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Abstract

The structural study of Sr0.9Ce0.1Mn1–yCryO3 (y = 0, 0.05, and 0.10) has been carried out by X-ray diffraction. For undoped sa
Sr0.9Ce0.1MnO3, it undergoes a first-order structural transition accompanied by Jahn–Teller (JT) transition atTJT = 320 K. The JT transition
temperature is reduced in Cr-doped samples, becomingTJT = 260 K for y = 0.10. The tetragonalI4/mcm structure is characterized by the J
distortion in MnO6 octahedra with the distortion modeQ3. With increasing Cr doping content, the deformation of MnO6 octahedra is weakene
showing that Cr doping destabilizes the JT effect. In addition, elastic properties measurement indicates that a large softening of Young
occurs in the vicinity ofTJT, which has been interpreted in terms of the strong electron–phonon coupling originating from the JT effect.
 2005 Elsevier B.V. All rights reserved.

PACS: 75.47.Lx; 71.70.Ej; 63.20.Kr

Keywords: Manganites; Jahn–Teller effect; Electron–phonon interaction
ite

ud
s a
an

n th
e.

d
tio
ot
on
no
ed
o

ntal
non

ites

M)

-
n in
n
the
rties
atest

tron-

role
ese
1. Introduction

Colossal magnetoresistance (CMR) in the mangan
R1–xAxMnO3 (R = rare-earth ions; A= divalent ions) with
mixed Mn3+/Mn4+ valence has become a focus of recent st
ies in view of their special electronic and magnetic propertie
well as the potential applications. The feature of the CMR m
ganites is the strong interaction between charge carriers i
eg band, localized spins oft2g electrons, and the crystal lattic
Initially, the double exchange (DE) interaction between Mn3+
and Mn4+ introduced by Zener[1] can explain the electrical an
magnetic properties qualitatively. However, a recent calcula
by Millis et al. [2,3] indicated that the DE model alone could n
explain resistivity and CMR effects quantitatively. In additi
to DE model, a lattice polaron due to a strong electron–pho
interaction plays an important role. Especially, they claim
that the lattice distortion due to the Jahn–Teller (JT) splitting
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eg electrons is important. There have been lots of experime
works[4,5], which suggest importance of the electron–pho
coupling in the manganites.

The clearest evidence of the JT effect in the perovsk
happens in the parent compound, LaMnO3. At room temper-
ature, this compound is an A-type antiferromagnetic (AF
insulator in which a cooperative JT effect in the MnO6 octa-
hedra induces an orbital ordering. AboveTJT ≈ 750 K [6,7] the
structure of LaMnO3 becomes quasi-cubic, in which the MnO6
octahedra are quasi-regular. Chatterji et al.[8] have systemati
cally investigated the doping dependence of the JT transitio
La1–xSrxMnO3 (0< x � 0.1). They found that the JT transitio
temperature is drastically reduced on doping with Sr. Over
past decade the structural, electrical, and magnetic prope
of the hole-doped manganites have been studied in the gre
detail. In contrast to the hole-doped manganites, the elec
doped manganites (such as Ce doped CaMnO3 or SrMnO3)
have been an interesting system[9–12]. It is a very important
field for structural investigations in order to understand the
of JT effect on the magnetic and transport properties of th
oxides.
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A recent study of the Mn sites doping in R1–xAxMnO3
has revealed that Cr has a spectacular effect in the mag
and transport properties. For instance, the Cr doping in
charge ordered (CO) insulator Pr0.5Ca0.5MnO3 can destroy the
CO AFM state and induce a metal–insulator (M–I) transit
[13,14]. The Cr substitution in electron-doped Ca0.9Ce0.1MnO3
leads to the coexistence of ferromagnetic (FM) and A
phases and the observations of cluster glass behavior[15]. Very
recently, we synthesized the Cr doped Sr0.9Ce0.1MnO3 samples
and studied the electrical and magnetic properties assoc
with JT transition[16]. The change of electrical and magne
properties due to Cr doping has been attributed to the wea
ing of JT distortion. In order to check whether the JT distort
is weakened by Cr doping, structural investigations as a fu
tion of temperature are required. In present Letter, we giv
direct evidence of JT distortion of the MnO6 octahedra by X-ray
diffraction in large temperature range. The results indicate
Cr doping destabilizes the JT effect. The anomalous You
modulus properties imply the electron–phonon coupling du
the JT effect may play an important role in the system.

