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Change in Mn 3d orbital state related to a metal-insulator transition in a bilayer manganite
studied by magnetic Compton profile measurement
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Temperature dependence of magnetic Compton profile~MCP! has been measured on a single crystal of
La222xSr112xMn2O7 at x50.42 along thec-axis. The spin magnetic moments of Mn 3d electrons int2g and
eg type orbitals are evaluated from the line-shape fitting analysis of MCP’s using theoretical profiles derived
from the (MnO6)82 ab initio calculations. The experimental ratios ofeg spins tot2g ones show higher values
above the metal-insulator transition temperatureTc in comparison with the value expected from the electroni-
cally homogeneous state. This is understood in terms of the phase separation between electron-rich ferromag-
netic and electron-poor antiferromagnetic regions. The ratios indicate that theeg electrons are highly segre-
gated in the ferromagnetic region. In addition, the fitting result just aboveTc suggests that theeg-orbital state
involved with the colossal magnetoresistance effect is optimized by an external magnetic field.
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Perovskite Mn oxides have provided a fascinating sub
such as colossal magnetoresistance~CMR! observed just
around a metal-insulator transition temperatureTc ,1–4 where
the charge, spin, and orbital degrees of freedom are argu
connected with each other. The ferromagnetism and met
conductivity concurrently appeared belowTc have been un-
derstood on the basis of the double-exchange~DE! mecha-
nism, whereeg electrons hop around Mn sites through h
bridization with O-2p orbitals, and align the localizedt2g

spins by the strong Hund’s coupling.5–7 However, the trans-
port properties including CMR and the complicated magne
phase diagrams of manganites cannot be explained by
simple DE mechanism, and some additional ingredient is
quired. It is currently pointed out that the lattice degree
freedom, which is strongly coupled with the orbital degree
freedom, plays an important role in understanding the ph
cal properties of manganites.8–12 Recent x-ray and neutron
scattering experiments have observed a short-range ch
ordering~SRCO! within MnO2 layers, suggesting the loca
ization of eg electrons at Mn sites accompanied by loc
lattice distortions.13–16 Kubota et al. have reported that in
bilayer manganites, SRCO appears in the wide range of
concentration and is characterized by a bistripe order runn
along the @100# direction in a MnO2 layer which forms
streaks of two large and one small lattice distortions aro
Mn31 and Mn41 ions, respectively.15,16The temperature de
pendence of SRCO shows a notable change in the vicinit
Tc , and well corresponds to that of resistivity.15 Therefore,
determination of the electronic and orbital states aroundTc ,
which are sensitive to the local structural change, will p
vide a clue to elucidate the mechanism of CMR.

Our previous paper demonstrated that magnetic Comp
profile ~MCP! measurement is capable of determining t
population of Mn-3d orbitals which hybridize with O-2p
orbitals.17 In the present study, we have measured the te
perature dependence of MCP on a bilayer manganite,
made a line-shape analysis on MCP’s using theoretical
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files of eg and t2g type orbitals. From the analytical result
we will discuss the change ineg electron density dependin
on temperature and the effect of magnetic field on
eg-orbital state just aboveTc .

The MCP,Jmag(pz), is defined as the double integral o
the difference in momentum density between spin-up a
spin-down electrons with respect topx andpy ,

Jmag~pz!5E S (
i

uf i↑~p!u22(
j

uf j↓~p!u2Ddpxdpy ,

~1!

wherepz is an electron-momentum component along the
rection of the scattering vector of x rays. Thef is(p) is a
wave function in momentum space, anduf is(p)u2 means the
momentum density ofi th state. The subscripti and j go
through all occupied spin-up and spin-down states, resp
tively. The MCP is sensitive only to the spin magne
moment,18 and its area is proportional to the magnitude
spin magnetic moment. In addition, the MCP measuremen
advantageous to the study of orbital states, because the s
of MCP varies according to orbitals occupied by magne
electrons. This feature enables us to separately determin
spin magnetic moments ineg and t2g type orbitals on man-
ganites based on the theoretical profiles of them.17

