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Mössbauer effect probe of local Jahn–Teller distortion in Fe-doped
colossal magnetoresistive manganites
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The local structure of the Fe-doped La12xCaxMnO3 (x50.00– 1.00) compounds has been
investigated by means of Mo¨ssbauer spectroscopy.57Fe Mössbauer spectra provide direct evidence
of Jahn–Teller distortion in these manganites. On the basis of the Mo¨ssbauer results, the Jahn–Teller
coupling was estimated. It is noteworthy that the Ca-concentration dependence of the Jahn–Teller
coupling strength is very consistent with the magnetic phase diagram. Our results reveal that
Mössbauer spectroscopy cannot only detect the local structural distortion, but also provide a
technique to investigate the Jahn–Teller coupling of Fe-doped La12xCaxMnO3 colossal
magnetoresistive perovskites. ©2003 American Institute of Physics.@DOI: 10.1063/1.1605232#
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The discovery of colossal magnetoresistance~CMR! in
the manganese perovskite La12xCaxMnO3 has recently at-
tracted significant scientific attention.1,2 More and more evi-
dence has indicated that the double-exchange coup
model alone is not sufficient to explain the CMR effect, a
Jahn-Teller effect plays an important role in determining
observed resistivity behavior and the magnetic transit
temperature.3–7 Since the long-range structural distortion d
creases rapidly in La12xCaxMnO3 compounds with increas
ing Ca concentration,8 a local structural probe, such as Mo¨ss-
bauer spectroscopy is required to analyze the distortion
the MnO6 octahedron.

Several papers have been published using Mo¨ssbauer
spectroscopy,9–12 but the local structural distortion o
Mn~Fe!O6 octahedra and the Jahn–Teller effect have
yet investigated by this technique. In this letter, we focus
investigation on the local structural information regardi
Mn~Fe!O6 octahedra. We present57Fe Mössbauer spectra re
corded by a Wissel system constant accelera
Mössbauer spectrometer with a57Co~Pd) source that no
only clearly indicates the presence of quadrupole splitt
but also shows the occurrence of a second quadrupole
doublet. As an example, the Mo¨ssbauer spectrum o
La0.69Ca0.31Mn0.91Fe0.09O3 polycrystalline powders prepare
by the conventional solid-state reaction method illustrated
Fig. 1~a! can be best fitted with two doublets. The mo
intense doublet~.90%! has a center shiftd50.33960.010
mm/s relative toa-Fe at room temperature, and a quadrup
splitting D50.23560.021 mm/s, both of which are quit
similar to previous reports.9–12 This center shift is a typica
value of high-spin Fe31 with octahedral coordination. Th
weaker doublet~.10%! has d50.14760.043 mm/s and
D50.67260.085 mm/s. This center shift is in good agre
ment with that of low-spin Fe41 in the SrFeO3 compound.13
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The quadrupole splitting for both Fe31 and Fe41 ions con-
firms the local distortion of the Mn~Fe!O6 octahedron.

Since too much Fe as a dopant alters the electronic
magnetic properties significantly,10,14 we selected some typi
cal samples (x50.31, 0.50, and 0.60! containing smaller
concentration of Fe~4 at. %! to reduce the Fe–O–Fecontact
and carried out x-ray diffraction~XRD! and Mössbauer mea-
surements again. The XRD pattern indicated that there is
change in the structure and lattice parameters betw
samples with different Fe concentrations due to the sa
radii of Mn31 and Fe31 ions. The Mössbauer spectra o
samples with lower Fe concentration demonstrate that
center shiftd, quadrupole splittingD, and linewidth corre-
sponding to Fe31 ions are in good agreement with that
Fe31 ions in the samples with 9 at. % Fe concentratio
These measurements confirm that Fe–O–Fecontacts have
no obvious contribution to Mo¨ssbauer parameters at tem
peraturesT.TC . The doublet originated from low-spin

il:FIG. 1. Room-temperature 57Fe Mössbauer spectra o
La0.69Ca0.31Mn0.91Fe0.09O3 ~a! and La0.69Ca0.31Mn0.96Fe0.04O3 ~b!.
7 © 2003 American Institute of Physics
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Fe41 ion was not detected due to the lower Fe substituti
The Mössbauer spectra of the samples containing lower
concentration also indicate a local distortion of t
Mn~Fe!O6 octahedron in La–Ca–Mn–O perovskites. T
fact that the Jahn–Teller distortion in the perovskites w
x.0.2 is detected by the Mo¨ssbauer effect, rather than by th
XRD technique implies that this distortion is a dynamic on
rather than a static one, since the time scale probed by
Mössbauer effect is much smaller than that of the XRD te
nique. One possible reason for the different information
tained by these two techniques is due to their different ti
scales.