2. Experimental

Polycrystalline Sr0.9Ce0.1Mn1–yCryO3 (y = 0, 0.05, and
0.10) samples were synthesized by the standard solid-sta
action. Stoichiometric precursor powders SrCO3, CeO2, MnO2
and Cr2O3 were mixed and ground, then fired for 24 h
1050◦C. The resultant powder was then pressed into small
lets and sintered at 1200◦C for 24 h and then at 1350◦C for
another 24 h. After the final grinding, the powder was pres
into bars with the dimension of 65.0 × 4.5 × 1.0 mm3 (for
Young’s modulus measurements), sintered at 1400◦C for 24 h
and slow-cooled to room temperature.

X-ray diffraction (XRD) measurement was taken by Phil
X’pert PRO X-ray diffractometer with CuKα radiation. The
structural parameters were obtained by fitting the experim
tal data of XRD using the standard Rietveld technique. Youn
modulusE(T ) were measured by the electrostatic drive and
pacitor microphone detection technique[17], which makes it
possible to obtain the resonant frequency. The Young’s mo
lusE is given by

(1)E = 4π2sdl4

m4I
f 2,

wheref is the resonant frequency,s the cross-sectional area,d

the density,l the length,I the moment of inertia of the sampl
In addition,m is 4.730 for the vibrating mode in the fundame
tal mode. The measurement was made in acoustic frequ
range with magnitude of kHz using warming mode in a v
uum environment at the rate of 1 K/min.

3. Results and discussion

The analysis of XRD patterns indicates that a struct
phase transition from cubic to tetragonal due to JT ordering
curs atTJT for all samples. The JT transition temperatureTJT
are 320, 290, and 260 K fory = 0, 0.05, and 0.10, respectivel
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Fig. 1. X-ray diffraction patterns of Sr0.9Ce0.1MnO3 at 300 and 350 K. The
inset shows (112) and (020) reflections of the tetragonal phase at 300 K.

Above TJT the unit cell is cubicPm3m lattice and belowTJT
the reflections can be indexed by tetragonalI4/mcm lattice.
The volume of the tetragonal unit cell is four (

√
2 × √

2 × 2)
times that of the cubic unit cell. As an example,Fig. 1 shows
the XRD patterns at two selected temperatures (300 and 35
for undoped Sr0.9Ce0.1MnO3. At 350 K, the structure of this
sample is cubic, where no lattice distortion exists. Upon c
ing, the structure changes to tetragonal lattice with static
distortion at 300 K. The (112) and (020) reflections of the lo
temperature tetragonal phase can be clearly seen at 300
the inset ofFig. 1. For all samples, the electrical and magne
properties associated with JT transition have been studie
our previous work[16]. Above TJT, the resistivity is low and
is independent of temperature down to 320 K. This is in ag
ment with the fact that the high-temperature structure is c
where the doped electrons occupy the degenerateeg band and is
responsible for metallic conductivity. BelowTJT, the resistivity
increases logarithmically with decreasing temperatures. Th
sulating behavior in the tetragonal phase is consistent with
localization of doping electrons due to the strong JT distort

The refined lattice parameters as a function of tempera
are shown inFig. 2. For all samples, in tetragonal phasea

decreases andc increases with decreasing temperatures.
mismatch betweena andc is enhanced by decreasing temp
atures. In other words, the lattice distortion increases at lo
temperatures. On the other hand, Cr doping weakens the
match betweena and c. For instance, at 200 K the values
mismatch are 2.4194, 2.3307, and 2.2923 Å fory = 0, 0.05, and
0.10, respectively. The mismatch disappears abruptly as the
structure changes to cubic upon heating. The drastic chan
the structure implies the first-order transition in the samples

Concentrating first on the low-temperature phase, we
serve a permanent or static distortion belowTJT that results in
MnO6 octahedra with two different Mn–O lengths. InTable 1
we have summarized the geometrical parameters of und
Sr0.9Ce0.1MnO3 that are directly related to JT effect. The
are two different bond lengths and angles. At 300 K, the
longer Mn–O1 bond length is 1.935(2) Å, and the four sho
Mn–O2 bond length is 1.913(1) Å. The difference betwe
them is �d = 0.022 Å, which is regarded as the distortio
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parameter of JT distortion in MnO6 octahedra. This value o
distortion parameters�d increases with decreasing tempe
tures. At 100 K�d gets to 0.071 Å, which indicates that the
is a strong JT distortion in MnO6 octahedra and the dopin
electrons occupy thed3z2−r2 orbital of JT split state (elongate
octahedra). BelowTJT, the orbital ordering is established d
to the cooperative JT effect breaking the degeneracy of
electronic configuration of Mn3+. This particular orbital order
ing is responsible for C-type magnetic structure describe
the experimental work by Sundaresan et al.[11]. On the other
hand, the Mn–O1–Mn bond angle remains 180 degrees an
Mn–O2–Mn angle is smaller than 180 degrees. This is in ag