The sample was a single crystal of bilayer mangan
La222xSr112xMn2O7 at x50.42, which was melt-grown in
flowing oxygen gas in a floating zone optical imag
furnace.19 This system shows two-dimensional conductivi
because a pair of MnO2 layers is interlaced between tw
(La, Sr)2O2 blocking layers. According to the magnet
phase diagram obtained by neutron-diffracti
measurement,20 the magnetic structure of the present sam
is canted antiferromagnetic~canted AFM! below Tc , where
the magnetic moments in a MnO2 layer are ferromagneti-
cally aligned and slightly canted between the two lay
within a bilayer. AboveTc , the sample changes to AFM-
insulator phase, where the magnetic moments are antife
©2004 The American Physical Society01-1
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FIG. 1. The magnetic Compton profiles along thec-axis measured at~a! 10 K, ~b! 100 K, ~c! 150 K, and~d! 230 K under the externa
field of 62.5 T. The abscissa represents an electron momentumpz in the atomic unit~a.u.!. Experimental data~solid circles! are shown with
fit ~solid line! using the MnO6 cluster orbitals. Error bars indicate experimental statistical errors. Thet2g , ex22y2, ande3z22r 2 type orbital
contributions are denoted by dashed, dotted, and dotted–dashed lines, respectively~Ref. 21!.
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magnetically ordered between the two layers, and the C
is observed in this phase. The sample becomes paramag
~PM! above 170 K. We measured the magnetic susceptib
on the sample and determinedTc to be 95 K.

MCP measurements were made at 10, 100, 150, and
K on the beamline 08W at SPring-8, Japan. Circularly po
ized x rays emitted from an elliptical multipole wiggler we
monochromatized to 174 keV and incident on the sam
The Compton scattered x rays with a scattering angle
178.5° were energy analyzed by a 10-segmented Ge s
state detector. During the measurement, an external mag
field of 62.5 T was alternatively applied along thec-axis of
the sample to reverse the magnetization direction. Each M
was extracted as the difference between two meas
Compton profiles of the sample magnetized mutually in
opposite directions with a fixed photon polarization. T
MCP’s aboveTc were measured on the sample with fiel
induced magnetization. Then, the orbital state on the co
tion of CMR will be reflected in the MCP particularly a
100 K.

The MCP’s obtained are shown in Fig. 1. The area of e
MCP is normalized to the corresponding magnetization lis
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in Table I. It is noticed that the dip in the low momentu
region, pz,1.0 a.u., becomes shallower with increasi
temperature. We can qualitatively examine the change
MCP’s with atomic profiles ofeg and t2g orbitals, since the
magnetization of manganite is induced by the spins in M
3d orbitals. The result suggests that the ratio ofeg spin mag-
netic moments tot2g ones increases aboveTc , because the
atomic eg-orbital profile shows a peak atpz50, while
t2g-one has a dent. To quantitatively evaluate the spin m
netic moments in respective orbitals, the fitting analysis
each MCP has been carried out using theoretical profile
t2g , ex22y2, and e3z22r 2 type orbitals obtained from anab
initio molecular orbital calculation for a (MnO6)82 cluster
which takes the hybridization effect between Mn-3d and O-
2p orbitals into account.21 The z-axis is taken to be paralle
to thec-axis. Thet2g profile is treated as the sum ofxy, yz
and zx orbitals because those orbitals are considered to
fully occupied. The details of the calculation are described
Ref. 17. The fitting results are shown by the lines in Fig
and listed in Table I.

In the case of manganites, it is reasonable to consider
the occupation number in each Mn-3d orbital is proportional
Each
e-
hich is
TABLE I. Spin magnetic moments in respective orbitals evaluated from the fitting analysis of MCP.
value is normalized by the magnetic moment per Mn site,M (mB /Mn), obtained by magnetization measur
ment at the field of 2.5 T. The results at 150 and 230 K are shown in a large number of decimals, w
due to the small normalization factor,M. The eg /t2g and e3z22r 2 /ex22y2 mean the ratios ofeg to t2g and
e3z22r 2 to ex22y2 spin magnetic moments, respectively.

