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Spin Dependent Hopping and Colossal Negative Magnetoresistance in Epitaxial
Ndy 52S1948MnO3 Films in Fieldsupto 50 T
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The low carrier mobility of the magnetic perovskite NgSr4sMnO; implies that the dominant
conductivity mechanism is related to Mott hopping. We propose a modification of Mott’s original
model by taking into account that the hopping barrier depends on the misorientation between the spins
of electrons at an initial and a final state in an elementary hopping process. Using this model we deduce
a negative-magnetoresistivity scaling proportional to the Brillouin funcBom the ferromagnetic state
and toB? in the paramagnetic state. Both predictions are in full agreement with the magnetoresistivity
measured in pulsed magnetic fields up to 50 T. [S0031-9007(98)07410-9]

PACS numbers: 75.70.Pa, 73.50.Jt, 75.70.Ak

Rare earth (RE) manganites REMn@vith divalent all CMR materials, it seems promising at least for the less
substitution on the RE site show a transition from aconducting compounds. These materials exhibit similar
paramagnetic-semiconducting to a ferromagnetic-quasresistivities in the ferromagnetic and in the paramagnetic
metallic state at the Curie temperatdie. Many of these state, and the field-induced resistance drop does not result
compounds exhibit also colossal negative magnetoresisn metalliclike conductivity values.
tivity (CMR) [1,2], being most pronounced in the vicin-  In this Letter we will discuss the magnetoresistivity of
ity of Tc. Additional phenomena like charge and orbitala RE manganite with roughly 50% divalent substitution
ordering occur for special substitution ratios (e.g., 25%(Nd, s, St.4sMnO3) within both magnetic phases. Pulsed
or 50% divalent ions), resulting in interrelated structural,magnetic fields up to 50 T allow to induce even in the
magnetic, and electric phase transitions [3,4]. The elecparamagnetic state an almost parallel alignment of mag-
tric conduction in the RE manganites is usually ascribedietic moments, and we show that the resulting conduc-
to polaron hopping in the paramagnetic state [5], and tdivity achieves values typical for the ferromagnet. The
the double-exchange (DE) mechanism for the ferromagdifferent CMR scaling in both magnetic phases will be
net [6], with the charge transfer integral depending on theleduced from a hopping model, taking into account the in-
relative spin orientation of neighboring Mh and Mrt*  fluence of temperature (Weiss field) and external magnetic
sites. It was recently shown that DE alone is insufficienffields on the spin-misorientation contribution into the ef-
to explain all magnetotransport properties and that the coufective hopping barrier.
pling of carriers to the lattice and its distortions must be The Nd)5;Srh4sMnO; thin films were prepared
taken into account [7]. The importance of these latticein situ by dc-magnetron sputtering onto (100) SrTiO
deformations (Jahn-Teller polarons) was illustrated by thesubstrates [11]. The epitaxial growth was confirmed by
oxygen-isotope effect found in bgCa,MnO; [8]. The  x-ray diffraction, and the composition analysis by Ruther-
original DE model and related theories have in commonford backscattering gave a N8r ratio of 0.520.48.
however, that CMR is caused by a magnetic field-induced he magnetic properties were investigated with a SQUID
enhancement of the carrier mobility while the carrier denimagnetometer, allowing to determine the Curie tem-
sity is not affected. This basic assumption has been corperature T¢ = 207 K. For transport measurements in
firmed for the ferromagnetic state by Hall-effect studies orpulsed magnetic fields [12] we used I@ X 2.8 mn?

Ndy 5SS sMnO; thin films [9]. sample (film thickness 3000 A) with four evaporated and

A central question is the temperature and magnetic fieldnnealed gold electrodes. The field axis was within the
dependence of the resistivity and the magnetization. Sewsample plane and parallel with the measuring current.
eral authors reported on tbenomenological observation The temperature dependence of resistivity at different
that the resistivity decrease as a function of field is relatedields is shown in Fig. 1. At the lower fields a transition
to the magnetizatioM for the ferromagnet and 2 for ~ from a semiconductorlike behavior in the paramagnetic
the paramagnet [10]. Since the main difference betweephase to a quasimetallic behavior in the ferromagnetic
both phases is the existence of a spontaneous magnetizagime is clearly visible. Increasing external fields
tion, it is tempting to deduce the two, apparently differ-causes a shift of this transition to higher temperatures.
ent CMR scaling laws from a more universal approachCharge ordering does not occur, probably due to the small
This would also imply that there is possibly no intrinsic deviation from the ideal N@r ratio of 0.500.50 [4].
difference between the quasimetallic transport mechanism We performed magnetoresistance measurements up to
below T and the semiconducting mechanism ab@ye 50 T in the paramagnetic phase, n&ar and in the ferro-
Although this approach does not need to hold globally fomagnetic phase down to 10 K. Before applying the field
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FIG. 1. Temperature-dependent resistivity of an epitaxial
Ndy 52Sr4sMnO; film in zero external field and in fields of
3, 12, and 50 T, respectively. Open dots refer to pulsed-field
measurements.

