
phys. stat. sol. (b) 241, No. 13, 3029–3032 (2004) / DOI 10.1002/pssb.200402077 

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Energy splitting of eg orbitals in Fe-doped bilayer manganites 

Xiao Ma
*
, Zhiqi Kou, Naili Di, Zhaohua Cheng, and Qing’An Li

State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, 
China

Received 20 May 2004, revised 19 July 2004, accepted 20 July 2004 
Published online 15 October 2004 

PACS 71.70.Ej, 75.47.Lx, 76.80.+y 
57Fe Mössbauer spectra measurements of Fe-doped La2–2xSr1+2xMn1.88Fe0.12O7 (x = 0.30, 0.40, and 0.55) 
compounds were employed to estimate the energy splitting of the Mn3+ ion eg orbital. A large splitting en-
ergy ES, about 1.0 eV, was found for each sample. This suggests that there is a strong electron localization 
effect in these Fe-doped bilayer manganites. The transport behaviour can be explained on the basis of the 
effect of ES on the hopping possibility of Mn3+ eg electrons. 
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1 Introduction 

The perovskite manganites have been the subject of much research in recent years because of the discov-
ery of the colossal magnetoresistance effect [1, 2]. In this compound family, the La2–2xSr1+2xMn2O7

(where x is the Mn4+ content) series attracts much attention owing to its novel properties, such as magne-
toresistance effect and strong anisotropic transport property [1, 3]. The double exchange (DE) interaction 
plays an important role in the magnetic and transport properties of these compounds [4–6]. The generic 
behaviours of the ferromagnetic metal to paramagnetic insulator transition with magnetoresistance near 
TC in these bilayer manganites are understood within the framework of the DE theory as well as the elec-
tron–phonon coupling induced by the Jahn–Teller effect [7]. Distortion occurs in the MnO6 octahedra of 
these manganites, and the degeneracy of the high-spin Mn3+ ion eg and t2g orbitals is removed. The eg

orbital group is separated into two energy levels, 2d
z

 and 2 2d
x y−

. The splitting of the 3d electronic levels 
originates from the effects of the crystal field and the distortion of MnO6 octahedra. This energy splitting 
decreases the total energy of the system. The energy splitting can strongly affect the DE interaction and 
magnetic and transport properties [8, 9]. However, the energy separation ES obtained from experiment  
is seldom reported. In this paper, first we study the magnetic and transport properties of  
La2–2xSr1+2xMn1.88Fe0.12O7, then we focus our investigation on the value of ES in these Fe-doped bilayer 
manganites.

2 Experimental 

Polycrystalline compounds of La2–2xSr1+2xMn1.88Fe0.12O7 (x = 0.3, 0.4, and 0.55) were fabricated by the 
conventional solid-state reaction method. The La2O3 (purity 99.99%), SrCO3 (99.99%), MnCO3

(99.985%), and Fe2O3 (99.998%) raw materials were ground and sintered repeatedly in air until single-
phased X-ray diffraction patterns were obtained. Magnetic measurements were performed using a super-
conducting quantum interface device magnetometer (Quantum Design, MPMS-7). Resistivity was meas-
ured using a standard four-probe technique. 
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57Fe Mössbauer spectra were collected using a constant acceleration Mössbauer spectrometer with a 
57Co(Rh) source at room temperature. The velocity was calibrated using an α-Fe foil absorber. Möss-
bauer spectra were recorded over a narrow velocity range in order to obtain a clear and accurate quadru-
pole splitting. 

3 Results and discussion 

The powder X-ray diffraction patterns are in good agreement with the calculated patterns for the 
Sr3Ti2O7-type (space group I4/mmm) crystal structure. The Rietveld refinements show that the lattice 
parameters change very slightly as compared with those of La2–2xSr1+2xMn2O7. This is consistent with the 
facts that (i) Fe exists mainly in the form of Fe3+ in manganites when its content is small, and (ii) Fe3+

and Mn3+ have a nearly identical ionic size [10, 11]. Hence the lattice distortion due to ion size mismatch 
can be ignored in our study. 
 Some magnetization measurement results are shown in Figs. 1 and 2. The x = 0.3 and 0.4 samples 
exhibit weak ferromagnetic ordering. Their low-temperature magnetizations increase fast at low fields. 
However, it is difficult to get their magnetizations saturated. Although La2–2xSr1+2xMn2O7 is antiferro-
magnetic at low temperatures when x = 0.3 [12], it will become ferromagnetic quickly when x increases a 
little further [13]. For our x = 0.3 sample, the Mn4+ content is greater than 30% due to the substitution of 
Fe3+ for Mn3+. The Fe3+ ions interrupt the path of the DE interaction [14], and the ferromagnetic ordering 
is strongly suppressed. Therefore, the x = 0.3 sample displays a weak ferromagnetism. The x = 0.55 sam-
ple shows antiferromagnetic behaviour (Fig. 2). Its magnetization is very low under 8 kA/m. There is a 
maximum in its M–T curve at 145 K indicating the occurrence of the antiferromagnetic transition. At 
300 K all the samples are paramagnetic, and the M–H curves are straight lines. 
 It can be seen from Fig. 3 that the x = 0.3 sample does not show any clear metal–insulator transition. 
The resistivity increases more slowly with decreasing temperature at around 70 K under zero field than 
at other temperatures. This behaviour is more pronounced when a 4000 kA/m field is applied. There is a 
broad plateau at around 70 K in the ρ–T curve. This supports the conclusion that the x = 0.3 sample has 
a weak ferromagnetism. At around 70 K a large magnetoresistance effect is observed. As x increases the 
resistivity increases, and the plateau around 70 K becomes less and less obvious. For the x = 0.55 sample 
the resistivity is greater than that of the other two samples. It decreases only slightly under a 4000 kA/m 
field. This is other evidence for its antiferromagnetic ordering. These results imply that the DE interac-
tion is reduced, whereas the super exchange (SE) interaction is enhanced and carrier electrons become 
more and more localized as the Mn4+ content increases. Finally, the SE interaction becomes stronger than 
the DE interaction, and an antiferromagnetic state forms. 
 In order to estimate ES room temperature 57Fe Mössbauer spectra measurements were performed. As 
an example, a typical Mössbauer spectrum is shown in Fig. 4. The spectrum for each sample can be fitted
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Fig. 1 Field dependence of the magnetiza-
tion at 5 K for La2–2xSr1+2xMn1.88Fe0.12O7.

