PHYSICAL REVIEW B 75, 012409 (2007)

Orbital-spin-phonon coupling in Jahn-Teller-distorted LaMnQ;: Softening of the 490
and 610 cm~! Raman-active modes

Jiasi Xu, Jung H. Park, and Hyun M. Jang*
Department of Materials Science and Engineering, and Pohang Accelerator Laboratory (PAL), Pohang University of Science

and Technology (POSTECH), Pohang 790-784, Republic of Korea
(Received 21 August 2006; revised manuscript received 2 November 2006; published 24 January 2007)

The spin-phonon coupling model that excludes a possible orbital-spin-phonon (OSP) coupling does not
adequately explain the softening behavior of the two most intense Raman bands of LaMnOs, the parent
compound of “colossal” magnetoresistivity. To quantitatively interpret the softening behavior of these two
Raman bands at 490 and 610 cm™!, we have derived theoretical expressions for the phonon softening (Awy)
that take account of a simultaneous OSP coupling. The present analysis successfully explains the softening
behavior of these two Raman modes and indicates that a simultaneous OSP coupling is present below the Néel
temperature, Ty. The estimated effective force constant (k,,,) of the OSP coupling is approximately
70 dynes/cm, which is an order of magnitude smaller than that of the spin-phonon coupling ().
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Divalent  cation-modified  lanthanum  manganites
(LaMnO3; LMO) that display “colossal®“ magnetoresistivity
have rekindled our interests in these strongly correlated elec-
tronic oxides. The subtle interplay between spin, charge, or-
bital, and lattice degrees of freedom is the most prominent
feature in this class of perovskites and is believed to be the
key to understanding their extraordinary transport and mag-
netic properties.'~* The study of the parent compound LMO
is a useful starting point to a consistent understanding of this
complex interplay between various degrees of freedom.

In the perovskite orthorhombic LMO (space group
Pnma), all of the Mn ions are trivalent with four electrons in
3d orbitals. Among these four electrons, one electron occu-
pies one of the doubly degenerate e, orbitals, and thus the
ion has both spin and orbital degrees of freedom.>® Below
780 K, the orbital degree of freedom is spontaneously frozen
by the real-space C-type ordering of the e, orbitals accom-
panied by a Jahn-Teller-type lattice distortion of the MnOg
octahedra.>” In addition, the spin ordering appears below
Ty=140 K, where spins, due to the Hund’s exchange
coupling,® are aligned ferromagnetically in the basal plane
and antiferromagnetically along the perpendicular direction
(A-type antiferromagnetic ordering).

Because the Raman scattering technique is highly sensi-

tive to local symmetry change, this method has been applied
to the study of the lattice modulation of spins, orbitals,
and electrons (polarons) in manganites.®? Indeed, Granado et
al.'™!! obtained an evidence of the spin-phonon coupling
by analyzing the softening of the Raman active 610 cm™
and 490 cm™' modes of LMO below T. Since the orbital
ordering temperature (7,,) of LMO is 780 K, a simultaneous
spin-orbital-phonon coupling is expected below Ty(140 K).
In spite of this expectation, little progress has been
made along this line. Here we report an interesting indication
of a simultaneous coupling of orbital, spin, and lattice
degrees of freedom by carefully examining the softening be-
havior of Raman active phonons.

Orthorhombic LMO (Pnma) polycrystalline samples used
in the present Raman and magnetization measurements were
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PACS number(s): 75.10.—b, 75.50.Ee, 63.20.Kr, 78.30.—]

