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The crystal structure, Raman spectra, and magnetic structure of Laj sCaysMnO3 were studied at high pres-
sures up to 31 and 6.2 GPa. A structural transition from orthorhombic to monoclinic phase was found at P
~15 GPa and room temperature. The charge-exchange-type antiferromagnetic ground state is stable under
pressure with d7y/dP =4 K/GPa. Unlike other half-doped systems Pr( sSr) sMnO3, Nd, 551y sMnO3, and also
LaMnOj; exhibiting pressure-induced metallization, in LaysCaysMnO;5 the opposite tendency to pressure-
induced charge localization occurs, caused by development of monoclinic distortion due to charge and orbital

ordering.
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I. INTRODUCTION

Perovskite manganites R,_,A MnO; (R, rare-earth ele-
ment; A, alkali-earth element) exhibit a rich variety of fasci-
nating physical phenomena extensively studied in the recent
years—colossal magnetoresistance, charge and orbital order-
ing, and mesoscopic phase separation.’> A complicated bal-
ance of ferromagnetic (FM) double exchange mediated by
charge carriers of e, nature and antiferromagnetic (AFM)
superexchange interactions between localized magnetic mo-
ments of 7,, nature coupled to lattice distortion effects and
orbital degrees of freedom leads to especially complex phase
diagram of compounds with x~0.5, the value located at
phase boundaries between insulating and metallic states and
also states with different magnetic order.

The properties of half-doped manganites depend substan-
tially on the distortion of Mn3*-0%-Mn** network, which
can be mediated by variation of the average A-site ionic ra-
dius (r,) or high pressure. In La,sSrysMnO; and
Pr 5sSr5sMnO5; compounds with a larger (r,), the metallic
conductivity and layered A-type AFM state with d(x*—2?) e,
orbital order (OO) occur at ambient pressure.>* In
Ndy5CagsMnO3, PrysCaypsMnO;, LagsCaysMnO;, and
Nd, sSry sMnO5 with a smaller (r,), a charge ordered (CO)
insulating ground state with d(x*—r?)/d(3z*-r?) e, orbital
order occurs, in which Mn** and Mn** ions form two-
sublattice charge-exchange (CE)-type AFM structure with
propagation vectors k-=(1/2 0 1/2) and kz=(0 0 1/2).5°

Recently a pressure-induced suppression of the insulating
CE-type AFM ground state in favor of the metallic A-type
AFM state was observed in NdsSrysMnO; at
P~3.5GPa.!"!" In PrysSrysMnO;, the metallic A-type
AFM state region gets enhanced due to substantial increase
of Ty under pressure.'? The metallization at P~ 32 GPa and
suppression of orbital ordering at P~ 18 GPa occur in un-
doped LaMnO;."3 In contrast, the shear strain evolution in
Nd 5Cag sMnO;5 up to 15 GPa, evidenced from x-ray diffrac-
tion study, assumes the stability of the insulating state under
pressure.'* These observations imply the presence of com-
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peting charge delocalization and localization tendencies in
half-doped manganites with different (r,) at high pressures.
An assumption about possible pressure-induced charge lo-
calization in compounds with small (r,) clearly needs further
clarification and requires more detailed investigations of
structural and physical properties, especially taking into ac-
count that most previous investigations were performed in
the restricted pressure range up to 15 GPa only. For this pur-
pose, we have studied Laj sCay sMnO5; compound with inter-
mediate (r,) between Nd,sSrysMnOz and Nd,sCaysMnO;
by means of x-ray, neutron-diffraction, and Raman spec-
troscopies in extended pressure range up to 31 GPa.

II. EXPERIMENT

A LajsCagsMnO; polycrystalline sample was obtained
using the standard solid-state reaction method. The initial
reagents were La,O;, CaCO;, and MnO,. La,O; was pre-
liminarily annealed at 1200 °C for 2 h, CaCO; at 500 °C for
3 h, and MnO, at 750 °C for 24 h. The latter process in-
volved the transition from MnO, to Mn,O5. A mixture of the
oxides was taken in the necessary stoichiometric proportion
and thoroughly ground in ethanol. The mixture was annealed
in four steps with intermediate grinding in ethanol every
20 h: the first stage was annealing at 850 °C for 20 h; the
second stage, at 950 °C for 20 h; the third stage, at 1100 °C
for 100 h; and the fourth stage, at 1200 °C for 200 h. Then,
the sample was quenched by cooling to room temperature.

