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Magnetotransport properties of LaMnOg
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The magnetotransport properties of LaMyi@ave been studied using the crystal-field theory and the corre-
lated effective-field theory. The crystal-field theory is used to treat the many-body problem of an atom or ion
in the crystal and the correlated effective-field theory is used to treat the many-body effect of the magnetic part
of the Hamiltonian. The crystal-field theory exploits the symmetry of the electrostatic field generated by the
ligands around the magnetic ion in the transition-metal compounds. The parent compound of colossal magnets,
e.g., LaMnQ is a Mott-Hubbard and charge-transfer antiferromagnetic insulator. The magnetotransport prop-
erties of this compound have been studied using a theory which goes beyond the mean-field theory. This theory
includes fluctuations and explains the experimental results better than the mean-field theory.
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I. INTRODUCTION due to ferro-orbital ordering. This is inherent in the com-
pound, and a metal-insulator transition takes place near the
The discoveries of colossal magnetoresistance and highmagnetic transition temperature due to correlation effect. As
temperature superconductivity have led to a renewed interesliscussed by Searle and Wzhtihe magnetoresistance is cal-
in transition-metal oxides which are Mott insulators and be-culated in the ordered phase by using the double exchange
come metals or superconductors when doped with a criticahteraction and the mean-field theory. Here we use the same
concentration. LaMn@ is a Mott-Hubbard and charge- double exchange interaction in correlated effective-field
transfer antiferromagnetic insulator and it is the parent comtheory to study the magnetotransport properties. Due to spin-
pound of Colossal magnetoresistive materials. These mater@rbit interaction, spin ordering gets affected by the orbital
als are obtained by doping divalent alkaline-earth métads  ordering. In the present theory, both the orbital ordering and
Mg, Ba, S, and a critical doping leads to a drastic change inspin ordering are considered in the ground state. Usually, the
transport properties near the magnetic transition temperaturtfansition temperature gets shifted by doping, and with a
At a temperature close to the phase transition, the fluctuatiogritical doping the localization completely vanishes. There is
becomes important and the magnetotransport properties gét metal-insulator transition near the magnetic transition.
enhanced by the application of magnetic field. These materiere correlation or fluctuation is the driving force and the
als show insulator-to-metal transition around 250 K and ittransport is caused not only by the charge carriers but by the
gets enhanced by the magnetic field. These properties hagpin part as well. Hence the magnetic polaron is the right
been reviewed by Salamon and Jaihi@agottoet al,> and  choice to explain the transport properties of magnetoresistive
Imadaet al3in great detail. In the parent compound of high- materials. The small polaron thedrin the double exchange
temperature superconductors, the magnetic ions lie in a plaridodef can explain qualitatively the transport properties of
whereas in colossal magnetoresistive materials they are agolossal magnetoresistive materials but the satisfactory ex-
ranged in three-dimensionéD) perovskite structure. As the planations are still lacking, particularly a sudden drop in the
Mott insulators are transition-metal oxides, the magnetic iongesistivity below the critical temperature. This suggests that a
have orbital degrees of freedom. The orbital degeneracgtrong Jahn-Teller distortion should be responsible for the
plays an important role in these materials. Therefore, notransport propertie§in the present calculation, the effect of
only the spin fluctuations but also the orbital fluctuations arestrong Jahn-Teller distortion has been presented in the study
important. In the present calculation the orbital degeneracgf magnetotransport properties in the localized model, which
of d electron and the multiplet structure of transition-metalis true for magnetic insulators.
ion are treated in a crystal-field theory. The compound LaMn@is a ferromagnetic insulator and
In the magnetically ordered phase, there is an internaCaMnG; is an antiferromagnetic insulator. Both the low dop-
magnetic field which is added to the applied external fielding and high doping regions of LaMnCare antiferromag-
and gives rise to an effective field. In the mean-field approxinetic insulators, and the magnetic transition from ferromag-
mation, the exchange interaction is the source of this internaietic insulator to paramagnetic insulator or antiferromagnetic
magnetic field. As in the presence of magnetic field there is @nsulator to paramagnetic insulator takes place. It is shown in
magnetoresistance effect in the magnetically disorderethe phase diagrahwhere a gradual change of critical tem-
phase, so it is in the magnetically ordered phase. In the cageerature with concentration of €a leads to a maximum at
of an antiferromagnetic material it happens within a sublataround 250 K with a critical concentration (0.3—0.4). In
tice. Hence, without an external magnetic field, there is ahe localized model one can study the ferromagnetic to para-
possibility of magnetoresistance effect in the magnetic insumagnetic transition and the transport properties using double
lator as long as the material is magnetically ordered and disexchange model for low doped-(0.1-0.3) LaMnQ
appears in the magnetically disordered phase. The metallicompound$. Due to doping there is a disorder due to in-
character present in the magnetically ordered phase might eguivalent sites occupied by Mih ions in the sample and
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o order splitting of this state which gets enhanced by an axial
Q La distortion*** The ground state is Jahn-Teller sensitive, and
the orbital degeneracy cannot be lifted by the first-order
static Jahn-Teller distortion but can be lifted in the second