prepared by a conventional solid-state reaction method, simi-
lar to the method employed by Oseroff et al.'?> The calcined
power (1200 °C for 24 h) was pressed into pellets and sin-
tered at 1300 °C for 24 h, followed by slow cooling to room
temperature with a cooling rate of 100 °C/h. To maintain the
oxygen content of sintered LMO pellet at its stoichiometric
value (i.e., 3.0), a post annealing was performed at 900 °C
for 24 h in N, flow, using Ti metal as a getter.'®> Figure 1(a)
shows the temperature dependence of the normalized sublat-
tice magnetization of LMO measured using a SQUID mag-
netometer (Quantum Design MPMS-5S). The M(T) result
indicates that the present LMO is not strictly antiferromag-
netic but is weakly ferromagnetic'® presumably due to canted
spin structure. Thus, the measurement only reflects M(T) un-
der the assumption that this small canting of the spin mo-
ments is not temperature dependent. A close similarity be-
tween our M(T) curve at 100 Oe and the M(T) curve
obtained from the neutron diffraction measurements (sto-
ichiometric LaMnO;, sample-Ila of Ref. 13) indicates that
this assumption seems to be valid.

The Raman measurements were performed using a NRS-
2100 triple-grating spectrometer (JASCO, Japan) equipped
with a cryogenic temperature controller (ST-100 Cryostat
System) and a Coherent Innova 90C Ar*-laser operating at
514.5 nm. The Raman scattering was done using 180° back-
scattering geometry in the temperature range between 5 and
300 K. In order to avoid heating of the sample, the incident
laser power was kept below 15 mW focused in a diameter of
~50 pum. To minimize surface decomposition effects, all the
spectra were taken on fresh broken surfaces, exposed to the
air for a few minutes before being measured. '’

In the orthorhombic LMO with Pnma symmetry, the two
most intense bands that appear at 490 and 610 cm™! undergo
a softening below T).!° By considering the nearest neighbors
of the Mn** ion and wusing the molecular field
approximation,'' one can show that the frequency modula-
tion due to a spin-phonon interaction is directly proportional
to the square of M(T), as manifested in Eq. (1)

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.012409

BRIEF REPORTS

(Awa)s—ph ==

21 1P, 2
2 { Je 1 LHM(T)}’ "

Moo | duly 2dul | L Aup

where (S;5),,=—(S:S;),= +4{M(T)/4up}*, and M(T) is the
FM sublattice magnetization per Mn>*. O(1) refers to the
equatorial 0>~ ions whereas O(2) denotes the apical ones in
a MnOgq octahedron. The second partial derivative of the ex-
change constant (J,, or J,) appeared in Eq. (1) represents a
phonon modulation of the superexchange integral, i.e., spin-
phonon coupling. According to Eq. (1), a plot of In{w,(Ty)
-w,(T)} as a function of In{M(T)/4ug} should yield a linear
line with the slope being +2 if the spin-phonon coupling is
solely responsible for the Raman frequency softening below
Ty. The logarithmic plot has been made using the M(T) data
[Fig. 1(a)] at 100 Oe and Raman mode frequency (filled
circles in Fig. 2). As shown in Fig. 1(b), the plot is approxi-
mately characterized by a linear line only for a limited tem-
perature range substantially below Ty (T=90K for
610 cm™', and T=110 K for 490 cm~' mode). Furthermore,
the estimated slope (S) is substantially different from the
theoretical value of +2, indicating that the spin-phonon cou-
pling alone does not adequately describe the observed soft-
ening below Ty.

Considering that the orbital ordering is intimately related
to the Jahn-Teller distortion,>!* one can partly attribute the
observed phonon softening to a simultaneous orbital-spin-
phonon (OSP) coupling. Indeed, Murakami et al.” presented
a direct evidence of the orbital ordering in LaMnO5; by moni-
toring the (3,0,0) reflection intensity of resonant x-ray scat-
tering. Their study shows that the order parameter of the
orbital ordering starts to increase at a certain onset tempera-
ture (~300 K) well above Ty and remains nearly constant
below Ty, suggesting that the spin and orbital degrees of
freedom are coupled.” To assess the validity of the OSP cou-
pling, we have theoretically examined the softening behavior
of these two phonons using the experimental Raman and
M(T) data.