Fig. 2. Temperature dependence of the lattice parameters of Sr0.9Ce0.1-
Mn1–yCryO3 for (a) y = 0, (b) 0.05, and (c) 0.10. The structural transition d
to Jahn–Teller ordering is marked with the dotted lines.
e

n

he
-

ment with the rotation of the octahedron along thec-axis in
opposite direction in the successive planes forI4/mcm space
group. InTable 1, we can clearly see that the Mn–O2–Mn bo
angle deviates from 180 degrees and decreases with decre
temperatures. Accordingly, the bending angle of Mn–O2–
increases from�θ = 2.52◦ at 300 K to�θ = 7.55◦ at 100 K.
The bending of Mn–O–Mn bond angle modifies the strengt
the hopping integral betweeneg(Mn)–2pσ (O)–eg(Mn) orbitals
and, therefore, the electronic bandwidth[18,19]. Therefore, the
bending of Mn–O–Mn bond angle is responsible for the
sulator state of Sr0.9Ce0.1MnO3 in low-temperature tetragona
phase[16].

Above TJT, the MnO6 octahedra become nearly regular
the high-temperature cubic phase. At 350 K, the Mn–O b
lengths are 1.9123(3), 1.9115(3), and 1.9107(2) Å fory = 0,
0.05, and 0.10, respectively. For the samples with differen
doping content, the Mn–O bond lengths of the regular Mn6
octahedra are very close from each other, which is due to
small difference in ionic size between Mn3+ (0.645 Å) and
Cr3+ (0.615 Å) ions and only small values of the level of sub
tutions (up to 10%). Although no static JT distortion in MnO6
octahedra has been observed, the existence of a dynamic J
tortion cannot be ruled out. For LaMnO3 [20], atT > 750 K the
MnO6 octahedra keep their local distortion and the JT transi
would only indicate a change from a static and cooperative
tortion to dynamic and local distorted octahedra. The obse
average cubic lattice in Sr0.9Ce0.1Mn1–yCryO3 is probably the
result of dynamic spatial fluctuations of the underlying tetr
onal distortion. It needs further experimental results to sup
the hypothesis that JT transition would correspond to cha
from a static distortion to a dynamic one, without removing
the local distortions present in the MnO6 octahedra.

Fig. 3shows the distortion parameters�d and�θ at several
selected temperatures in the tetragonal phase for all sample
discussed above, the JT distortion of MnO6 octahedra increase
with decreasing temperatures, considering the continuou
crease of�d and�θ . The distortion of MnO6 octahedra at a
eter

)
)
(3)

5)
10)
Table 1
Refined structural parameters of Sr0.9Ce0.1MnO3 at several selected temperatures. Space groupI4/mcm, Sr and Ce in 4b(0,1/2,1/4), Mn in 4c(0,0,0), O1
in 4a(0,0,1/4), O2 in 8h(x, y,0). 〈Mn–O〉 is the average Mn–O bond length.〈Mn–O–Mn〉 is the average Mn–O–Mn bond angle. The distortion param
�d = d1 − d2 (d1 = Mn–O1,d2 = Mn–O2). The distortion parameter�θ = θ1 − θ2 (θ1 = Mn–O1–Mn,θ2 = Mn–O2–Mn)

300 K 250 K 200 K 150 K 100 K

a, b (Å) 5.3770(3) 5.3636(4) 5.3615(2) 5.3529(2) 5.3492(4
c (Å) 7.7407(5) 7.7761(6) 7.7809(5) 7.7899(4) 7.7877(8
V (Å3) 223.800(4) 223.704(3) 223.667(2) 223.208(2) 222.837
x (O2) 0.243(2) 0.239(2) 0.238(1) 0.241(3) 0.236(1)
y (O2) 0.746(3) 0.741(4) 0.739(2) 0.735(4) 0.731(4)
Mn–O1× 2 (Å) 1.935(2) 1.944(2) 1.945(2) 1.947(3) 1.947(4)
Mn–O2× 4 (Å) 1.913(1) 1.905(2) 1.898(1) 1.879(1) 1.876(2)
〈Mn–O〉 (Å) 1.924 1.925 1.922 1.913 1.912
�d (Å) 0.022 0.039 0.047 0.068 0.071
Mn–O1–Mn (◦) 180.00(1) 180.00(2) 180.00(5) 180.00(4) 180.00(
Mn–O2–Mn (◦) 177.48(7) 175.42(8) 174.96(6) 174.50(6) 172.45(
〈Mn–O–Mn〉 (◦) 178.74 177.71 177.48 177.25 176.23
�θ (◦) 2.52 4.58 5.04 5.50 7.55
RP (%) 5.95 4.62 4.52 4.87 4.97
Rexp (%) 4.11 3.32 3.03 4.02 3.30
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Fig. 3. Temperature dependence of distortion parameters (a)�d = d1 − d2 and
(b) �θ = θ1 − θ2 in low-temperature tetragonal phase.

