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Magnetic localization in mixed-valence manganites
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The metal-insulator transition is mixed-valence manganites oflthg,Ca, JMnO; type is ascribed to a
modification of the spin-dependent potentigls-S associated with the onset of magnetic ordelat Here
Jy is the on-site Hund's-rule exchange coupling of gpelectron withs=1/2 to thet,, ion core with S
=3/2. Above T, the g4 electrons are localized by the random spin-dependent potential and conduction
is by variable-range hopping. Over the whole temperature range, the resistivity varies p#g..)n(
=[To{1— (M/Mg)?}/T]*4 whereM/Mg is the reduced magnetization. The temperature and field dependence
of the resistivity deduced from the molecular-field theory of the magnetization reproduces the experimental
data over a wide range of temperature and figk0163-182007)04513-X

Interest in mixed-valence manganites of thefor La and Ca, while keeping the same stoichiometry, lattice
(Lag Cay 9MnO5 type has revivetlwith the observations of parameter, and band filling. In fact, using Mott's cri-
large negative magnetoresistive effectsespecially in suit- terion for metallic conductivity po<1 m(Q cm!* only
ably annealed thin film$ The magnetoresistance is greatest(Lag 7Sty MnO;, the compound with the highe$t and the
in the vicinity of the Curie poinflT of ferromagnetic com- smallest magnetoresistance, can be properly considered as
positions  which  exhibit “metallic” (temperature- metallic at low temperature. Guptet al’® have demon-
independentconduction at low temperatures and thermally strated that the residual resistivity increases rapidly with de-
activated conduction abovE.. These compositions have a creasing crystallite size in polycrystalline films. The tem-
structure which is a variant of the cubic perovskite cell whereperature variation below ¢ is also much too large to be
the Mn-O bond lengths are unequal and Mn-O-Mn bondconventionally accounted for by electron-phonon scattering.
angles differ from 180°8.Their electronic properties are re- We previously suggestétithat the electrons may be local-
lated to electron hopping among the Mn ions in octahedraized in ferromagnetic wave packets and the current at low
sites; metallic conductivity and ferromagnetism are closeljtemperature is transported by zero-point hopping of the car-
related and are generally interpreted in terms of the doubleriers between these packets across barriers which are associ-
exchange mechanisf spin-polarizeds* conduction band ated with canted spins. Now we extend the idea of magnetic
of mainly 3d(e4T) charactet is supposed to be responsible potential barriers to electron transport to explain the electri-
for the “metallic” character of the current transport below cal behavior over the whole temperature range.

Tc.2 The Mr*t ion has oneey electron, whereas the Above T, some groups report semiconducting behavior
Mn3* ion has none. When the concentration of the divalentn(p/p..)=E./kT,*® with activation energy of the order of 0.2
A-site cation(Ca, for exampleis 0.3, the occupancy of the eV, while others find their data can be well fitted by
o* band is 0.7, which corresponds to the strongest ferromagMott's variable-range-hopping (VRH) model Inp/p..)
netism and the greatest magnetoresistance. =(To/T)V41317.18 e have measured resistivity vs tempera-

Electron transfer with spin memory is an essential ingreture characteristics for a wide range of samples which exhibit
dient for an understanding of the transport properties oft metal-insulator transition. THE™* law, which would be
mixed-valence manganites, but something more is needed tharacteristic of nearest-neighbor hopping or activation to a
account for the metal-insulator transition near the Curiemobility edge, does not fit the data. The Y2 law, which is
point® The change of conduction regime beldw appears characteristic of variable-range hopping with a soft gap due
to be brought about by the onset of ferromagnetism. As temto electron correlation®, leads acceptable fits. But we find
perature decreases, the magnetization increases and the regigt the data best follow &~V law aboveT, supporting
tivity drops. Resistivity has been reported to vary likethe VRH model as the mechanism for current transport in the
[1—(M/Mg)?], as in conventional giant magnetoresistancemanganites. In Fig. 1 we have plottdg values for a wide
(GMR) systems® but others find an exponential range of substituted manganites with-0.3. Samples were
dependencé In(p)~—M/Mg. Here we propose the concept either as-deposited films or bulk ceramics. Abdve, the
of magnetic localization to relate the resistivity at any tem-curves are flat indicating that, is independent of in that
perature or applied field to the local magnetization, evaluatedange. Two notable exceptions af®m, ;Ba; ) MnO; and
in the molecular field approximation. The model involves (LaMn), o£O5 (Fig. 1), both of which show a monotonic in-
variable range hopping and goes beyond the purely phenonerease in resistivity beloW. The resistivity of the cation-
enological parallel conduction model of Nunez-Reiguero andleficient compoundglLaMn), 05, was best fitted with a
Kadin!? simply activated semiconducting law. These are the object of

We previously observed an impressive 11 orders of magstudy of another publicatioff. For now, let us examine the
nitude span for the residual resistivitigs, of different conduction process in the majority of our ferromagnetic
compound®® made by substituting differem-site cations manganites.
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FIG. 1. Plot of the VRH parametdr, as a function of tempera- %
ture a series 0\ /By MnO; compounds with differenA and B .
cation pairs as indicated on the curves. Here # is for thin films, the o~ e ® 0. e ®
others being polycrystalline bulk samples. .