The local structural distortion of MnO6 octahedra result-
ing from the Jahn–Teller effect of high-spin Mn31 ions re-
moves the degeneracy of theeg and t2g orbitals so as to
make some energy levels more stable. Theeg orbital group is
separated into two energy levels,dz2 and dx22y2. The t2g

orbital group is split into a nondegenerate energy level an
twofold degenerate energy level in the trigonally or tetrag
nally distorted octahedra. The twofold degenerate ene
level will further split in highly distorted octahedra. The e
ergy separation of the upper-level orbitals has been show
be larger than that of the lower-level orbitals. Since t
Jahn–Teller~JT! distortion strongly influences the electro
hopping process between the upper-level orbitals of Mn31

and Mn41 ions in La12xCaxMnO3 perovskites, and conse
quently, determines the ferromagnetic and electrical beh
iors, we only need to consider the upper-level splitting ofeg

orbitals. The energy separation betweendz2 anddx22y2, EJT,
can be described as15

EJT54Ds15Dt , ~1!

Ds5
e

14
A5

p
A20̂ r 2&3d , ~2!

Dt5
e

14Ap
T^r 4&3d , ~3!

where A20 is the second-order crystal-electric-field~CEF!
coefficient.A20 is zero for cubic or perfectly octahedral sym
metry.T5A40(oct8)2A40(oct) is the difference between th
fourth-order CEF coefficient of a distorted MnO6 octahe-
dron, A40(oct8), and that for perfect octahedral symmet
A40(oct). Finally, ^r n&3d is the expectation value of thenth
power, r n, of the radial distance of a 3d orbital from the
nucleus.

Using the Mn–O bond lengths and the expectation v
ues of ^r 2&3d and ^r 4&3d for Mn31 ions,16 it can easily be
shown from Eqs.~2! and ~3! that Dt!Ds . Therefore, the
energy separation between and orbitals arises mainly f
the contribution of the second-order CEF coefficientA20 of
the distorted octahedra and Eq.~1! can be written as

EJT.4Ds5
2e

7
A5

p
A20̂ r 2&3d . ~4!

Although the relationship betweenEJT and A20 is rela-
tively simple, small errors in x-ray structural data can cau
very large errors in the values ofA20. Therefore, it is diffi-
cult to obtain a reliable result on the basis of x-ray diffracti
Downloaded 19 Aug 2003 to 159.226.36.156. Redistribution subject to A
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data alone. However, Mo¨ssbauer spectroscopy can be e
ployed to determine the value ofA20 by a measurement o
the quadrupole splitting as described below.

In the case of the57Fe Mössbauer effect, the quadrupo
splitting, D, can be written as17

D5
eQVzz

2 S 11
h2

3 D 1/2

, ~5!

where Q is the electric quadrupole moment of the57Fe
nucleus,h is the asymmetry parameter, andVzz is the prin-
cipal component of the electric field gradient~EFG! at the
uncleus. This final quantity includes contributions from v
lence electrons of both the Fe ionVZZ(Fe), and the sur-
rounding ions,VZZ(latt). This may be written as

VZZ~ tot!5VZZ~Fe!1VZZ~ latt!, ~6!

where

VZZ~ latt!5(
qi~3 cos2 u i21!

Ri
3

5A5

p
A20, ~7!

VZZ~Fe!5( PsVzz~s!, ~8!

wherePs is the probability of the valence electrons at diffe
ent orbitals. For high-spin Fe31, five valence electrons eac
occupy one of the five 3d orbitals. The half-filled shell is
spherically symmetric regardless of the distribution of s
rounding ions and the valence electrons make no contr
tion to the EFG,Vzz(Fe)50. Compared with Fe31 ion, about
0.4 mm/s larger in quadrupole splitting corresponding
Fe41 ions may be related to the valence electron contri
tion.