pulse the sample was thermally cycled to room temperature
and zero field cooled to the nominal measurement tempera-
ture. The temperature changed less thah5 K during

the pulse duration o£20 ms. The field-induced resistiv-

ity decrease\p(B) = p(0) — p(B) is shown in Figs. 2a 0 10 20 30 40 50 60
(paramagnet) and 2b (ferromagnet). Hor> T a full
saturation ofA p was not observed, even in a field of 50 T. B (T)

Hysteresis effects were neither notable for the paramag: ,

. FIG. 2. The upper panel (a) shows the field dependence
net nor for the ferromagnet due to the very small coercivey e resistivity decrease in the paramagnetic phase, nicely
fields of manganites. following the square of the Brillouin functiofB, plotted as a

Before discussing the magnetoresistive behavior it ishin solid line. Data taken in a superconducting magnet are
important to note the high resistivity values (betweengiven in the insert of (a). The lower panel (b) shows the

1 mQ cm and 50 mQ cm, depending o’ and B as direct proportionality between the resistivity decrease &hd
’ in the ferromagnetic regime. Curves at several temperatures

shown in Fig. 1). Relating these da’Fa to the (_;(_;lrrier densn\ére multiplied with the indicated figures to improve clarity.
of 0.5 holes per unit cell [9] results in a mobility between
14 X 1072 cn?/Vs and 0.7 cn?/V's. This is a very .
low value compared to metals, and it indicates a strongiorreSponds to roughly 1.5 unit celld.g X 3.82 A),

carrier localization as described by Mott’'s hopping model: ince hopping in a given dlrectlt_)n spans overoone unit (.:‘.3”
[13]. The most probable reason for this localization iin case the nearest-neighbor site is free (50% probability

for the given substitution ratio) and over two (or more)

the presence of local distortions of the spin Iattice—unit cells if this site is occupied. From the Arrhenius plot
like antiferromagnetic fluctuations in a ferromagnetlcOf p(T,B = 0) we deduceW,, = 55 meV, and sy, ~

matrix [14]. These fluctuations cause a trapping of spi _ . . _
polarized carriers in a locally ferromagnetic environment, 1 x |1013 SOI (ezumated Raman Eh'ﬁ G0 cm 1 f(;)rb
and charge transport arises from hopping and/or tunnelin ptical Mn-O modes). N(Er) can be approximated by
of carriers between these ferromagnetic entities (large spi free eleg:tron model from the doplng.-lnduced Cf‘mer
polarons) [14]. The conductivity based on Mott hoppingmncemr"".tlon if we assume an effective mass ~ .
10m,, typical for strongly correlated electrons and in

is given by [13,15] the range of the heat-capacity results on La manganites

pl =0 = e2R2yth(EF)exr(—2—R _ W"-/>’ 1) [14]. Using' these parameters and tip€0) data f_or

L kgT T > 220 K gives a localization lengtlh = 10.2 A. This

where R is the main hopping distance,, the phonon value, corresponding to 2.5 lattice constants, is physically
frequency, N(Er) the Fermi density of states, the meaningful and gives confidence in the validity of the
carrier localization length, an®;; the potential energy employed model.
difference (effective hopping barrier) between the hopping In the following we will apply Mott's formalism
sitesi andj. All parameters, except fak, can be either not only in the semiconducting state, but also in the
measured or estimated. The average hopping distancgiasimetallic regime. This approach gives the possibility

3981



VOLUME 81, NUMBER 18 PHYSICAL REVIEW LETTERS 2 MVEMBER 1998

to deduce the temperature and field dependengd®fB)  This additional contribution to the total magnetization
in the two different magnetic phases from a commonmight be approximated by the Brillouin functidB. The
underlying mechanism. A theoretical model based ormagnetic part of the barrier can thus be expressed as fol-
variable range hopping with barriers due to magnetidows, with overlines indicating statistical averages:
disorder was recently also published by Viegtal. [16]. > = = =
The basic idea for this extension of Mott's model is the AWij o« (My + 6M;) - (My + 6M;)
assumption that the hopping barrigf; can be modified _ T VIR RN
by adding an extra term\W;;. This term represents Mw *MW t My - (3M; + 5M,)
the energy related to the relative orientation of the local + 6M; - 6M;. 4)
magnetization vectors\/; and M; at both sites of a
hopping process:

The meaning of the three terms in Eq. (4) becomes

- o evident within the different magnetic phases. The Weiss
Wij — Wij = AW;; = Wi — aM; - Mj.  (2)  magnetization is absent for the paramagniefy (= 0)