In the work of Raman spectroscopic study of the coopera-
tive Jahn-Teller distortion in LMO,' the frequency decrease
with a concomitant peak broadening at a higher temperature
region (7=200-700 K) was attributed to the effect of anhar-
monic phonon scattering.'® In fact, a continuous increase in
the linewidth with temperature' suggests that this effect also
works for T<<Ty, but accompanied by other effects that re-
late to the spin ordering below T). Therefore, for quantitative
analysis, the exact degree of the frequency softening due to
the spin ordering must be safely separated from the fre-
quency change caused by the anharmonic scattering. A sim-
plified approximation to the anharmonic phonon scattering
[16] leads to the formula: w(T)=w0—C(l+ﬁ), where x
=hw/2kgT. The low-temperature (low-7) Raman shift, if
there were no spin ordering, would be simulated by first
fitting this equation to the high-T part to find w, and C and
then applying these parameters to the low-T range. The fit-
ting produces @y=509.5 cm~!,C=10.63 cm™' for the
490 cm™' mode, and wy=614.7 cm™!, C=2.4 cm™! for the
610 cm™! mode. The experimental frequency and the simu-
lated Raman shift are presented in Fig. 2 by filled and open

PHYSICAL REVIEW B 75, 012409 (2007)

M(T) 4z}
o
[+2]

1
-
T

— — H=2000 Qe
——H =100 Oe

o
N
T

1 1 1 1 1 1
0 50 100 150 200
Temperature (K)

—
QO
Lol

-l O s10em™
® 490cm™

o =
o o
T

o 0o 0 o
oM P o
T
O
.

log{o(Tn)- o(T)}

02[ _.e
04
06| °

o

-0.5 -0.4 -0.3 -0.2 -0.1 0.0

i
B

FIG. 1. (a) Temperature-dependent sublattice magnetization of
orthorhombic LaMnOjs at two different magnetic fields. (b) A loga-
rithmic plot of the mode frequency softening {w,(Ty)-w,(T)} with
respect to the sublattice magnetization for temperatures between 10
and 140 K.

circles, respectively. Since the parameter “C” is a measure of
the strength of phonon coupling, our estimated result reflects
the fact that the 490 cm™' phonon corresponds to the coop-
erative Jahn-Teller mode. !>

To proceed further, we now define Awy(7) as the discrep-
ancy between the experimental phonon frequency (w,,,) and
the natural extension from the high-7' part (w),,). For T
<Tyy @orp= @i+ A0y + Ay + Aw,g,+Awy,,. On the
other hand, w],,=w;,+Aw, pp+Aw,,y,, Where w;, is the in-
trinsic phonon frequency. Thus, Awy can be simplified as

j— !
Aoy = 0ep = 0, = Aoy, + Aw,g, = 0. (2)

Our next task is to correlate Awy with the correlation
function of relevant order parameters. To do this, we have
considered a suitable Hamiltonian. In the Jahn-Teller-
distorted magnetic materials, the Hamiltonian that takes ac-
count of both the spin-phonon coupling and the orbital-spin-
phonon (OSP) coupling can be written as

HZ—E (JISiSj+4]3SiSjTiTj)7 (3)
ij

where 7;7; is the orbital correlation operator.”!” Considering

the modulation of the phonon frequency (Aw) due to the
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FIG. 2. Comparison of the experimental Raman shift (filled
circles) with the simulated one produced from the anharmonic
phonon-scattering model for (a) 610 cm™" and (b) 490 cm™ modes.

coupling of phonons'® to other ordering parameters, one can
readily establish the following expression from Eq. (3):

E(a—hss 4(92J

2pwyi; \d 2

Awy(T) =- S:S; TT) 4)

The first term in the bracket of Eq. (4) represents the effec-
tive force constant of spin-phonon coupling (k_,,), whereas
the second term corresponds to the effective force constant
of OSP coupling (k,,,). Using the multivariable Taylor ex-
pansion, one can show that

2 (SiS_/‘)(TiT_,‘) = E {<Si5j><7'iT_,‘> + <SiS_j>5T+ <TiT_,‘>5S}, (5)
ij L]

where
or= TiTi— <7—iTi>|Sij=<SiSj> and 85 = SiSj - <SiSj>|Tl-'rj=(Tl-'rj)'
(6)