X-ray powder diffraction and Raman spectroscopy mea-
surements of LaysCaysMnO; were made at high pressures
up to 31 GPa and ambient temperature with a diamond-anvil
cell.'’> The sample was loaded in the steel gasket with a 4:1
methanol-ethanol mixture as a pressure-transmitting me-
dium. The pressure was measured using the ruby fluores-
cence technique. The x-ray diffraction spectra were mea-
sured at the system consisting of high-brilliance FRD
rotating anode generator (Mo K« radiation, N=0.7115 A),
FluxMax focusing optics, and Bruker APEX charge-coupled
device area detector. The two-dimensional XRD images were
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FIG. 1. X-ray diffraction patterns of La, sCaysMnO; measured
at selected pressures and ambient temperature and processed by the
Rietveld method. Experimental points and calculated profiles are
shown. A thin piece of Au wire was added to the sample as x-ray
pressure marker. The dashed and solid lines in the inset correspond
to the calculated diffraction patterns in the orthorhombic Pnma and
monoclinic P2/m structural models.

converted to conventional one-dimensional diffraction pat-
terns using FIT2D program.'® The data analysis was per-
formed using GSAS program.!”

Raman spectra were collected using LabRam spectrom-
eter (NeHe excitation laser with wavelength of 632 nm, grat-
ing of 1800, confocal hole of 11 um, 50X objective, and
power of 25 mW).

The magnetic structure of LajsCaysMnO3; was investi-
gated with the G6.1 diffractometer at the Orphée reactor
(Laboratoire Léon Brillouin, France). The incident neutron
wavelength was 4.74 A. The sample with a volume of about
1 mm? was loaded in the sapphire anvil high-pressure cell.'®
As a pressure-transmitting medium, NaCl was admixed to
the sample in 1:2 volume proportion. The pressure was mea-
sured by the ruby fluorescence technique. Neutron focusing
systems!® and special cadmium protection were used to in-
crease neutron flux at the sample position and achieve low
background level, respectively. The measurements were per-
formed in the pressure range of 0—6.2 GPa and temperature
range of 1.5-300 K. The diffraction data were analyzed by
the Rietveld method using the FULLPROF program.2’

III. RESULTS AND DISCUSSION

At ambient conditions, Laj sCay sMnO; has an orthorhom-
bically distorted perovskite crystal structure (space group
Pnma) with lattice parameters related to those of the ideal
cubic subcell as azczap\Q and bz2ap.7’8 Due to a
pseudocubic character of the lattice, x-ray diffraction pat-
terns at ambient conditions have rather symmetric peaks
(Fig. 1). With a pressure increase up to 15 GPa, the diffrac-
tion peak formed by (202) and (040) reflections and located
at 20=21.5° splits into two peaks whose intensities are
scaled approximately as 2:1 (Fig. 1). The calculated intensity
ratio for (202) and (040) reflections is also about 2:1, and
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FIG. 2. Lattice parameters, unit-cell volume, and orthorhombic
strains in Lag sCay sMnOj as functions of pressure.

such a splitting indicates an anisotropic compression with
noticeably larger compressibility of the b lattice parameter in
comparison with @ and ¢ ones (Fig. 2). The compression
anisotropy can be characterized by “orthorhombic” strains
Osj=2(c-a)/(c+a) in the (ac) plane and Os,=2(a+c
—b\2)/(a+c+b\2) along the b axis.2! The Os, does not
follow a simple linear law and exhibits a slope change at P
~5 GPa, while the Os; increases slightly with a pressure
increase (Fig. 2). The peculiar pressure behavior of ortho-
rhombic strains was also observed in Lay;sCag,sMnO5,2!
Nd, 4510 5sMn0O4,'% and Nd,, sCa, sMnO5 (Ref. 14). The unit-
cell volume versus pressure dependence does not show any
signatures (Fig. 2). The volume compressibility data of
Lay 5Coy sMnOj5 (Fig. 2) were fitted by the third-order Birch-
Murnaghan equation of state:>?