The energy barrier is therefore reduced for a ferromagand Egs. (3) and (4) predict a resistivity decrease
net (; || M;), and enhanced for a paramagnet or an-Ap(B,T) = A(T)SM; - 5[/[]._ A(T) plays hereby the
tiferromagnet. The proportionality constaat includes role of a temperature-dependent CMR amplitude. The
terms for consistency of dimensions and for the overlapyyerage component 08M; ; along the field direction
between spin-polarized electrons and their locally magneg supposed to scale with the Brillouin functio,
tized environment. This picture explains qualitatively theang the total resistivity decrease scales therefore with
metalliclike decrease gf belowTc: Increasing magnetic g2(¢ 4, 7(T)B/kT), whereg = 2 is the gyromagnetic
order favors a parallel alignment of neighboring moments atio * 1, the Bohr magneton, and(T) the average
which causes in turn a lowering &;; andp. Itis, how-  gnin mement at the hopping sites. Figure 2a shows the
ever, not possible to estimate the evolutioigf fromthe oy cellent agreement between the fit functia7)B?
p(T < T¢) data due to the unknown temperature depenzng the Ap(B) data in the paramagnetic regime up to
dences ot andR. It might be assumed thdtincreases 50 T, Especially the crossover from the parabolic CMR
with decreasing temperature (carrier delocalization lowerggfect in small fields to negative curvature and saturation
the kinetic energy) whil& may not vary significantly be- iy nigh fields is correctly reproduced. A measurement

cause the most probable hopping events happen on a scgle s superconducting magnet shows the validity of the
of a few lattice constants. Therefore we will restrict thegz scaling with improved low-field resolution (inset of

discussion to the magnetoresistance at fixed temperaturqqg_ 2a).

allowing us to treat all quantities with unknown tempera- | the ferromagnetic statédy # 0) the absolute value
ture dependence as proportionality constants. Rewritings (o correction termsS]GIij is small compared to the

Eqa (1) in terms of Lhefma?netic barrier contributi®i;  \yejss magnetization. The decrease of the energy barrier
and summarizing the forefactors i gives is therefore dominated by the first two terms in Eq. (4),

Ap(B.T) _ po—pB) _ | _ eX[(_AVVij> and the third term can be ignored. Already without ex-
P0 P0 kgT ternal field the resistivity decreases with decreasing tem-
AW, perature due to the increasing Weiss field; compare also
~—1, (3) Fig. 1. The additional CMR effect should be propor-
ksT tional to the second term of Eq. (4), i.eAp(B,T) =
The absolute resistivity decreade (B, T) scales there- A(T)B[gupJ(T)B/kpT], assuming again that the compo-
fore (assumingAW;; < kzT) like Ap(B,T) = A(T)A71,~ . nent of the correction terms follows the Brillouin scaling.

M;. The prefactorA(T) represents essentially the ra- The solid lines in Fig. 2b show the applicability of this

tio po/ksT, Which depends on temperature but not onBrillouin fit in the ferromagnetic regime up .
the external magnetic field. For the further evaluation The temperature dependence of the spin monjearid

of the magnetic term\W;; o i - A7Ij we take into ac- the amplitude parametet is given in Fig. 3. The very

> high moments { = 60 at 200 K, whereag = 2 for a
count that the local magnetizationg; ; are the sum of oo \y3+ ion) indicate that the Nd perovskite behaves

two different contributions: the Weiss magnetizati,, a5 a superparamagnet under formation of magnetically
which is common to both sitesand/, and the local cor- gjigned clusters with an extension of typically three lattice
rections M, ;, representing the difference betwe#fi;  constants. These clusters might be interpreted in terms of
and the magnetically saturated state, i.e., |6M;;| = the “large spin polarons” introduced in Ref. [14]. More-
|M; — My, ;. Without external magnetic field the lo- over, this cluster size agrees well with the carrier localiza-
cal corrections are arbitrarily oriented, giving no effectivetion length calculated above from Eq. (1) (10.2 A) and
contribution to the total magnetization. Nonzero fieldswith the magnetic-polaron diameter (12 A) determined
induce an alignment a#fy along the field direction and by De Teresaet al.[5]. The data in Fig. 3 suggest a
cause also a common orientation&@¥; ; along this axis. slight increase of the cluster size by approactifiagrom
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80 pressing the average mutual spin orientation in terms of
the external magnetic field produces a remarkable simple
CMR dependence proportional to the Brillouin function in
the ferromagnetic phase. The paramagnetic state without
prominent magnetization axis is characterized by a CMR
effect following a squared Brillouin function. Both rela-
tions hold over a very broad field range up to 50 T. The
residual resistivity at magnetic saturation is nearly tem-
perature independent, and its value indicates a semicon-
ducting or itinerant metallic transport mechanism.
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FIG. 3. Temperature dependence of the fit parametérd
and spin moment (7). The solid dots refer to the simpiB fit,
open dots to theéB? fit. The temperature dependenceA(f)
follows the po(T) behavior (solid line) and the absolute values
of J(T) indicate a superparamagnetic behavior. The dashed
line through the/(T') data is a guide to the eye.
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