@ wmn order by dynamic Jahn-Teller effect. This effect introduces
O an axial distortion of the cluster. It is introduced in the
® o Hamiltonian as a single-ion anisotropy and causes a zero-

field splitting of the ground statéEg. This splitting is smalll
in cubic field and becomes large in presence of an axial
e distortion.
The many-body Hamiltonian for LaMnQs given by

FIG. 1. (Color online Perovskite structure of LaMnQO
_ Z\ 2 RS

the coexistence of insulating and conducting regions occurs. H_Ei D(S) 2% %S5 @
As the doping concentration increases the antiferromagnetic o _ _
coupling between Mt ions sets in. In the perovskite struc- [N this many-body Hamiltonian, there is a two-body interac-
ture, Mrf* hastgg electronic configuration and the ground tion which can be reduced to a one-body Hamlltgnlan by the
multiplet is *A,, . This ground state is orbitally nondegener- mean-field(MF) approximation. In the MF theor$ is re-
ate and there is no orbital ordering. The magnetic couplinglaced by<§j>, Here we will consider a theory which goes
between two MA* ions is antiferromagnetic. Hence as a beyond the MF theory and is known as the CEF thédinp.
result of doping a competition between ferromagnetic andhis theory fluctuation has been incorporated semiempirically
antiferromagnetic coupling starts, and for a critical concenby introducing a phenomenological parameter to be deter-
tration ~(0.3—-0.5) the metallic regime survives and it dis- mined self-consistently via the fluctuation-dissipation theo-

appears beyond it. rem. As a resultS; is replaced by(S;)+A;;(S—(S)) and
the anisotropic Heisenberg Hamiltonian is written as
Il. THEORY

The theory known as the correlated effective-fi6REF) H=-2> J/9S. 2
theory initiated by Line%!° has been extend&d?to study hy
the magnetic properties in the ordered phase as well. IThe correlated effective-field Hamiltonian at the ith site is
LaMnO;, Mn** has the electronic configurationq®' and  given by
the ground configuration ist;(g)3eg as the fivefoldd level
splits into a triplett,4 and a doubleg, in presence of octa- CEF Y eor ) oy oy )
hedral crystal field. Due to strong Hund’s couplirtgg()e‘eg Hi" = _2];7 IS [<SJ >+Aij(S| —(S"1, 3
gives rise to a high spin ground sta'“'tEg. This is a doubly
degenerate state with sgB+ 2. As the spin-orbit interaction whereA]] is the temperature-dependent static correlation pa-
is small compared to Hund’s coupling, this multiplet is per-rameter. If all the lattice sites are equivalent, we can write
turbed by the spin-orbit interaction and it is treated on equal
footing with the exchange interaction. In the transition-metal E A
compound LaMn@ having perovskite structure shown in i
Fig. 1, there is no direct exchange interaction between the
Mn3" ions, but there is a superexchange interaction via thavhere « is the correlation parameter ang=x,y,z direc-
intermediate &~ ion. tions.