3 3
_ EBo(x_m —x M) 1+ Z(B, —HB-1 |,

where x=V/V, is the relative volume change, V is the unit-
cell volume at P=0, and B, and B’ are the bulk modulus
[Bo=—V(dP/dV);] and its pressure derivative [B’
=(dBy/dP)r]. The value B,=186(5) GPa calculated with the
fixed B'=8.5 found for LaMnO; (Ref. 13) is comparable
with that of 172 GPa obtained for Nd, sCa, sMnO; (Ref. 14)
and larger than B,=108 GPa for LaMnO;."3

Raman spectra of LajsCay sMnOj5 at high pressures up to
15 GPa exhibit peaks located at ~227, 245, 420, and
445 cm™! (Fig. 3). They can be assigned to the in-phase ro-
tational mode of MnOg octahedra around the b axis with A,
character, mixed out-of-phase rotational mode of MnOg oc-
tahedra, so-called “tilt” mode, containing contributions with
A, and B, character, and out-of-phase apical oxygen bend-
mg modes of B, and A, character, respectively. 2326 The
modes with A, and B, character correspond to the same
rotations around the a and ¢ axes and they are expected to be
similar in frequency. In the Pnma orthorhombic structure,
there are two tilt angles of MnQOg octahedra, ¢;=(1/2)
X (m-[Mn-O1-Mn]) with respect to (010) direction formed
by apical Mn-O1 bonds oriented along the b axis and ¢,
=(1/2)(m-[Mn-O2-Mn]) with respect to (101) direction
formed by two pairs of nonequivalent Mn-O2 bonds located
within the ac plane. The rotational and tilt modes are sensi-
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FIG. 3. Raman spectra at selected pressures (left) and pressure
dependences of rotational, tilt, and bending modes (right) in
Laj 5CaysMnO;5 at ambient temperature.

tive to the variation of the ¢, and ¢, tilt angles,?>?*?¢ while

bending mode is sensitive to the variation of the average of
short La-O distances.”?

In the pressure range up to 15 GPa, the rotational mode
frequency exhibits a slight decrease, the tilt one a slight in-
crease, and the B, < and A e bending modes a more substantial
increase (Fig. 3). It reflects the slight decrease of the ¢, and
increase of the ¢ tilt angles and the more significant reduc-
tion of short La-O1 distances. Such structural changes are
similar to those found for the relevant compound
Pr, 75sNay,sMnO; (each Na* ion creates two Mn** ions) from
neutron diffraction.?’” More pronounced variation of bending
mode in comparison with rotational mode frequencies under
pressure was also found for Lag ;5Cag,sMn0O5.28 One should
note that the structural response of perovskitelike oxides to
high pressure in terms of octahedral tilting depends strongly
on the A-site ionic radius, as has been shown for RAIO; and
other related compounds.?®° The calculated Griineisen pa-
rameters y;=—d(In v;)/dInV are —0.3 for the rotational
mode, 0.2 for the tilt mode, and 0.8 and 1.0 for B, and A,
bending modes, respectively.

At ambient pressure, the MnOg4 octahedra in
LaysCaysMnO5; are nearly isotropic with approximately
equal Mn-O1,2 bond lengths.”® The rapid compression of the
crystallographic b axis leads to the apical contraction of
MnOygy octahedra with short Mn-O1 and long Mn-O2 bond
lengths. In manganites a direct relationship between the dis-
tortion of MnOg octahedra and orbital ordering exists since
half-filled e, orbitals of Mn3* ions tend to locate at the long
Mn-O distance.>%3! The pronounced compression aniso-
tropy should result in the electronic density redistribution
caused by the gradual increase of the e, orbital population in
the ac plane at the expense of that along the b-axis direction.
This process seems to be completed at P ~5 GPa, where the
compressibility of the b axis decreases noticeably (Fig. 2),
and at higher pressures, the majority of half-filled e, orbitals
is expected to locate in the ac planes.

