. 8. The lattice constants as a function of number of doped
electrons per Mn atom for three different AFM structures.

seen in Fig. 5. Therefore doped electrons occupy more the
x*—y? orbital than the 37272 orbital. Then, more population
of the d orbital which has the p-d antibonding character leads
to stronger elongation of the particular bond (dyp,.0(2))- The
insensitivity of ZMn-O(2)-Mn to N, may be due to the bal-
ance between the elongation of (dyy, o)) Which may have a
tendency toward decrease in 2 Mn-O(2)-Mn and the stronger
stability of FM ordering in the ac plane which may have a
tendency toward increase in Z Mn-O(2)-Mn.

Before closing this section, we would like to make some
comments on the comparison between our result and experi-
mental observation. One clear discrepancy between them is
that the actual observed transition is from canted G-AFM in
Pnma crystal symmetry to C-AFM in P2;/m crystal
symmetry'® at 0.15<N,=0.2 while our calculation predicts
the transition from G-AFM to A-AFM both in Pnma crystal
structure at N,=0.125. As our calculation is restricted to only
collinear spin arrangement, the treatment of canted G-AFM
is beyond the scope of the present work. It may be reason-
able that the transition occurs at smaller N, in the calculation
than that in the experiment because of the neglect of canted
G-AFM. However, the relative stability between A-AFM and
C-AFM in the doped system should be examined more care-

TABLE II. The total energies per formula unit with reference to
that of G-AFM using theoretical lattice constants. Internal coordi-
nates are theoretical ones at N,=0.175 for Pnma and experimental
ones at N,=0.2 for P2,/m.

Pnma A-AFM C-AFM  G-AFM FM
Total energy (eV)  -0.00828 —0.00468  0.0000  0.00508
le /m

Total energy (eV)  -0.00710 —0.00808  0.0000  0.01003
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FIG. 9. (Color) The phase diagram of the electron-doped
CaMnO; under strain. a is the in-plane lattice constant and filled
black circles, triangles, and squares indicate calculated boundary
points between G-AFM and C-AFM, between G-AFM and C-AFM,
and between A-AFM and C-AFM, respectively. At the open square,
the total energies for G-, A-, and C-AFM are almost the same. The
filled black star denotes the lattice constant which equals to that
undoped CaMnOs;. The lines connecting blue circles, red triangles,
and green squares are the mean in-plane lattice constant for the bulk
case of G-, A-, and C-AFM, respectively, as a function of number of
doped electrons per Mn atom.

fully. In the present calculation, we ignored the difference in
pseudopotential between Ca** and Ce** and therefore ig-
nored the ionic size difference also (1.48 A for Ca?* and
1.28 A for Ce**). If the ionic size of A-site cation becomes
smaller, the rotation and tilt of MnOg octahedron will be
more pronounced and the relative stability of P2,/m will be
enhanced. In order to see the effect of subtle difference in the
crystal structure on the stability of magnetic ordering, we
made the following analysis. In the total-energy calculations
at N,=0.175 for the four magnetic structures, the internal
coordinates (u, v, and w) for every atom are constrained to
be the experimental ones at N,=0.2 keeping the lattice
frameworks the same as those of the full optimization for
Pnma at N,=0.175. Total energies with reference to the total
energy of G-AFM are summarized in Table II. Although the
result is rather subtle, this calculation suggests that C-AFM
is indeed stabilized more strongly than A-AFM in the above
fictitious crystal structure of P2,/m.

The variation in the structural parameters shown in Figs. 7
and 8 can also be compared with the observed ones.'®!7 As
we neglected the ionic size difference between Ca?* and
Ce**, the detailed quantitative comparison may not be so
meaningful. Anyway, it is important to note that, although
Ce** has smaller ionic size than that of Ca%*, not only the
Mn-O bond lengths but also the lattice constants increase
with N, in both our calculation and the experiments.!®!7
However, reflecting the smaller ionic size of Ce**, the ob-
served rate of increase in these lengths is about 1/2 or 1/3 of
the calculated one.