particular temperature is reduced with increasing doping c
tenty. In other words, JT distortion is weakened by Cr dopi
In order to study the Cr doping effect on JT distortion furth
we study the elastic properties by Young’s modulus meas
ment for all samples. Young’s modulus microscopically refle
the strain among the atoms. For isotropic materials suc
polycrystalline samples, Young’s modulusE is given by:

(2)E = C44(C11 + 2C12)

C12 + C44
= µ(3λ + 2µ)

λ + µ
,

(3)λ + 2µ = C11, λ = C12, µ = C44,

whereλ andµ are Lamé’s constants andCij the tensor com
ponent of the elastic stiffness constant. Elastic constants
very sensitive to structural phase transition, the elastic con
softening is the soft mode associated with the transition
reflects the instability of the lattice to a strain of a given sy
metry[21,22]. The experimental results of the relative Youn
modulus�E (�E = E(T )/Emin) are shown inFig. 4. For all
samples,�E comes into being a valley and reaches a minim
value atTP . The values ofTP are very close to the JT transitio
temperaturesTJT. Undoubtedly, the softening of Young’s mo
ulus in the vicinity ofTJT should be due to the JT transitio
accompanied by an orbital order–disorder transition. Thed

electron state of transition-metal ions has an electric quadru
moment due to the orbital state as well as a magnetic dipole
ment. The softening of Young’s modulus should originate fr
the coupling of the orbital (quadrupolar) moment of theeg or-
bital, d3z2−r2 anddx2−y2, of Mn3+ ion to the elastic strain[23].
Therefore, this simultaneous occurrence of electron orde
and lattice softening implies that extremely strong electr
phonon coupling due to the JT effect may play an impor
role in the samples. On the other hand, the degree of softe
of E is reduced due to Cr doping. As an example, inTable 2
we compare the relative modulus�E with the JT distortion pa
rameters�d and�θ at 200 K for all samples. At 200 K th
values of�E are 2.42, 1.73, and 1.25 fory = 0, 0.05, and 0.10
respectively. The continuous decrease of�E is consistent with
-

-
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Fig. 4. Temperature dependence of relative Young’s modulus�E

(= E(T )/Emin) for Sr0.9Ce0.1Mn1–yCryO3 (y = 0, 0.05, and 0.10).TP

is defined as the temperature at which�E reaches a minimum.

Table 2
Structural parameters obtained by Rietveld refinements of X-ray diffrac
data of Sr0.9Ce0.1Mn1–yCryO3 (y = 0, 0.05, and 0.10) at selected temperat
200 K. The relative Young’s modulus�E is defined as�E = E(T )/Emin. The
values of�E are obtained fromFig. 4

y = 0 y = 0.05 y = 0.10

a (Å) 5.3615(2) 5.3692(4) 5.3813(3)
c (Å) 7.7809(5) 7.6999(4) 7.6736(4)
V (Å3) 223.667(2) 221.975(3) 222.215(3
〈Mn–O〉 (Å) 1.922 1.903 1.913
〈Mn–O–Mn〉 (◦) 177.48 177.60 177.83
�d (Å) 0.047 0.044 0.01
�θ (◦) 5.04 4.81 4.35
�E 2.42 1.73 1.25

the decrease of distortion parameters, indicating that the m
nitude of�E is proportional to the fraction of theQ3-type JT
distortion[24]. Therefore, the decrease of�E with increasing
Cr doping content shows that Cr doping weakens the JT
tortion of MnO6 octahedra. That is to say, the cooperative
effect is destabilized by Cr doping.

4. Conclusion

In summary, a JT transition associated with orbital ord
disorder transition has been observed in Sr0.9Ce0.1Mn1–yCryO3
(y = 0, 0.05, and 0.10). Due to Cr doping, the JT transition te
peratureTJT decreases from 320 K for undoped sample to 26
for doped sample withy = 0.10. The JT distortion of MnO6 oc-
tahedra is weakened by Cr doping. A large softening of Youn
modulus in the vicinity ofTJT indicates that the strong electron
phonon interaction originating from the JT effect may play
important role in the samples.
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