At P~ 17 GPa, an additional splitting of the peak located
at 260=~=26.5° appears in x-ray diffraction spectra (Fig. 1).
With further pressure increase, it becomes more significant
and results in considerable redistribution of diffraction inten-
sity in the broad 26 range of 26°-28°. Such changes in dif-
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fraction patterns could not be reproduced consistently in the
orthorhombic Pnma symmetry and manifest the pressure-
induced structural phase transition. Since other diffraction
peaks do not show pronounced changes, the observed split-
ting of the peak at 26~=~26.5° can be an indicator of the
crystal symmetry lowering.

At ambient pressure, the appearance of orbital and charge
ordering in LajsCaysMnO; is accompanied by the mono-
clinic distortion of the Mn** sublattice associated with the
enhanced localization of the e, electrons at Mn>* sublattice,
as well as the apical contraction of MnOgy octahedra. For
ambient conditions in bulk LajsCay;sMnO;, short-range
charge ordering fluctuations are very strong, as evident from
optical spectroscopy,’> while in thin films the long-range
charge ordering occurs.* As the pressure-induced aniso-
tropic compression of MnOg octahedra is identical to one
associated with the appearance of the monoclinic orbital and
charge long-range ordered state at ambient pressure and low
temperatures, one may suggest that observed changes in
x-ray diffraction spectra correspond to the formation of a
similar state at high pressure and ambient temperature. Pos-
sible structural models of the monoclinic OO CO state in
Lay sCag sMnO;5; were recently considered in Ref. 34. The
model with the P2;/m symmetry and doubling of the unit
cell along the a axis was found to give the best description of
the experimental data at P=0.3* We found that such a mono-
clinic model fits well and considerably better than the ortho-
rhombic one, our diffraction data at P=17 GPa (Fig. 1).

In the monoclinic phase, the pressure-induced lattice dis-
tortion evolves in all three dimensions upon compression, as
it comes from pronounced changes of both Os, and Oy
strains (Fig. 2). In comparison with the orthorhombic phase,
the bulk modulus (also calculated with B'=8.5) increases
noticeably to 274(5) GPa, while the unit-cell volume per for-
mula unit extrapolated to zero pressure decreases by 2%.

Raman spectra of the monoclinic phase resemble those of
the orthorhombic one (Fig. 3). The only feature is the split-
ting of the peak corresponding to the tilt mode frequencies of
A, and B,, character caused by the different compressibili-
ties of @ and ¢ axes, making these directions less equivalent.
Due to close atomic arrangement in orthorhombic and mono-
clinic phases, it was shown that the mode assignment can be
done on the basis of the simplified orthorhombic structure
(the monoclinic angle is close to 90°).> The obtained Grii-
neisen parameters are 0.4 for the rotational mode, 0.2 and 0.4
for the By, and A, tilt modes, and 0.3 and 0.4 for By, and A,
bending modes, respectively. The difference in 7; values for
the modes with B, and A, character is related to the aniso-
tropic compression of the lattice. We also observed an in-
crease of the Raman mode intensity in the 450—650 cm™!
region (Fig. 3). This is expected due to the intensity increase
of stretching modes located at ~490 and 615 cm™' (at P=0),
caused by the onset of charge and orbital ordering.?>*® These
modes, however, are known to be weak in intensity at ambi-
ent conditions, and due to excessive peak overlap at high
pressures, it was difficult to determine their frequencies ac-
curately.

The increase of the observed Raman mode frequencies in
the monoclinic phase (Fig. 3) implies the increase of tilt
angles and decrease of the La-O short lengths under pressure.
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FIG. 4. Neutron-diffraction patterns of LajsCaysMnO; mea-
sured at different pressures and temperatures and processed by the
Rietveld method. The CE-type AFM structure and characteristic
d(3x2—r2)/d(312—r2)eg orbital order of Mn3* sublattice are also
shown.

