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Effects of doping and magnetic field on the half-metallic electronic structures of La12xBaxMnO3
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To deduce systematic trends in electronic and magnetic properties of colossal magnetoresistance~CMR!
manganese oxides, we have investigated electronic structures of La12xBaxMnO3 with varying doping concen-
tration. Assuming a virtual solid of LbMnO3, where Lb stands for a virtual atom with a fractional atomic
number between La and Ba, we have studied effects of the doping and the magnetic field on the electronic
structures of La12xBaxMnO3. It is found that the La12xBaxMnO3 system is half metallic in the doping range
of x.0.33, and that it becomes half metallic even forx,0.33 by applying the magnetic field. The half-metallic
property in the presence of the magnetic field is discussed in relation to the observed CMR effect in doped
LaMnO3 systems.@S0163-1829~97!01043-6#
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LaMnO3 is an antiferromagnetic insulator with a distorte
perovskite structure.1,2 When doped with divalent cation
such as Ca, Sr, or Ba, it undergoes a phase transition to
metallic state and becomes ferromagnetic. Zener3 has ex-
plained these simultaneous metallic and magnetic phase
sitions in doped LaMnO3 in terms of the double exchang
mechanism.4 Interest in this system has been revived recen
due to observation of huge negative magnetoresistance~MR!
phenomena in La12xCaxMnO3 (0.2,x,0.5), so called, co-
lossal magnetoresistance~CMR!.5 The order of magnitude o
MR value in La12xCaxMnO3 is larger by several orders tha
that of giant MR magnetic multilayer systems. To expla
these anomalous transport phenomena, many attempts
been made based on the double exchange Hamiltonia6–8

However, Millis et al.9 pointed out that the double exchang
alone could not explain the very large resistivity of the ins
lating phase forT.Tc , and so that the electron-phonon i
teraction arising from the Jahn-Teller splitting of Mneg
states should be taken into account for extra physics.

There are several electronic structure calculations
ported on undoped LaMnO3.10–13 Electronic structures for
doped La12xBaxMnO3 were also studied by Hamadaet al.14

at x50.5 by employing the virtual crystal approximatio

and for La12xCaxMnO3 by Pickett and Singh13 at x50,1
4 , 1

3 ,
and 1 by employing a large supercell calculation for1

4 and
1
3 . More sophisticated calculation using the coherent pot
tial approximation was made by Butleret al.15 on
La0.67Ca0.33MnO3. Hamadaet al. obtained a half-metallic
ferromagnetic band structure forx50.5. Note, however, tha
La12xCaxMnO3 at x50.5 is not a ferromagnetic metal but a
antiferromagnetic insulator of CE type.1 Pickett and Singh13

found that, in the assumed ferromagnetic phase, CaMnO3 is
a half metal whereas LaMnO3 is nearly half metallic, and
that there might be a metal2half-metal transition at an inter
mediate doping concentration. They also suggested tha
half-metallic nature of La12xCaxMnO3 is responsible for the
CMR phenomena. More recently, effects of cationic disor
on the transport properties were also examined by Pic
and Singh16 with the virtual crystal approximation.

In this study, we have investigated electronic structure
La12xBaxMnO3 at a general doping concentration, especia
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for 0.2,x,0.5 where La12xBaxMnO3 is a ferromagnetic
metal. La12xBaxMnO3 is the first reported giant MR system
in manganites withMR5$@r(H)2r(0)#/r(H)%5150% at
x5 1

3.
17 We have also examined effects of the magnetic fi

on the electronic structures in this system. We have fou
that La12xBaxMnO3 becomes half-metallic depending on th
doping concentration and also by applying the magne
field. We have discussed the correlation between the h
metallic nature and the observed CMR phenomena in do
LaMnO3 systems.

To investigate effects of the doping and the magnetic fi
in La12xBaxMnO3, we have performed the linear muffin ti
orbital band structure calculation on a virtual compou
LbMnO3. To simulate La12xBaxMnO3, a virtual compound
LbMnO3 is considered, where Lb represents a virtual at
with an intermediate fractional atomic numb
Z556x157(12x) between La and Ba. Since the hole do
ing with divalent atom corresponds to reducing the aver
number of electrons at the La site, the effect can be simula
by reducing the the number electrons at the La site. We h
used the linearly interpolated lattice constant for LbMnO3 at
intermediate doping concentration. This approximation is,
course, a very primitive one, but in this way, a trend
electronic structures of La12xBaxMnO3 for generalx can be
investigated.

