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Magnetoresistance in Mn Pyrochlore: Electrical Transport
in a Low Carrier Density Ferromagnet
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(Received 8 August 1997)

We discuss magnetotransport in a low density electron gas coupled to spin fluctuations nea
above a ferromagnetic transition. Provided the density is low enough [n & 1yj3sTd, with jsTd the
ferromagnetic correlation length], spin polarons form in an intermediate temperature regime a
Tc. Both in the spin polaron regime and in the itinerant regime nearerTc, the magnetoresistance is
large. We propose that this provides a good model for “colossal” magnetoresistance in the pyroc
Tl22xScxMn2O7, fundamentally different from the mechanism in the perovskite manganites such
La12xSrxMnO3. [S0031-9007(98)06808-2]

PACS numbers: 75.70.Pa
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In recent years “colossal magnetoresistance” (CMR
particularly in the perovskite manganite La12xSrxMnO3
and its variants, has emerged as a rich and extremely
tive area of experimental study [1,2]. The phenomena
magnetic transition and the simultaneous insulator-me
transition, as the temperature is lowered, is qualitative
understood as arising out of a combination of Mn31-Mn41

double exchange and transport via Jahn-Teller polaro
[3,4]. The magnetic exchange arises from electron ho
ping, itself dependent on the spin order, while Jahn-Tell
distortions and the atomic size mismatch between Mn31

and Mn41 trap electrons in small polaronic states. Th
magnetic transition involves the cooperative effect of bo
the charge and spin degrees of freedom; spin ordering p
motes electron hopping, increases the effective exchan
anneals out the lattice distortions, and, in a bootstrap
fect, leads to the magnetic and insulator-metal transition

The pyrochlore Tl2Mn2O7 offers a surprising contrast,
and demonstrates that neither double-exchange nor lat
polarons areessentialfor obtaining CMR. From recent
experiments [5–8] the following picture has emerge
As in the perovskites, the large MR accompanies
paramagnet to ferromagnet transition, withTc around
140 K. However, the carrier density estimated from
the Hall effect is low [5] (,0.001 0.005 per formula
unit, f.u.), and the ferromagnetic transition is drive
by superexchange between the Mn sites, close to th
nominal valence of Mn41 [7]. The thermopower [8] in
Tl2Mn2O7 is almost 2 orders of magnitude larger than i
good metals, attesting to a low Fermi energy. Electric
transport is provided by carriers on the Tl sites, in th
tail of a broad Tl-O hybridized band that may overla
the topmost Mn d band [9]. There is thus neither
double exchange inducing the magnetism nor a drivin
mechanism for lattice polarons or Jahn-Teller distortions

Nevertheless, the MR is very large aboveTc even
though the resistance is “metallic” (drydT . 0) in the
paramagnetic phase forT * 1.5Tc. In terms of the rough
scaling relationfrs0d 2 rsHdgyrs0d ø Csmymsd2 above
Tc (m andms are the magnetization and saturation mag
0031-9007y98y81(6)y1314(4)$15.00
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netization, respectively), the coefficientC ø 15 is even
larger than observed [10] in the metallic perovskite ma
ganites. With substitution by In [6] or Sc [8] on the T
site, the magnetic properties are weakly affected, wh
the transport is dramatically modified. The resistivity in
creases by orders of magnitude [8] and becomes activa
in the paramagnetic phase, and the MR increases furth

This paper argues that the data provoke a simple mo
of a low density electron gas interacting with a sp
background that orders ferromagnetically,independently
from the conduction electrons. Although the density
low enough that the average magnetic properties (e.g.,Tc)
are hardly affected by the carriers, at low enough dens
and sufficiently large electron-core spin coupling, carrie
will self-trap into well defined, nonoverlapping, magnet
polarons. The core size of the magnetic polaron increa
with decreasing temperature remaining finite atTc, but
the “interface” width, over which the local magnetizatio
decays, is the magnetic correlation length,jsT d, which
diverges asT ! Tc. When the densityn ø j23 (see
Fig. 1), the polarons overlap and the carriers delocali
In both the itinerant and the self-trapped regime we fi
the MR to be large.