B. Structural optimization with constraint
(film grown on a substrate)

As mentioned in Sec. I, it was experimentally observed
that a film grown epitaxially on a substrate exhibits different
transport properties depending on the substrate lattice
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FIG. 10. The partial densities of states for Mn 3d orbitals at N,=0.175. (a) and (b) are those of C- and G-AFM, respectively, at a
=5.25 A and (c) and (d) are those of A- and G-AFM, respectively, at a=5.40 A.

constant.'® As the in-plane lattice constants of the film are
constrained to those of the substrate, we study in this section
the effect of strain on the electronic and magnetic properties
of Ca,_,Ce,MnOs;. As the substrates used experimentally are
mostly cubic or pseudocubic, we assumed that the two lattice
constants in the ac plane are the same.

The magnetic phase diagram in the space spanned by the
in-plane lattice constant and N, is shown in Fig. 9. In this
figure, the average of the lattice constants a and ¢ in the bulk
Ca;_,Ce MnOj; with N,=2x for each of the three AFM struc-
tures is also plotted with blue circles (G-AFM), red triangles
(A-AFM), and green squares (C-AFM). Similar analysis on
phase diagram was given for La,_ Sr,MnO; (Refs. 36-39)
and the general feature that the shorter (longer) in-plane lat-
tice constant has a tendency toward stabilization of C-AFM
(A-AFM) is common to both cases. In the recent work on Ba
doped LaMnO;,*° the Ba doping effect on the relative stabil-
ity among different magnetic orderings was studied for a
tetragonal lattice with a basal plane lattice constant fixed to
that of SrTiO;. However, tilting and rotation of MnOg octa-
hedron were not taken into account. In the present case, the
AFM superexchange strongly stabilizes G-AFM at N,=0.0
and therefore the region of stable G-AFM is wide. As N,
increases, FM double exchange becomes stronger and the
G-AFM region becomes narrower due to the expansion of
the A-AFM and C-AFM regions.

It may be meaningful to make a comment on the relation
between Figs. 4 and 9. In Fig. 4, the three AFM structures
have nearly the same total energy at N,=0.125. This situation
corresponds to the points denoted with a, g, and ¢ in Fig. 9.
As different AFM structures at their corresponding points
have different lattice constants, a is in the A-AFM region, g
in the G-AFM region, and ¢ in the C-AFM region. On the
other hand, the point denoted with an open square in Fig. 9 is

a triple point in the phase diagram at which three AFM struc-
tures have the same energy and the same in-plane lattice
constant. Therefore, if the system may be close to this triple
point, strong magnetic quantum fluctuation may be expected.

It is also important to note that the path in the phase space
of electron doping is different between the bulk case and the
epitaxial grown films. For bulk case, the path of electron
doping is along the line connecting the blue circles until
coming up to the point g and the path jumps to the line
connecting red triangles as suggested by Fig. 4. On the other
hand, even if we grow a film on the substrate whose lattice
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(@)
constant is equal to that of undoped CaMnOs;, the path of
electron doping is along the thin dotted horizontal line with
the in-plane lattice constant of 5.31 A. Then, this path hits
the boundary of C-AFM region already at N,=0.075 rather
than N,=0.125. Therefore, the phase transition to C-AFM
occurs at much smaller doping level. On the other hand, in
order to realize the stable A-AFM by doping, we have to use
a substrate with much larger in-plane lattice constant.

Figure 10 shows pDOS of Mn 34 orbitals at N,=0.175 for
different magnetic structures under compressive strain [(a)
and (b)] and tensile strain [(c) and (d)] in the ac plane. Simi-
larly to the case of bulk system as shown in Fig. 5, doped
electrons mostly enter e, orbitals. However, the orbital occu-
pancy (Fig. 11), bond lengths [Fig. 12(a)], and bond angles
[Fig. 12(b)] as a function of N, for epitaxially grown film
behave quite differently from those of bulk case shown in
Figs. 6 and 7. We discuss their behavior in relation to the
phase diagram of Fig. 9. In Fig. 11 we show the occupancy
of each e, orbital in different AFM structures for three in-
plane lattice constants corresponding to three thin horizontal
lines in Fig. 9. Clearly, a=5.25 A corresponds to entirely a
compressive strain case, a=5.31 A the same lattice constant
of undoped CaMnO; and a=5.40 A a tensile strain case.
Figure 10 shows pDOS of Mn 3d orbitals under the com-
pressive and tensile strain.