L
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Originally, the VRH theor§* was developed to explain
electron transport in doped semiconductors where electrons
occupying hydrogenic orbitals with wave functiong
= ypexp(—ar) are localized by potential fluctuations associ- . . i
ated with the dopant. There is a competition between the. FIG. 2. Example; of nearESt'ne'ghborCo.nf'gurat'or.‘s of a vacant
. . . Site in a plane which caffleft) and cannot(right) receive ad,,
potential energy difference and the distance electrons cal) !
. . - - electron. The Mn atoms are represented by open circles and the
hop. This is reflected in the expression of the hopping rate tQ :
. . ' Xygens by solid dots.
a site at a distancB where the energy of the carrier £

higher than at the origin: 220 eV for (LagShaMnO; to 43600 eV for

y= yoeXp — 2aR— AE/KT). (1)  (ProPhh3aMnOs, and the corresponding localization lengths
) e ] 1/a deduced from Eq(3) are 0.13 and 0.02 nm, respectively.

A sphere of radiuR contains3mR"/v sites, wrzwgere;3 isthe At room temperature, the values of the average hopping dis-
lattice volume per manganese ion, 8.Y0 = m°. The  tance are 0.46 and 0.30 nm, respectively. Since the localiza-
smallest value ofAE is therefore[ {mR’N(E)] ' where  tion must exceed the Mn-Mn distance and the hopping dis-
N(E) is the density of available states. Minimizing the hop-tance should be several times greater, these numbers are
ping rate, we findR={9[87aN(E)k T}, and substituting  incompatible with conventional variable-range hopping.
this value in Eq.(1) gives an expression for the resistivity  This unphysical result underlines a fundamental problem:
(p~1ly): either the density of state decreases drastically afQy®
or else the localization mechanism is different. Manganites

_ 3 1/4
p=p=€xR2.06 a”/N(E)KT]™Y, @ With x=0.3 show little structural change @, so that any
which is the Mott expression with changes in band structure and density of states should be
associated with the onset of ferromagnetic order. We propose
kTo=18a°/N(E). (3)  that a random potential of mainiypagneticorigin is respon-

. , . ) ) i sible for carrier localization abovE; . This potential is due
Other derivations in the literature yield slightly different {5 the Hund’s-rule coupling-J,s-S between localized Mn

prefactors’:?? Electron hopping is always of variable-range ¢ ion cores(S=3/2) and the spins of the e, electrons in
type at low temperature where the thermal energy is not gre gea* conduction band. g

enough to allow electrons to hop to their nearest neighbors. \ya \vrite this energy in the formnE, = U, (1—cost)
In that case it is more favorable for the electrons to hop,nare g m m 0
farther to find a smaller potential difference. At high tem- . .o patveen which the. electron is hopping andJ
peratures, conduction may be by activation above the mobil- 3J4/2 the splitting betV\?een spin-up and Spin-dO\ﬂE\

ity edge. In the intermediate range, nearest-neighbor hOppinganst. Assuming the spin directions of the ion cores are
can contribuFe signific_:antly to Fhe transpor'ElThese last WQncorrelated in the paramagnetic state, the probability of
types of motion are simply activatgth(p)~T "] finding an angle ¢;; between two ion coresp(6;)

To interpret the data abovi: in terms of this model, we _ 1_; » - - -
. . . = 3sind; . The probability density of a barriét,, is therefore
need the electronic density of statB{E). Heat capacity 22 P y y m

measurements at low temperatures lead to values of the Som- P(E)=p(6:)d6; [dE,=1U,,. (4
merfield coefficient y, corresponding to N(Eg)~ m nemmneEm m

4% 10 m~3 eV 21 The number ofe, electrons is 0.4  Such a magnetic random potential is significant here because
=1.2x10°® m~3, and hence the occupied part of teg Uy, is larger than 1 eV. A lower limit ot , is set by the fact
band is about 0.3 eV wide. ValueskT, (Fig. 1) range from  that Mr®* is in a high-spin state so that,,>A, whereA

ij is the angle between the spins of the two Mn ion
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FIG. 4. Comparison of the magnetic localization model with
250K data measured on a good-quality ;L&&, sMnO;3 thin film. The
three curves are fits obtained using magnetizations from a Brillouin
function with S=3/2 andS=« (large spin clustejysand the double-
exchange model.