Both CaMnO3 and BaMnO3 are half-metallic ferromag-
nets at the equilibrium lattice constants, that is, metallic
the majority spin channel and insulating in the minority sp
channel. In contrast, LaMnO3 is a normal metal at the equi
librium lattice constant~see the inset of Fig. 1!. But notice
that it is nearly half metallic. Indeed, if the lattice constant
enlarged a little bit, LaMnO3 becomes half metallic too
Like LaMnO3, LbMnO3 at low doping concentration is jus
a normal metallic ferromagnet. However, by increasing
doping concentration, it becomes half metallic. This behav
can be understood in the context that the hole doping pla
role of shifting down the Fermi level so as to produce a h
metal. However, the band shift occurs in a nonrigid way.
Fig. 1, the variation of the energy gap between the cond
tion band bottom~CBB! and valence band top~VBT! of the
minority spin of LbMnO3 is plotted as a function of doping
12 046 © 1997 The American Physical Society
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56 12 047BRIEF REPORTS
concentration. It is seen that both the CBB and VBT shift
in energy, and the energy gap decreases as doping incre
from 2.49 eV atx50 to 0.71 eV atx51. Half-metal results
when the VBT is belowEF and the CBB is aboveEF . Thus
Fig. 1 shows that La12xBaxMnO3 becomes half-metallic for
x.0.33.

Figure 2 shows the density of states~DOS! at x50.2 and
x50.4. DOS atx50.2 consists of six main peaks labeled
A to F. O-s and La-5p bands located at219 eV and216.5
eV, respectively, are not shown in the figure.A andB peaks
come from the hybridization between O-p, La-d, and Mn-d

FIG. 1. Energy gap of the minority spin band vs doping conc
trationx in La12xBaxMnO3 system. Dotted, dashed, and solid lin
represent, respectively, the conduction band bottom~CBB!, the va-
lence band top~VBT!, and the energy gap between the CBB and
VBT of the minority spin. In the inset, the band structure of t
ferromagnetic cubic phase of LaMnO3 is plotted. Majority and mi-
nority spin bands are represented by solid and dotted lines, res
tively.

FIG. 2. Total DOS of LbMnO3 at ~a! x50.2 and~b! x50.4.
p
ses,

bands.C andD correspond to the DOS of thet2g bands of
Mn-d↑ and Mn-d↓ electrons, respectively. Separation b
tween the two peaks represents the exchange splittingDx of
Mn-d band, which is about 3.0 eV atx50.2 and nearly con-
stant with varyingx. E andF peaks correspond to La-d and
La-f bands, respectively. It is the peakF that is most sus-
ceptible to doping concentration. TheF peak shifts up by 3.0
eV asx changes from 0.2 to 0.4.A andB peaks also move
up toEF . Accordingly, the valence band width decreases
x goes from 0.2 to 0.4. It is also noticeable thatEF is located
at the valley between two large peaks of DOS.

According to Zener’s double exchange mechanism, Mnd
electrons are divided into two groups. Fully occupiedt2g

electrons constitute localized moment, and the ferromagn
coupling between these localized moments are carried
itineranteg electrons. Figure 3 shows a partial DOS of M
d electrons decomposed byt2g ~dotted! andeg ~solid! sym-
metry atx50.2 ~a! andx50.4 ~b!, respectively. In the DOS
of x50.4, the minority spin band oft2g symmetry is shifted
slightly aboveEF , as compared to the case ofx50.2, to
make the system half metallic. The DOS of Fig. 3 agre
well with the expected DOS from the double exchan
mechanism. The spin-upt2g band is fully occupied and
forms localized moment, and the DOS atEF consists of
mainly eg electrons of Mn-d orbitals. Most notable is that, in
the half-metallic regime (x.0.33), the contribution to DOS
at EF comes solely fromeg electrons. This figure indicate
that half-metallic electronic structure is consistent with t
double exchange mechanism.

The majority spin band of LbMnO3 yields two Fermi
surfaces. They arise from the 19th and the 20th band wh
correspond to twoeg bands. Since two bands are degener
along theG-R direction, two Fermi surfaces meet at a poi
of G-R line. A large hole Fermi surface centered atR and an
electron Fermi surface atG are formed by the 19th and th

-

e

ec-

FIG. 3. Partial DOS~states/eV! of LbMnO3 for t2g andeg sym-
metries at~a! x50.2 and ~b! x50.4. Solid line and dotted line
represent DOS ofeg and t2g symmetry, respectively.
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12 048 56BRIEF REPORTS
20th band, respectively. There exist also small majority s
hole Fermi surfaces aroundR with band indices 16–18. Mi-
nority spin electron Fermi surfaces disappear in the h
metallic regime (x.0.33). Topology of the Fermi surface
sensitive to the doping concentration.18

Calculated magnetic moments of LbMnO3, 3.69mB and
3.67mB for x5 1

3 and 1
4, respectively, are close to the expe

mental values of 3.5mB and 3.6mB .19 Also, present results o
charge occupancies, magnetic moments, and the variatio
the energy gap of minority spin band agree, in general, w
results of supercell calculations13 for La12xCaxMnO3. These
agreements reflects that the present calculational sch
gives rise to a reasonable approximation to the real syste
However, there are some minor differences too. The cas
x5 1

3 is half metallic in the present case, while the electro
structure of Pickett and Singh13 at x5 1

3 corresponds to a
normal metal albeit nearly half metallic.