Due to this superexchange interaction and the covalency In absence of magnetic ordering, i.e., in the paramagnetic
effect, electron is not strictly localized on the magnetic ionphase, the effective Hamiltonian is
but can spend sometime on the nearest magnetic ion. Thus a
partial delocalization can take place. This virtual hopping
gives rise to conductivity at low temperatures and becomes
insignificant at higher temperatures. Due to spin-orbit inter- ) ) o
action and Jahn-Teller effect, this hopping is not negligibleWhereH; is the free-ion Hamiltonian. In the ordered phase
and shows metallic character at higher temperatureSEF Hamiltonian is
~300 K. These metallic properties appear as a result of
spin-spin correlation in magnetic materials and show H=D2 (SZ)Z—E I [a’(S)2-2S'((S)— aX(S)].
transport-magnetism correlations observed in ferromagnetic R T !
oxides. The ground state of Mn ion in LaMp®©@orresponds (6)
to a real spinS=2 and pseudospin 1/2 having twofold or-  In the magnetic structure of perovskite LaMfni€hown in
bital degeneracy and fivefold spin degeneracy. In our calcuFig. 2, there are six nearest neighbors out of which four are
lations we consider these ten states. There is no first-ordedigned in the same direction in a plane and two are in op-
spin-orbit splitting of the ground state but there is secondyposite directions perpendicular to the plane. Therefore, there

iijﬁZa”; NE (4)

HO=H =2 Jja”(s))%, ®
Iy
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> ) wherep,, denotes the probability of occupation of the eigen-
0 state|n) of the Hamiltonian.

The magnetic order parameter is defined as the ratio of
A e (sf)t and(sf), and the magnetoresistivifgy, is defined a
O «
N g o 1o IM(TM(O)?

"L [MY(T)/M(0) ]2

& S where Mg is the spontaneous magnetization which is the
saturation magnetization in presence of internal field in the
magnetically ordered phase. In the magnetically disordered
phase there is no temperature dependence of magnetoresis-

is ferromagnetic coupling for four nearest neighbors and anfivity, it remains constant in the localized CEF or the MF

tiferromagnetic coupling for two nearest neighbors. Assum- .
ing J to be of same magnitude for all nearest neighbors, th hgoryf‘ The t_er_nperature de_pendence of the observed resis-
one-body Hamiltonian is ivity in the vicinity of transition temperatureT(~ 250 K)

can be explained by the small polaron and the double ex-
change model.In the transition-metal compounds there is a
transport-magnetism correlation, and near the transition tem-
perature the magnetoresistivity can be explained by thermo-
Herezis the direction in which the spins are aligned dng  activation model rather than the adiabatic polaron model or

the single-ion anisotropy parameter. Using this Hamiltoniarvariable range hopping model. Using this model, the magne-
and the ten wave functions of the foriM,Mg) for the toresistivity in the double exchange model in Hd3) is
ground state’E, the static magnetic susceptibility and the modified as
magnetic order parameter are calculateds the pseudospin B
for Eg4 orbital. The correlation parametessare determined Ry (0bs)=Ryexp(Tc/T). (14
self-consistently using fluctuation-dissipation theor@rs-  This formula has been applied at all temperatures and the
ing this Hamiltonian, the static magnetic susceptibility is magnetoresistivity is calculated below and above the transi-
given by tion temperature using the same formula. In order to study
the effect of external magnetic field on magnetoresistivity,
the Hamiltonian in Eq(1) is modified as

(13

FIG. 2. (Color onling Spin alignment of LaMn@.

Hi=D()2-6J(al— a*) ()2~ 120(1- ol)(SH)S.

. 1
XM= 15 ()
H=Z D(SH2-22, Jijé-é,»—BEi ui, (15

ij>i

L@ = a0 )
KT—[3(0)— a?I(0) (S :SN) ]’

8

where u! is the z component of the magnetic moment of
B Mn3** jon and B is a measure of external magnetic field
where J(q)=3,,J€9° and u,=7+2S, 7=1/2 in the applied inz direction. All the parameters)(,J,B) in this
present calculations is the nearest-neighbor spacing. The Hamiltonian are in units of temperature.

correlation parameters are determined self-consisténtly

from the equation I1l. RESULTS AND DISCUSSION
INGKT In the perovskite structure of LaMnQhe atoms are ar-
a’=, _ g 1> 37(0). ranged as shown in Fig. 1 and according to the magnetic
q kT—2[J3"(q)—a?37(0)]<S7:S'> 4 structure the spin alignment of Mn ions is as evident from