0.5 1 R, S0K

06 | 2125%T< ranges at room temperature are 1.64 and 1.06 nm. The hop-
07 oo ping energy at room temperatureA€~0.1 eV. These num-

0 ] 2004 bers are physically plausible since the localization length ex-
(RO}RH)R(O) ceeds the ionic radius of MA and the hopping distances are

3—4 times the Mn-Mn separation.
When a magnetic field is applied to the manganite or
FIG. 3. Resistivity variations ata) constant applied fields and when there is an internal molecular field, the random distri-
(b) constant temperatures with Brilloui$=3/2 magnetization pytion of spin directions is narrowed apgE,) is modified.
(Te=200 K andT,=4x 10" K). The average potential is of the form

(=10 Dq) is the octahedral crystal-field splitting of the ion, -1 — N
which is estimated from the energy of tﬁEg—>5T29 optical (Em) =2Un(1=(cosdy))- ®
transition as roughly 2 %4> ThatU,, is not greatly differ-  If the azimuthal anglep; is randomly distributed and #; is
ent fromA is evidenced by the fact that €ois LaCoQisin  uncorrelated, then by averaging ovgrit can be shown that
a low-spin staté® A recent estimate from optical spectra is <coggij>:<c039i>2, whered, is the angle the spins make with
Up~2 eV?’ the applied field. The local magnetizatidd can also be
In estimating the density of states to include in E8), expressed as a function 6f by M = M g(cos#), whereM g is
the probability of Eq(4) must be multiplied by the number the saturation magnetization. In the approximation of a

of available statest®. Hence, square distribution of single-electron potentials with no
short-range correlations, the potential width becomes
N(Em) =p(Em)(1—X)¢glv, B UL{1-(M/Mg)?} and we obtain, foil,

where (1-x)=0.3 is the probability that the, orbital at the _ 2
manganese site receiving the hopping elec%ron is unoccupied, KTo=18a[Un{1~(M/Mg)*}v/(1-x) ¢g]

¢ is a geometric factor of order 0.5 which accounts for the =1712°U {1— (M/Mg)?}v, (7)

fact that the hopping electron has &g, rather than an

s-state wave functiofi? andg is the probability that an un- whereMg is the collinear saturation.

occupied manganese orbital can actually accept an electron. Taking the temperature variation & from molecular
Thatg#1 is a reflection of the dynamic Jahn-Teller effect. field theory, we obtain the temperature variation of the resis-
When AE is less than the Jahn-Teller stabilization energytivity from Eq. (7). Three cases are of particular interest. One
(=~0.5 e\) associated with the tetragonal extension of theis Brillouin theory with S=3/2, another is the Langevin ex-
octahedron necessary to accommodatg,aelectron, a hop pression for large classical spins, and the last one is the
can only take place if the receiving site is free to distort or isdouble-exchange theory developed by Kubo and Offata.
already suitably distorted. The problem is illustrated in twoThe calculated temperature and field variations of the resis-
dimensions in Fig. 2. Whex=0.3, the factorg in three tivity are shown in Fig. 3. Herd . is taken as 200 K and
dimensions is approximately 0.7. Hence the value ofl712°U,v=4%x10" K. These curves demonstrate that the
N(E,) deduced from Egs. (4 and (5) is 9  magnetic localization model is able to reproduce the experi-
x10°®* m 3 ev L In terms of T, Eq. (3) becomeskT,  mental behavior of the mixed-valence manganites with
=1712°Uw. Taking U,=2 eV, the corresponding local- =0.3. For the highefFc compounds where there is little spin
ization lengths fokLag ;Srp MNnO; and(Pry Py 9MnO, are  canting in the ferromagnetic case, the main problem is to
0.45 and 0.08 nm, respectively, and the average hoppindescribe the dramatic decreasepgtist belowT.. Figure 4
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is an attempt to fit the resistivity of a good-quality capacity measurements, we think the vision of a magneti-
(Lag Ca s)MNO; thin film with our model using different cally homogeneous medium at low temperature may be er-
expressions for the magnetization. ExceptTat, where roneous. We previously attributed high residual resistivity to
short-range magnetic correlations should be considered, thteansport impeded by the canted spins at the surface of large
agreement with the data is excellent when using Kubo anderromagnetic spin packets, and these entities are now being
Ohata’s magnetization, which has been shown to apply tstudied by small-angle neutron scatterfrig.

perfect double-exchange compourtisAnother interesting The theory of magnetic localization presented here could
feature of the model is that the residual resistiyityis zero  be refined by considering magnetic correlations over the
for any quantum spin provided that the ferromagnetism ishopping distanc€~1 nm) instead of the mean magnetiza-
saturated, but for large classical spihangevin theoryorif  tion. The Jahn-Teller effect can also be better taken into
there is a residual spin canting®&0 so thatM/Mg#1, the  account by a more elaborate treatment of the fagtor Eq.
value of pg is a significant fraction of the peak resistivity. (5), but these are details. The essential physics of the metal-
Figure 4 numerically demonstrates that large classical spiinsulator transitions is localization associated with magnetic
clusters lead directly to an enhancegl In the light of heat disorder.
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