To be specific, we consider the Hamiltonian

Ĥ 
X
$k,s

se $k 2 mdcy
$k,s

c$k,s 2 J 0
X

i

$si ? $Si

2 J
X
ki,jl

$Si ? $Sj 2
X

i

$h ? $Si . (1)

HereSi refer to the localized Mn core spin (S  3y2), and
J sets the scale forTc (mean fieldTc , zJS2, and z is
the Mn coordination). c, cy refer to carriers in the Tl-O
band [11], and$si  c

y
i,a $sa,bci,b is the conduction elec-

tron spin operator.J 0 is the effective exchange coupling
between a Mn spin and the conduction electron, andh is
the external field.

For the Mn pyrochlores, we expect thatt , O s0.1d eV
[9], and J 0yt may be of order unity [12]. The transition
temperatureTc , 140 K. The carrier density in the nom-
inally undoped compound is,1022 1023 f.u.21, while in
© 1998 The American Physical Society
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FIG. 1. Projection of the three dimensional density
temperature-J 0 space, attyTc  10, indicating roughly the
“critical scattering” and polaronic regimes. The solid line ind
cates polaron overlap, which we have taken to bej , 1yn1y3.
The regime above the solid line, withj . n21y3, should be
described by scattering theory since single polarons are
defined. In the regime below, isolated polarons can descr
transport, up to a temperatureTpsJ 0d beyond which it becomes
entropically unfavorable to bind the electron.

the Sc doped systems [8] the combined effect of disord
and lowered carrier density can be inferred fromrsT d as
T ! 0.

Since our principal goal is to understand transpo
properties, and our assumption is that the spin correlatio
are on averageunaffected by the carriers, we shall tak
the spin correlations to be given by the ferromagne
Heisenberg model. In practice we shall use mean-fie
theory and Ginzburg-Landau (GL) or Ornstein-Zernick
(OZ) approximations for the correlation functions, sinc
we are not concerned with details in the vicinity ofTc.
We need to consider transport in the two regimes
Fig. 1, and begin with the itinerant regime.

Fluctuations near any critical point usually lead to larg
scattering, but the dominantq ! 0 fluctuations near a
ferromagnetic transition usually have a negligible effe
on transport because it is primarily modes nearq , 2kF

which are effective in backscattering. The obvious an
interesting exception is a low electron density syste
kFa ø 1 (a is the lattice constant), where the growt
of magnetic fluctuations can be directly reflected in th
resistivity. The standard theory for the “spin disorde
contribution to resistivity near a ferromagnetic transitio
was given by de Gennes and Friedel [13], subsequen
criticized and modified by Fisher and Langer [14]. Th
Born scattering result for the transport relaxation ra
t21, normalized to its high temperature valuet21

0 ,
sJ 02ytdSsS 1 1dkFa, is given by

t21yt21
0 ,

Z p

0
ssud s1 2 cos ud sin u du ,

wheressud is the differential scattering cross section pe
magnetic spin, andu is the scattering angle. The cros
section, in turn, is given by

ssud ; ssssq  2kF sinsuy2dddd , xsqd ,

wherexsqd is the static structure factor. Within the OZ
approximationxsqd , j2ys1 1 q2j2d, where j is the
-
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magnetic correlation length. The form fort21 is easy
to evaluate usingxsqd above but a fair amount of insigh
can be gained by simply usingt21 , xsq , 2kFd. This
is featureless forkFa , O s1d, but picks up significant
temperature dependence forkFa ø 1, with t21yt

21
0 ,

fk2
Fa2 1 TysT 2 Tcdg21.
The complete answer for the scattering rate, within

OZ approximation, is

t21yt21
0 ,

1

k2
Fa2

"
4 2

1

k2
Fj2

logs1 1 4k2
Fj2d

#
. (2)

This result should be modified close toTc, where non-
mean-field effects are important, and also whenjsT d *

lsT d, the mean-free path [14]. These effects remove
cusplike T dependence atTc, but the important density
dependence remains unchanged. Notice that sincexs0d ,
j2 within the OZ theory, Eq. (2) implies a direct relatio
between the scattering rate and the susceptibility.
kFjsT d ø 1 it is easy to see thatt21 , j2 , x over
a wide temperature range emphasizing thatdrydT , 0
is possible in the paramagneticmetallicstate.