Figure 4 shows calculated results of magnetic momen
a function of x, which are compared with experiment
values.1,19 Calculated magnetic moments here are obtai
from the assumed ferromagnetic phase of LbMnO3. Hence
the comparison of calculated and experimental magnetic
ments forx,0.2 is not meaningful, since the real magne
phase is antiferromagnetic in this regime. In the region
interest 0.2,x,0.5, calculated magnetic moments seem
agree well with experimental ones. There is a peak in m
netic moments nearx;0.3 which is consistent with experi
ments. The linear decrease of magnetic moment forx.0.33
can be understood in view of the half-metallic band str
ture. In the half-metallic La12xBaxMnO3, the minority spin
band must be completely filled for allx with an integral
number of electrons. Therefore, as the hole doping increa
only the majority spin electrons are depleted so as to red
the magnetic moment almost linearly withx.

We have studied the change of electronic structure un
the magnetic field. The effect of magnetic field is to sh
rigidly bands upward or downward according to the dire
tion of spin projection to the magnetic field, without chan
ing the overall shape of band structure. In the inset
Fig. 5, the polarization of LbMnO3 system is plotted as a
function of magnetic field. Here the polarization is defin

FIG. 4. Calculated magnetic moments as a function of dop
concentration. Crosses and squares represent experimental
from Ref. 1 and Ref. 19, respectively.
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as P(EF)51003$@N↑(EF)2N↓(EF)]/ @N↑(EF)1N↓(EF)#%.
The polarization increases with the magnetic field, and
critical magnetic fieldHc , the system becomes 100% pola
ized to become a half metal. This leads to a phase diagra
Fig. 5 providing the critical magnetic fieldHc as a function
of x. Figure 5 reveals that LaMnO3 itself becomes half me-
tallic at a field of 0.25 eV (;4.353103 T!. Hc in the Lb-
MnO3 system decreases monotonically withx, and Hc is
zero for x.0.33. This result suggests that the critical ma
netic field Hc becomes small nearx50.33, and so the
La12xBaxMnO3 system can be made half metallic even w
a laboratory magnetic field.

If the system is fully polarized~100% polarization!, the
resistivity due to spin-flip scattering will be suppressed.20 In
a half metallic system, there is no Stoner continuum to wh
spins can transit with flipping their spins. It follows that th
spin-flip scattering does not contribute to the resistivity
half metallic systems. In this respect, if a system, which
initially not a half-metal, becomes half-metallic by the app
cation of magnetic field or by increasing the doping conc
tration, the resistivity will decrease dramatically due to
suppression of the spin-flip scattering. Interestingly,
CMR phenomenon La12xBaxMnO3 is observed at aboutx5
1
3, which is near the boundary of the half-metallic transitio
In addition, the increase of the polarization is expected
play a role of enhancing MR by contributing tunnelin
through aligned magnetic domains. By comparing MR’s
single and polycrystalline samples, Hwanget al.21 reported
that the spin-polarized transport might be significant in p
ovskite manganites due to the high degree of spin polar
tion.

To summarize, we have studied electronic and magn
properties of La12xBaxMnO3 systematically, by investigat
ing electronic structures of the virtual compound LbMnO3.
We have also examined the effect of magnetic field on
electronic structure of LbMnO3. In the ferromagnetic region
0.2,x,0.5, magnetic properties are well described by th

g
ataFIG. 5. Phase diagram providing the critical magnetic fieldHc

in La12xBaxMnO3 as a function of doping concentrationx. The
upper right corresponds to the half-metallic regime. The inset p
sents the polarization as a function of magnetic field with vary
doping concentrationx.
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method. La12xBaxMnO3 becomes half metallic forx.0.33
in the cubic ferromagnetic phase. It is also found th
La12xBaxMnO3 even forx,0.33 can be made half metalli
by applying the magnetic field. The present study indica
that the half-metallic nature of this system may be resp
sible for both the linear decrease of the magnetic momen
O
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ad
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e
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-
at

high doping concentration and the additional resistivity
duction in the CMR effect.
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