T(K) M (mB /Mn) t2g ex22y2 e3z22r 2 eg /t2g e3z22r 2 /ex22y2

10 3.12 2.49 0.37 0.21 0.23 0.57
(60.03) (60.02) (60.03)

100 2.20 1.62 0.30 0.20 0.31 0.67
(60.02) (60.02) (60.03)

150 0.69 0.503 0.124 0.030 0.31 0.24
(60.011) (60.007) (60.013)

230 0.38 0.229 0.085 0.035 0.52 0.41
(60.009) (60.006) (60.011)
1-2
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to the spin moment evaluated from the analysis of MC
since the strong Hund’s coupling works betweent2g andeg
spins. If the area of MCP is normalized to 3.58, i.e., t
nominal 3d electron number forx50.42, the orbital popula-
tions at 10 K are given as 2.86, 0.43, and 0.24 fort2g ,
ex22y2, ande3z22r 2 type orbitals, respectively, which are i
good agreement with the previous result.17 If the sample is
electronically homogeneous, the ratioeg /t2g in the present
sample is expected to be 0.193 on the assumption that tht2g
andeg populations are 3 and 0.58, respectively. Here theeg
contribution is the sum ofex22y2 ande3z22r 2 orbital popula-
tions. In the canted AFM region belowTc , the experimental
ratio at 10 K deduced from the fitting results shows 0.23 t
is slightly larger than the expected ratio. It is to be anti
pated that in AFM-I phase, both the ratios at 100 and 15
give a significantly large value of 0.31. The ratio at 230 K
PM phase shows an even larger value of 0.52, although
less reliable because the measurement was made on
sample with field-induced weak magnetization resulting
poor statistics. Since the MCP measurement detects the
ferromagnetic~FM! component in the sample and does n
the AFM one, these results mean that the density ofeg elec-
trons is high in the observed FM state and the electro
inhomogeneity of the sample is remarkable particula
aboveTc , and suggest the concomitance ofeg-electron poor
AFM state. Yunokiet al. have theoretically predicted th
phase separation~PS! between the electron-rich FM and th
electron-undoped AFM regions in the high hole dopi
level.22–26 According to this description, the increase
eg /t2g can be understood as a result of decrease int2g spin
contribution to MCP. That is, in the AFM region with noeg
electrons,t2g spin moments cancel each other and do
contribute to MCP. The ratio will therefore become large
all the eg electrons are in the FM region. The volume fra
tion of the FM region may be given byM (T)/3.58 below and
just aboveTc , because the thermal fluctuation of magne
moments would be small at these temperatures. In prac
the ratios at 10 and 100 K are well explained by 0.1
33.58/M (T). Specifically, the ratio of 0.31 at 100 K is pos
sible when about three fifth parts of the sample is
electron-rich FM region, and the rest is the electron-undo
AFM region. However, large FM domains with high electro
density could not exist because of the charge neutrality
should be divided into small clusters. In fact, several exp
ments have observed magnetic clusters aboveTc .27–29

Small-angle neutron scattering~SANS! measurement ha
shown that the magnetic correlation length, which provid
the size of the clusters, is of the order of a few lattice sp
ing, and rapidly diverges belowTc . In manganite, the facto
contributing to the ferromagnetic small clusters would
underlying in the form of charge-segregated domains, wh
may originate in the local chemical and structu
inhomogeneity.30 On the other hand, SRCO, which is ass
ciated with the localization ofeg electrons, disappears belo
Tc . The above ratios therefore, indicate that the electro
state is comparatively homogeneous belowTc , while theeg
electrons are highly segregated in the magnetic clus
aboveTc , and the degree of charge segregation varies
cording to the magnetic phases such as canted AFM, AM
06040
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and PM states. In this regard, the PS observed in the pre
study would depend on temperature.

Another significant finding is the effect of external fie
on theeg orbital state just aboveTc . The eg orbital state at
100 K shows a high proportion ofe3z22r 2 component in
comparison with that at 150 K, although the ratioeg /t2g is
almost the same at both temperatures. The ratio ofe3z22r 2 to
ex22y2 spin moments makes this aspect clear as listed
Table I. Thee3z22r 2 /ex22y2 at 100 K is larger than the ratio
at 150 K, and shows a comparable value to the ratio at 10
This means that theeg state at 150 K is dominated by th
x22y2 orbital character, and theeg-orbital configuration at
100 K, just aboveTc , is similar to that at 10 K under the
present external field.