For the case of compressive strain, x”—y? orbital will be
shifted upward in energy due to stronger p-d hybridization
within ac plane and doped electrons will mostly occupy
3z2—r% orbital. Moreover, the bandwidth of 3z2—r2 orbital
will be wider in C-AFM than G-AFM and doped electrons
will more preferentially occupy this orbital. These features
are clearly from pDOS of Mn 3d orbitals shown in Fig. 10
and stabilize C-AFM more strongly. The behaviors of Mn-O
bond lengths and bond angles are mutually correlated with
the behavior of orbital population and can be easily under-
stood. It is obvious that, in the case of compressive strain,
the in-plane bond length (d\j, o)) is smaller and shows little
variation with N,, while the out-of-plane bond length dy;, o())
is larger and increases with N, because of the population

0.05

0.10

0.15 0.175
Number of doped electorns per Mn atom

increase in 3z°—r2 orbital which corresponds to the p-d an-
tibonding state. The strong increase in the bond angle
Z/Mn-O(1)-Mn with N, in C-AFM [see Fig. 12(b)] helps to
enhance the FM double exchange. Even if the substrate is
undoped CaMnOs;, the lattice of the epitaxial film of
Ca,;_,Ce MnO; tends to expand with x and the film under-
goes in-plane compressive strain.

The situation in the case of tensile strain is shown for a
=5.40 A in Figs. 11 and 12. In this case, xz—y2 orbital will
be shifted downward in energy and will be predominantly
populated by doped electrons particularly in A-AFM because
of its wider bandwidth than that of G-AFM. Higher popula-
tion of x*—y? orbital may make (dy,.o(2)) longer in the ab-
sence of any constraint but (dyy, o(2)) is nearly unchanged
due to the fixed in-plane lattice constant. The difference in
the behavior of structural parameters between A-AFM and
G-AFM can be seen in the bond angle shown in Fig. 12(b).
Although 2 Mn-O(2)-Mn decreases significantly with N, in
G-AFM, it remains nearly constant in A-AFM and helps FM
double exchange operate in the in plane.

IV. CONCLUSION

We performed first-principles electronic calculations in
GGA to study the magnetic phase diagram of electron-doped
CaMnO; with nonconstrained bulk condition and with con-
straint on the ac plane lattice constant. The latter case corre-
sponds to films epitaxially grown on cubic or pseudocubic
substrate. For the bulk case, our calculation reproduces the
ground-state magnetic structure G-AFM and predicts the sta-
bility of A-AFM structure beyond N,=0.125 with N, being
the number of doped electrons per Mn atom. In the experi-
ment on Ca;_,Ce MnO;, the C-AFM structure becomes
stable with increase in Ce content. We analyzed the possible
reason for the discrepancy between our calculation and the
experiment. In the present calculation, the effect of Ce dop-
ing was simply regarded as electron addition and the ionic
size difference between Ca®* and Ce** was not taken into
account. Our analysis clearly suggests that the neglect of the
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ionic size difference may be the main source of the above
discrepancy.

In order to simulate the case of Ca;_,Ce MnOj; films epi-
taxially grown on some cubic or psuedocubic substrates, the
in-plane lattice constants were constrained to a given lattice
constant of the substrate and other structural parameters were
optimized. By doing this, we obtained magnetic phase dia-
gram in the space spanned by N, and the in-plane lattice
constant. This phase diagram suggests that in the case of
in-plane compressive strain the region of stable C-AFM be-
comes wide. Even if we use a substrate whose lattice con-
stant is the same as undoped CaMnQO3, electron doping will
expand the lattice and therefore the epitaxially grown film
may undergo in-plane compressive strain. In contrast to the
case of bulk material where stability of A-AFM starts at N,

PHYSICAL REVIEW B 81, 214108 (2010)

=0.125, the stability of C-AFM (rather than A-AFM) starts
already at N,=0.075. On the other hand, A-AFM becomes
hard to be realized.
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