(99 Fig. 2. A neutron-scattering study of LaMg@ompound in-
L. dicates an antiferromagnetic phase transtfiain temperature
For any operatoré, B the following meanings hold good:  T,=139.5 K. Using our theoretical model and without the
. . L single-ion anisotropy the transition temperature has been
((A:B))=(A:B)—(A)(B), (100 found® to be Ty=140 K with J=5.59 K. The temperature
dependence of sublattice magnetization in the ordered phase
.. has been calculated and shown in Fig. 3 where the experi-
(A:B)=2> Pn{Anann_" KT (AniBom mental result® are also shown for comparison. The critical
n m#n
exponentB of the order parameter has been calculated from
the slope of the straight-line curve obtained by plotting the
+AnmBmn)/ (Em— En)}, (1) squared order parameter v3\—T)/Ty in log scale as
shown in Fig. 4.8 has been estimated to be 0.308 which is
very close to the experimental valdeand the 3D Ising
<A>:2 PP, (12) exponent’ The meqn-field exponent is,_ however, 0.5, an(_JI
n the present calculation shows a major improvement of this
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FIG. 5. (Color onling Susceptibility as a function of tempera-
ture.
0 1 1 1 1 A =
0 50 100 150 tions are equally important and they have been considered in
Temperature [T] (in K) the present calculation.

The ground staiseEg is Jahn-Teller sensitive and it under-
FIG. 3. Magnetic order parameter as a function of temperaturegpes a Jahn-Teller splitting due to distortion in the octahedral
crystal field. There is no first-order splitting of the ground
exponent as fluctuation is included in the calculation. If themultiplet due to either spin-orbit interaction or the axial dis-
single-ion anisotropy due to spin-orbit interaction is takentortion but it suffers a splitting in higher order as a result of
into consideration, the same transition temperature can beoth these effect§’'* This gives rise to a single-ion anisot-
found with the parameter3=5.39 K andD=—2 K. ropy in the Hamiltonian as shown in E¢6). If the ligand
The susceptibility behavior in Fig. 5 shows a spike in thefield is purely octahedral, the single-ion anisotropy arises due
susceptibility in thez direction which is also observed to spin-orbit interaction only and it is very smdl(~2 K)
experimentally® The susceptibilities in other directions as as in the case of LaMn{ Doping with a low concentration
shown in this figure gradually diminish as the distortion in causes a shift in the transition temperature and the magne-
the cluster increases and disappears when the distortion fgresistivity of the ferromagnetic insulator appears below this
large (— 100 K). From our calculations, it is evident that the temperature as shown in Fig. 6. This resistivity is caused by
orbital degeneracy plays an important role in the microscopi¢he internal magnetic field originated from the exchange in-
level, and due to this degeneracy the many-body effect of an
ion is important. This effect is treated in the crystal-field 1

T T T T
theory by taking into account the crystal field generated by S
the ligands which are © ions in the compound under in- D=-100K --------
vestigation. Very close to the transition temperature, fluctua- 08 L i
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FIG. 4. Magnetic order parameter near the critical temperature FIG. 6. (Color online Magnetoresistivity as a function of tem-
in log scale. perature.
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FIG. 7. (Color onlineg Magnetoresistivity as a function of tem- FIG. 8. (Color online Reduced magnetization as a function of
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IV. CONCLUSION
teraction between magnetic ions. This behavior has been ob-

served earliérin case of ionic ferromagnet. The magnetore- The magnetotransport properties of LaMni@ presence

sistivity is related to the susceptibility as mentioned byOf Jahn-TQIIer d!stortion and ex.ternal magnetic field have
Shenget al,” and from the susceptibility behavior shown in peen studied using a theory WhICh goes beyond.the mean-
X " ; > field theory. This theory takes into account the spin fluctua-
Fig. 5 one can conclude that sharp change in resistivity negfons which are important near the magnetic transition and
the magnetic transition might appear due to fluctuation and gxplains the critical behavior of this compound better than
strong Jahn-Teller distortion may be responsible for the&he mean-field theory. The calculation clearly indicates a
observed transport properties in colossal magnetoresistiteansport-magnetism correlation and this may lead to a dras-
materials. Using the formula given in E@l4), the magne- tic change in transport properties near the magnetic phase
toresistivities are calculated at various magnetic fields an@ransition. The present model and the calculations presented
the results are shown in Fig. 7. The corresponding reducefiere might help in understanding the colossal magnetoresis-
magnetizations are shown in Fig. 8. The behavior of magnetance phenomena and recent experiments on doped
toresistivity shown in Fig. 7 explains the experimentalmanganiteg-l_25
resultg®?° qualitatively, and the variation of reduced magne-
tizations shown in Fig. 8 is very similar to the results ob-
tained earliet using mean-field theory in the small polaron ~ The author wishes to acknowledge the help and coopera-
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