In zero-magnetic field, the electronic state aboveTc

would be a polaronic state with highly localizedeg electrons,
specifically theex22y2 electrons at least in a high hole dopin
region. In fact, the above result at 150 K, where the CM
effect becomes small, is consistent with this view, and w
describes the AFM-I phase, i.e., the low population of 3z2

2r 2 orbital weakens the interlayer ferromagnetic coupli
within a bilayer. Then, the superexchange antiferromagn
coupling betweent2g orbitals overcomes the DE interactio
along the c-axis. Consequently, the system is in AFM
phase. The dominance ofx22y2 orbital is also supported by
the fact that in bilayer manganite atx50.4, the Jahn-Teller
distortion measured by a neutron diffraction experiment
comes small aroundTc .31 Such relaxation of lattice distor
tion will work for the stabilization ofx22y2 orbital. Hence,
the MnO2 layers in the charge-segregated domain would
substantially filled withex22y2 electrons, because the rat
eg /t2g of 0.31 at 100 K implies that the density ofeg elec-
trons is about 1.6 times higher in the magnetic clusters
aboveTc than in the electronically homogeneous state.
such a situation, theex22y2 electrons may be immobilized b
the electron correlation between them, resulting in insulati
This is likely to be related to SRCO with local lattice disto
tion which will affect on theeg orbital state. A neutron dif-
fraction study has found that an applied magnetic fi
causes the collapse of SRCO,14 while both SANS and emis-
sion Mössbauer studies have reported that aboveTc , the
magnetic clusters grow in size on application of a magne
field.27,29These observations suggest that the percolative
work of magnetic clusters, which will be a requirement f
CMR, expands with decreasing SRCO. In addition to th
the ratioe3z22r 2 /ex22y2 at 100 K indicates that the change
eg orbital state by an external field interprets the CMR ph
nomenon; the applied field aligns the Mn magnetic mome
of the magnetic clusters. As shown by the ra
e3z22r 2 /ex22y2 at 100 K, some of the localizedex22y2 elec-
trons move into the 3z22r 2 orbitals in the combined mag
netic clusters, which will play a part in the relaxation of loc
lattice distortion. The change in orbital configuration w
simultaneously induce sufficient holes in the MnO2 layer
dominated byex22y2 electrons. The holes correspond to t
amount ofeg electrons transferred fromx22y2 to 3z22r 2

orbital. This will effectively activate the DE interaction i
the system, and metallic conductivity will be brought back
1-3
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the MnO2 layer, thus CMR. The stabilization of 3z22r 2 or-
bital will also facilitate conductivity along thec-axis and the
ferromagnetic coupling between the two layers within a
layer, and will come along with an elongation of the bo
length between Mn and apical O. Indeed, the fitting resul
100 K is consistent with a large magnetostriction aroundTc
observed in the bilayer manganite atx50.4,32 and therefore
indicates that theeg-orbital state on the condition of CMR i
optimized by external fields .

In summary, we have measured the temperature de
dence of MCP for La222xSr112xMn2O7 at x50.42 along the
c-axis. The values of spin magnetic moments oft2g and two
eg (ex22y2 and e3z22r 2) type orbitals are obtained by th
fitting analysis of each MCP using theoretical profiles d
rived from the (MnO6)82 cluster calculation. The ratio ofeg
to t2g spin magnetic moments shows higher values aboveTc
than at 10 K. This is explained in terms of the phase sep
tion between electron-rich FM and electron-undoped AM
regions. The ratios indicate that theeg electrons are highly
segregated in the magnetic clusters aboveTc , and such elec-
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underlying factor for CMR. In addition, the ratio ofe3z22r 2

to ex22y2 spin moments at 100 K suggests that the chang
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direction of applied fields. The field dependence of MCP w
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of anisotropy in MCP will be also effective to clarify th
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Tc , because MCP of each orbital changes its shape dep
ing also on the direction of observation.
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