We calculate the magnetoresistance arising fr
the field suppression of magnetic fluctuations, i.e.,
reduction in correlation length;j2 ) j2sm, T d which,
within the GL theory, can be shown to be,≠my≠hjm,
where msh, T d is the magnetization due to an applie
field. We may calculate the MR from the equatio
above but to make the qualitative point,dryrs0d ,
ft21sm, T d 2 t21s0, T dgyt21s0, T d which is approxi-
mately fxs2kF , m, T d 2 xs2kF , 0, T dgyxs2kF , 0, T d. Us-
ing the finite field version ofxsqd from GL, one can
easily show thatC , 1yk2

Fa2 for kFj ¿ 1 [15]. C
involves a numerical constant,1, and temperature de
pendence arising out ofjsT d, but we want to emphasize
only the density dependence. Obviously lower densit
can greatly enhanceC consistent with the observations i
[5], without involving an insulator-metal transition.This
perturbative framework, however, cannot be continued
arbitrarily low density or toJ 0yt * 1 where, if the spin
background were treated as “quenched disorder,”
would expect electron localization [16]. However, fo
J 0yt * 1, and low carrier density, the electrons actua
self-trap into magnetic polarons, as we discuss next.

The issue of magnetic polarons was raised long a
[17], but apart from certain limiting cases studied b
Kasuyaet al. [18] we know of no systematic calculatio
[19] on the size and energy of the bound state. O
calculation consists of the following: (i) a variationa
ansatz for the electron wave functioncsrd (with spin ",
say); (ii) calculation of the polarization and free energy
the spin background due to the effective “field”J 0kszsrdl;
and (iii) minimization of the total free energy; electro
kinetic energy1 magnetic free energy, with respect
the variational parameter. While our numerical results
shown forS  1y2, for simplicity, we provide an analysis
which generalizes the answers to arbitraryS.
1315
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The simplest ansatz is that of an electron isotropica
delocalized over a region of radiusLp (measured in terms
of a), involving ,L3

p sites. This leads to a fieldhp ,
J 0yL3

p acting on the spins, which lead to polarization an
gain in magnetic free energy. The magnetization of t
polarized region can be estimated from mean-field theo
m  tanhbsTcm 1 hpd and the mean-field magnetic fre
energy is

DFm , L3
ph 1

2 Tcm2 2 T lnfcosh bsTcm 1 hpdgj .

The total free energyDF  DFm 1 tyL2
p is minimized

with respect to Lp. Temperature dependence ente
through the magnetization equation, which encodes
diverging susceptibility, while external fields add to the p
laronic field and require a straightforward generalizatio
Our result for the binding energy,Dp  minfDFsLpdg, as
a function of temperature and external field is shown
Fig. 2.

Postponing a complete discussion of the polaron c
culation to a separate communication [20] we remark
the essential results here. (a) As in [18] we find that f
a given set of parametersht, J 0, Tcj, the spin polaron be-
comes favored onlybelow a certain temperature,Tp , say.
Assuming a saturated core this is approximately giv
by Tp lns2S 1 1dyt , szJS2ytd 1 sJ 0Sytd5y2. Thus the
“window” above Tc where the polaron exists increase
with J 0yt. Figure 1 indicates the variation inTp with
J 0yt, deduced from the numerics, roughly consistent w
the above result. At high temperature, the polaron
confined to a few sites, and the local magnetization
saturated. In fact, forJ 0yt * 1, m * 0.9 down to Tc.
(b) With reducing temperature both the polaron sizeL̄p

and Dp increase. Since the numerical minimization re
veals thatm . 1, a simple analysis is possible. Clos
to saturation the magnetization equation yieldsm , 1 2
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FIG. 2. Binding energyDpyT for tyTc  10, J 0yt  1, and
varying hyTc. Inset: log r for Sc doped sample,x  0.3,
replotted from [8].
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2e22bsTc1hp d. Using this, to leading order, the free energ
functionDF , L3

psT ln 2 2 Tcy2d 2 J 0 1 tyL2
p where

the terms can be readily interpreted as the magnetic free
ergy ofO sL3

pd saturated spins, theO s1d exchange energy
J 0 of the electron, and the kinetic energy. Minimizing thi
yields L̄5

p , s2ty3dysT ln 2 2 Tcy2d. The “formation”
temperature is given byDFfL̄psTpdg  0 and the binding
energyDpyt , 5

3 f 3
2t sT ln 2 2 Tcy2dg2y5 2 J 0yt. This al-

most completely describes the numerically obtained ze
field curve in Fig. 2. (c) In the presence of an external fie
the binding energy is thedifferencebetween the energy of
the polaron and that of the delocalized electron in the a
plied field. This is principally,J 0sm 2 mextd, wherem
andmext are, respectively, the core magnetization and t
external magnetization, which diminishes as the field ma
netizes the spin background. For fields large enough
“saturate” the spin background the magnetic energy of t
carrier is2J 0 irrespective of whether it is in a localized o
extended state, and the energy gainDp ! 0. Conversely,
for T ! Tc, when the susceptibility is largest, the reduc
tion in binding energy is most pronounced (Fig. 2).