Fig. 2 Temperature dependence of the magnetization
for a field of 8 kA/m for the x = 0.55 sample. 
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well with a doublet. This indicates that each of them is in a paramagnetic phase at room temperature. The 
isomer shifts are in the range 0.313–0.318 mm/s, which are typical values for the high-spin Fe3+.
 The splitting energy ES has an approximately linear relationship with A20 (the second-order field coef-
ficient) which can be written as [15] 

2
S 20 3d

2 5

7

e
E A r= 〈 〉π  (1) 

where 〈r2〉3d is the expectation value of the square of the radial distance of a 3d orbital from the Mn3+

nucleus. Although the correlation between ES and A20 is relatively simple, it is difficult to obtain A20 for 
Mn3+. In contrast, A20 for Fe3+ can be easily obtained via the relationship between A20 and the quadrupole 
splitting ∆ for Fe3+ [15]: 

2
20 5(3 )

2 3

eQA η∆ +
=

π
 (2) 

where Q is the electric quadrupole moment of the 57Fe nucleus and η is the asymmetry parameter. Fe3+

and Mn3+ ions have the same crystal environment and similar ionic radii, so it is appropriate to assume 
that the values of A20 for MnO6 and FeO6 octahedra are approximately equal. Then we can calculate ES

for Mn3+ in La2–2xSr1+2xMn1.88Fe0.12O7 using Mössbauer spectra measurements. 
 To calculate ES the parameters adopted are as follows [15]: 〈r2〉3d = 0.3535 Å2; Q = 0.28 × 10–24 cm2.
The asymmetry parameter η is zero for a local symmetry having at least a single triple axis on the Fe 
nucleus. However, it is likely to be small for the compounds we are investigating. Unfortunately,  
the asymmetry parameter cannot be measured in the paramagnetic state for the Mössbauer line used. 
Hence here we approximately regard η as zero. The splitting energies for the x = 0.30, 0.40, and  
0.55 samples are 0.952(72) eV, 1.080(76) eV, and 1.184(80) eV, respectively. The magnitude of ES

for La2–2xSr1+2xMn1.88Fe0.12O7 is comparable to that of La1–xCax(Mn, Fe)O3; for example, for  
La1–xCaxMn0.91Fe0.09O3 with x = 0.55, ES ≈ 1.05 eV [15]. This is consistent with the conclusions of a pre-
vious neutron scattering study [16]. The splitting energy ES increases with increasing x. A larger value of 
ES means a wider separation between 2d

z
 and 2 2d

x y−
; eg electron hopping is then more difficult between 

Mn3+ and Mn4+ via oxygen ions [17]. At room temperature the large energy splitting traps electrons in 
the low-lying energy level. This localizes the conduction electrons, and the resistivity increases. Our 
resistivity measurements support this conjecture (see Fig. 3). Garcia-Landa et al. drew a similar conclu-
sion from thermal expansion measurements [18]. Moritomo et al. reported that for La1.2Sr1.8Mn2O7 the 
splitting energy was 0.178 eV at 300 K [9]. For our La1.2Sr1.8Mn1.88Fe0.12O7 sample the value is 1.08 eV, 

Fig. 3 Resistivity as a function of tem-
perature at zero field (solid symbols) and 
at 4000 kA/m field (open symbols) for 
La2–2xSr1+2xMn1.88Fe0.12O7.

Fig. 4 Room temperature 57Fe Mössbauer spec-
trum of the x = 0.40 sample. 
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which is much larger. This suggests that our x = 0.4 sample cannot form a purely ferromagnetic ordering 
according to the conclusion in Ref. [9]. Our magnetization and resistivity measurements prove that this is 
the case. 

4 Conclusions 

The magnetic and transport properties of La2–2xSr1+2xMn1.88Fe0.12O7 have been studied. With increasing x
weak ferromagnetic ordering and antiferromagnetic ordering appear in turn, and the magnetoresistance 
effect is reduced step by step. Furthermore, the splitting energy of the eg orbital in  
La2–2xSr1+2xMn1.88Fe0.12O7 has been investigated using Mössbauer spectra measurements. The measure-
ments show non-zero nuclear quadrupole interactions. The splitting energy ES for Mn3+ eg orbitals has 
been estimated at about 1.0 eV. ES increases as x increases. This implies an increase of the localization 
for eg electrons and a decrease of the possibility of eg electron hopping. Hence the resistivity increases 
with increasing x.
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