The bracket notation refers to the ensemble average if there
were no coupling between orbital and spin degrees of free-
dom. Using Egs. (4)—(6), one can eventually establish the
following relation for the in-phase stretching 610 cm™!
mode:

A 610(T)(_ 0)( ) |:0’)2J17 +4 (?2‘])3;2

J Uupi (9140

(M),
4pup

X(Tﬂ'j}xzész. (7)

(i) + 07)

FIY

(‘71/!01

In the out-of-phase bending at 490 cm™ [A,(3) symme-
try], both equatorial O(1) and apical O(2) are involved and
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FIG. 3. Linear fitting of Awy(—w)(m/2) with {M(T)/4uz}* for
both 610 cm™! (open circles) and 490 cm™ (filled circles) modes,
showing nonzero values of the intercept (B). Here Ry denotes the
Rydberg constant and is equivalent to 2.1799 X 1078 J.

vibrate normal to their Mn-O bonds.'® For a pure LMO, we
further have (7;7;),=—(7;7;),, and (S5;),=—(S;S)),.. thus
08,==0S,,, and 61,=—07,,. Replacing the mass of oxygen

(m) by its effectlve mass (m/'y) for a bending mode,” we
obtained the following expression:
N W PIY
Aw?ng(T)(— w@)(ﬂ) = 7[ ]2 -5 12 +4 32
2 (91/!01 2 §u02 (91401
L >, (1)
+3 )(( TiTj)x. + OT, )}( )
) 4pp
A (&ZJQ“ 1 Ph )( )65
+
Y 3”%)1 207 o TiTj)xz OO xz-
(8)

Equations (7) and (8) have a common form of “Y=AX+B”
with Y corresponding to the left-hand side of the equation
containing Awy and X corresponding to the square of the
sublattice magnetization. Because (7;7;) is obviously nonzero
below T,, and &S is nonzero only in the case of spin-orbital
coupling [Eq. (6)], the intercept (B) is nonzero only if a
simultaneous OSP coupling is present. As can be deduced
from Egs. (4), (7), and (8), the term B can be interpreted as
the effective force constant of the OSP coupling (k). kg,
as estimated from the intercept, is approximately
70 dynes/cm for the 490 cm™' bending mode. On the other
hand, if the OSP coupling were absent, the slope A would
represent (1/4)k,_,;,. The force constant of the spin-phonon
coupling alone(k ), as estimated from the slope, is
~1000 dynes/cm for the 490 cm~! mode, which is an order
of magnitude larger than k.

As shown in Fig. 3, there is a good linear correlation
between Awy(T) and {M(T)/4ug}?, which is in accordance
with the theoretical prediction [Egs. (7) and (8)]. Awy(T)
value for the two distinct modes were estimated using the
results shown in Fig. 2. As shown in Fig. 3, a finite positive
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value of the intercept is evident for both modes. This clearly
indicates that the spin ordering and the orbital ordering are
not independent but are coupled to each other through a pho-
non modulation of the superexchange integral (&*J/du?) for
temperatures below Ty. The nonzero intercept also suggests
that the degree of the orbital-spin coupling does not vanish
completely at 7 but remains nonzero for a finite temperature
range above Ty.” A slightly higher value of B for the
490 cm™! mode than that for 610 cm™! indicates an impor-
tant role of the apical O(2) vibration in the phonon modula-
tion of the superexchange interaction [i.e., &°J5/duz,, ap-
peared in the intercept B of Eq. (8)].

In conclusion, an interesting indication of the OSP cou-
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pling in Jahn-Teller-distorted LMO was obtained by theoreti-
cally analyzing the softening behavior of the two intense
Raman bands. The OSP coupling is effective below the spin
ordering temperature, which contributes to the phonon soft-
ening below Ty. However, the present analysis should be
supported by more concrete experimental evidences before
one can come to the conclusion that the OSP coupling clearly
exists below Ty.
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20145 a factor that describes the effective mass w in a spring system
where the mass vibrates perpendicular to the spring axis with
m=m/y. It can be readily shown that y=1.
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