In the regime,J 0yt , O s1d, that we are interested
in, the above analysis readily generalizes to arbitraryS,
and we haveDpyt , 5

3 f 3
2t sssT lns2S 1 1d 2 Tcy2dddg2y5 2

J 0Syt. So, for a system withS . 1y2, e.g., the py-
rochlores, the result in Fig. 2 needs only to be scaled
appropriate factors ofS.

There is no accepted single theory of transport via sp
polarons. For a “small” spin polaron, the principal mod
of conduction would be polaron “hopping” over a barrie
or “ionization” of the trapped carrier. Since both thes
processes are activated, with energies,Dp, one expects
ln r , DpyT (see Fig. 2). The large MR follows from
the magnetic field dependence ofDp. Using our results
for DpsT , hd we estimate the MR that can arise from a
activated transport process in Fig. 3.

We now discuss the regime of validity of the result
(a) The boundary between the polarized and unpolariz
regions is not sharp, in fact, scaling asjsT d which
diverges asT ! Tc. A description in terms of isolated
polarons will break down whennj3 ø 1, which for the
parameters used here is in the rangeTyTc & 1.05 1.1.
In that regime transport would be described by itinera
scattering, also leading to large MR (see Fig. 3). (b) T
calculation of the bound state wave function and th
magnetic polarization should be self-consistent, and
sharp boundary leads to an overestimate of the bind
energy for T ! Tc, j ¿ L̄p. This regime, where the
electron “delocalizes” over a length scale,O sjd, is
important forTyTc & 1.05.

A quantitative comparison of our results with the da
on Tl22xScxMn2O7 is difficult because the carrier con-
centration is not accurately known and disorder is n
controlled. There is substantial variation between the
sults of different groups on nominally the same materia
even as to the sign ofdrydT . However, the end mem-
ber in this series, Sc2Mn2O7, is a ferromagnetic insulator
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FIG. 3. MR for hyTc  0.02, from the two scenarios. The
Born scattering result [Eq. (2)] corresponds ton , skFad3 ,
1023. Inset: “universal” MR data in Tl22xScxMn2O7 at 6 T for
x  0.2, 0.3, 0.4 (replotted from [8]).

so there is definitely a reduction in carrier density wi
increasingx. (a) The T ! 0 phase atx  0 is metal-
lic, albeit with rather large resistivity, while forx * 0.2,
rsT d as T ! 0 shows an upturn, indicating the onset
Anderson localization, arising out of a combination of d
creasingn and increasing disorder. The resistivity at th
low-temperature metal insulator transition is compatib
with the usual Ioffe-Regel criterion. (b) The resistivity i
the paramagnetic phase atx  0 showsdrydT weakly
negative forT * Tc. This, and the large MR coefficien
[5], is consistent with magnetic scattering in a low de
sity metal. (ForT . 1.5Tc, drydT . 0 probably due to
nonmagnetic sources of scattering.) (c) Forx * 0.2 the
resistivity for T . Tc is much too large to be describe
as a strongly scattered metal (one would havekFl ø 1).
FurthermoredrydT , 0 up to T , 350 K, and if fitted
to an activated form the activation energy is on the ord
of 0.1 eV. Despite the very different absolute scales
the resistivity atx  0.2, 0.3, and 0.4, the temperature d
pendence is almost identical as a normalized plot ba
on the data in [8] reveals. This is a regime we belie
should be described by polaronic transport. To comp
with the data we reproduce the measuredrsT d at x  0.3
in the inset of Fig. 2. The measured magnetoresistance
x  0.2, 0.3, and0.4 are almost identical, and we repro
duce this as an inset of Fig. 3 to compare with the “MR
derived within our polaron calculation. The correspo
dence between experimental and theoretical field scale
approximately1 T ; 0.01Tc.

In conclusion, we have argued that a simple model sc
tering of carriers by ordering moments can yield large M
when the carrier density is low. At ultralow densities, th
carriers will self-trap as magnetic polarons and Tl2Mn2O7
appears to be close to this regime, especially upon Sc
th
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stitution. Direct evidence of spin polarons could be bes
sought with NMR and ESR measurements, as well as t
appearance of an ionization gap in the optical conductivit
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