SinceD at the nucleus of Fe31 ion is solely the result of
contributions from the surrounding ions, the values ofA20

can be obtained from

A205A4p

5

D~Fe31!

eQS 11
h2

3 D 1/2. ~9!

Therefore, the relationship betweenEJT and the quadru-
pole splitting at Fe31 ion D(Fe31) can be written as

FIG. 2. Quadrupole splitting at the Fe31 ion and Jahn–Teller coupling in
La12xCaxMn0.91Fe0.09O3 (x50.00– 1.00) and La12xCaxMn0.96Fe0.04O3 (x
50.31– 0.60) perovskites at room temperature.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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EJT5
4D~Fe31!

7QS 11
h2

3 D 1/2^r 2&3d , ~10!

whereh50 for axial symmetry. The quadrupole splitting fo
the Mössbauer experiment is generally in the unit of mm
Here, it should be converted to eV by a factor ofEg/c,
whereEg514.4 keV for theI53/2→1/2 transition of57Fe
andc5331011 mm/s is the velocity of light.

Using an approximation of the expectation value^r 2& of
free Mn31 ions, ^r 2&50.3535 Å2, and Q50.28
310224 cm2,16,18 the Jahn–Teller coupling,EJT, in
La12xCax(Mn,Fe!O3 compounds can be estimated. Figure
illustrates the quadrupole splitting corresponding to the F31

ions and Jahn–Teller coupling as a function of Ca conc
tration. It is noteworthy that the Ca-concentration dep
dence of the Jahn–Teller coupling strength is well consis
with the magnetic phase diagram, implying a direct relatio
ship between the Jahn–Teller effect as well as the elec
and magnetic properties in these perovskites. The Ja
Teller coupling is indeed strong in LaMn0.91Fe0.09O3 . With
increasing Ca concentration, the energy separation betw
dz2 anddx22y2 decreases from about 1.4 eV forx50 to about
0.83 eV forx50.27–0.39. The transport properties of the
perovskites are governed by the interplay of the doub
exchange coupling between Mn31 and Mn41 ions as well as
the Jahn–Teller coupling. For the samples w
x50.27–0.39, the relatively weak Jahn–Teller coupling d
localizes the electrons and makes the hopping process e
via double-exchange coupling. Therefore, these sam
show a ferromagnetic metallic state atT,TC . In the region
of 0.50,x,0.80, the Mo¨ssbauer results indicate that th
Jahn–Teller coupling becomes stronger again, which is
companied by a larger change in the Mn–O bond leng7

The larger energy separation betweendz2 anddx22y2 tends to
trap electrons in the low-lying energy-level orbitals, a
hence, localize the conduction electrons. Therefore, for
samples withx.0.5, the ground state becomes insulati
and antiferromagnetic again. For the samples withx.0.90,
the local structural distortion decreases due to the lack
Mn31 Jahn–Teller ions.

In the case of ferromagnetic materials, the electric qu
rupole interaction is a perturbation term in comparison w

FIG. 3. Temperature dependence of quadrupole splitting at the Fe31 ion
and Jahn–Teller coupling in La12xCaxMn0.91Fe0.09O3 and
La12xCaxMn0.96Fe0.04O3 (x50.31 and 0.50!.
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the magnetic hyperfine interaction. It will become the ma
term atT.Tc . Mössbauer spectra collected atT.TC pro-
vide the possibility to determine quadrupole splitting pr
cisely. As illustrated in Fig. 3, the quadrupole splitting at t
Fe31 ion is found to have no obvious change atT.TC ,
which is same as that in La12xCaxMn0.9575Fe0.0425O3 .11

These results suggest no abrupt change in the differenc
Mn–O bond lengths aboveTC , in agreement with the result
of the extended x-ray absorption fine structure and neu
pair distribution function.6,7 Further work is needed to inves
tigate quadrupole splitting and Jahn–Teller coupling bel
TC using57Fe-enriched samples.

In conclusion, we employed the57Fe nucleus as a micro
probe to detect the local structure of Mn~Fe!O6 octahedra in
Fe-doped La12xCaxMnO3 pervoskites. Our work not only
confirms the local structural distortion of (Mn,Fe!O6 octahe-
dron, but also reveals that Mo¨ssbauer spectroscopy can b
effectively employed to estimate the Jahn–Teller coupling
these perovskites.
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