It should result in the enhanced charge localization as ex-
pected for the CO OO state, since the e, electron transfer
integral in Mn**-O?~-Mn** network varies with tilt angles as
t;~cos ¢;.h %

For an additional insight into the nature of the observed
monoclinic phase in Laj sCay sMnOs, we have performed in-
vestigations of its magnetic structure at high pressures by
neutron diffraction. The measurements were performed by
increasing temperature from 1.5 K. In the entire studied
pressure range up to 6.2 GPa, below Ty~200 K, a typical
pattern corresponding to the appearance of the CE-type AFM
structure”® with propagation vectors kz=(0 0 1/2) and k¢
=(1/2 0 1/2) was observed (Fig. 4). In this magnetic struc-
ture, Mn magnetic moments locate in the (ac) planes and
form quasi-one-dimensional ferromagnetic zigzag chains-
Mn**-O-Mn**-with an AFM interchain coupling. Their val-
ues at T=1.5 K, pupp3+=2.3(1) g and ppgua+=2.1(1) wp, are
similar to those obtained at ambient pressure in Refs. 7 and 8
and remain nearly unchanged under high pressure. The for-
mation of the CO OO CE-type AFM state is associated with
a noticeable pseudotetragonal apical compression of the unit
cell and MnOgy octahedra along the b axis, as can be seen
from the splitting between (101) and (020) nuclear peaks
(Fig. 4). It can be characterized by the pseudotetragonal dis-
tortion parameter s=b\2/(a+c), the value of which in-
creases from 0.976 to 0.967 in the pressure range of
0-6.2 GPa at 1.5 K. For a comparison, the s values esti-
mated from x-ray diffraction data at 7=290 K are 0.999 and
0.985 for 0 and 6.2 GPa, respectively. Above Ty an addi-
tional magnetic contribution to the nuclear peaks (101)(020)
was found, which is relevant to the formation of the interme-
diate FM state with T~ 240 K.”»

The Neel temperature increases nearly linearly with
dTy/dP=4(1) K/GPa, as estimated from temperature depen-
dences of magnetic moments (Fig. 5). Extrapolating to
higher pressures, we can estimate the 7,~270 K for P
~ 17 GPa. At ambient pressure in half-doped manganites,
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FIG. 5. Temperature dependences of magnetic moments of
Mn?** and Mn** magnetic sublattices of the CE-type AFM state of
Laj 5Cay sMnO5 at different pressures normalized to the values ob-
tained at P=0.

generally Tco exceeds Ty by ~20 K.'2° For the small
pressures, one can estimate the value dTcp/dP
~33 K/GPa from the Ehrenfest relation d7cqo/dP
=VTAa/AC, and known ambient pressure thermal expan-
sion and heat capacity data.”*® The averaged per 0—17 GPa
pressure range value dTco/dP~6 K/GPa corresponding to
observation of the monoclinic phase at ambient temperature
is somewhat larger. Nevertheless, both estimations are com-
parable with dTy/dP, implying that characteristic tempera-
tures of CO OO and magnetic ordering change accordingly
under pressure. An increase of magnetic and charge ordering
temperatures under pressure with close pressure coefficients
was also observed for lightly doped compound
La,_ Sr,MnO; (x~1/8) with a ferromagnetic ground state
and orbital polaron lattice.’”

Let us compare the pressure behavior of compounds with
different (r,) values. In PrysSrosMnO; ((ry)=1.245 A) the
average tilt angle is small, ¢ =5°. The ground layered A-type
AFM metallic state is stable at P=0 and its region in the
phase diagram gets enhanced at high pressures.!”> For
Nd, sSry sMnO; ((ry)=1.237 A), the ¢=6° value is slightly
larger than that for Prg 5Sry sMnOs, but it exhibits the insu-
lating CO OO CE-type AFM ground state.”!! The resistivity
is of polaronic character and activation energy is very small,
E,~2 meV, indicating weak electron-phonon coupling.®!!
It can be related to the polaron binding energy approximately
as E,~ (1/2)E;7.%® Neglecting the electron-phonon coupling,
one can estimate quite similar charge carrier bandwidths®3
W~t~cos(¢)/I*3 in NdysSrysMnO5 and Pr, sSry sMnOs,
with close average tilt angles and Mn-O bond lengths /.

Appearance of the A-type AFM state in Nd; sSry sMnOj5
and its stability in PrjsSry sMnO; under pressure can be ex-
plained in terms of the simple degenerate double-exchange
model® incorporating the superexchange AFM interaction
Jar between localized 1,, spins and FM double exchange
mediated by delocalized e, electrons and controlled by the
electron transfer integral ¢, with Hund’s coupling J;>t. Due
to a stronger pressure dependence'>*0 of J,p~1"'* over ¢
~ 1733, the balance Jp/t is changed in favor of J,r upon
compression, leading to the stabilization of the A-type AFM
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state.!> In the A-type AFM state with characteristic d(x?
—zz)eg orbital order, the electron transfer is allowed within
planes with FM ordering of Mn ions, leading to a higher
possible kinetic-energy gain in comparison with the CE-type
AFM state, where such a transfer is possible along quasi-
one-dimensional zigzag Mn3*-O>"-Mn** FM chains only."->*

In LaysCaysMnO; ({r,)=1.198 A), the initial @=~10°
value is about twice’ and E,~ 100 meV 2 orders of magni-
tude larger*!' in comparison with R 5Sr;sMnOz (R=Pr,Nd),
although Mn-O distances are comparable. The e, electron
localization and electron-phonon coupling become much
more pronounced, leading to the bandwidth reduction* to
W=W, exp(—gEr/fiw), where w is the characteristic phonon
frequency and parameter 0 <g <1 depends on E;;/fiw. With
w~75 meV (Refs. 25 and 26) and g ~0.5, one can estimate
WLaCa~ O'ZSWRSr (R=Pr,Nd)

Theoretically it was shown that the appearance of the CO
OO CE-type AFM ground state in half-doped manganites
with smaller (r,) could not be reproduced in the simple
double-exchange model discussed above and suitable for the
case of large bandwidth compounds, and one needs to intro-
duce additional terms for its description. In particular, the
important role of electron-phonon coupling,**=*> on-site*®
and intersite*’ Coulomb interactions, and specific topology
of FM zigzag chains*® in the CE-type AFM state was as-
sumed. The introduction of electron-phonon coupling terms
due to cooperative or noncooperative Jahn-Teller (JT)
phonons was found to be sufficient for the construction of
the phase diagram of half-doped manganites with CO OO
CE-type AFM state and consideration of Coulomb interac-
tions gives no qualitative difference.**

According to the theoretical phase diagram,* for the in-
termediate electron-phonon coupling strength, the increase of
Ty and T¢q is expected with the increase of the J,p/? ratio.
Hence, the pressure-induced increase of J,p/t upon Mn-O
bond length compression is expected to cause the increase of
Ty and T¢q, in agreement with the present experimental ob-
servation in LajsCaysMnOs;. The monoclinic distortion
evolving under pressure in Laj 5Cay sMnO5 due to the devel-
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opment of the CO OO state with CE-type AFM order should
also result in the enhancement of electron-phonon coupling
and charge localization, and subsequently, in the further sta-
bilization of the CO OO state.

Although we were unable to evaluate shear strains of
MnOg octahedra due to difficulties with accurate oxygen co-
ordinate determination, the pressure behavior of shear strains
found for Nda, sCaysMnO; up to 15 GPa (Ref. 14) is com-
patible with the observed decrease of the ¢, and increase of
the ¢; tilt angles in the orthorhombic phase of
La, 5Cay sMnOs;.

IV. CONCLUSIONS

Our results demonstrate that half-doped manganites with
large and small (r,) values exhibit drastically different be-
haviors under high pressure. In  Prys5SrysMnOs,
Nd, 5Sry sMnOs, and likely Lag 5Sry sMnO5 with a relatively
large (r,) and charge carrier bandwidth, the electron-phonon
coupling effects are negligible and the competing balance
between the AFM superexchange and FM double-exchange
interactions with increasing J,r/t ratio leads to the stabiliza-
tion of the A-type AFM metallic state under pressure. In
contrast, due to the presence of the pronounced electron-
phonon coupling and charge localization in compounds with
smaller (r,) and bandwidth, e.g., LajsCaysMnOs,
Nd, 5Caj sMnO3, and likely Prj sCay sMnOj;, the stabilization
of the CO OO CE-type AFM insulating state occurs under
pressure. Subsequently, a significant pressure-induced lattice
distortion is developed, which should result in the additional
enhancement of electron-phonon coupling and charge local-
ization.
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