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Magnetic-polaron-driven magnetoresistance in the pyrochlore Lu,V,0,
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The structural, magnetic, and transport properties of single-crystalline Lu,V,0; are studied. Lu,V,0; shows
a ferromagnetic transition at 7-=69.5 K and a negative magnetoresistance (MR) as high as 50% at T,
=75 K with an applied field of 5 T. Through various experiments, it is demonstrated that the mechanism for
MR is not through double exchange, but through a polaron-mediated behavior similar to Tl,Mn,0O. This
places Lu,V,05 as the only other example of polaron-mediated MR among the pyrochlore oxides.
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Colossal magnetoresistance (CMR) materials have at-
tracted a lot of attention due to their potential technological
applications.! Well-studied materials of this class are the
hole-doped perovskite manganates La;_ . Sr,MnO; and
La,_,CaMnO;.>* In the manganites, a double-exchange
(DE) interaction between Mn** and Mn** is believed to sta-
bilize the ferromagnetism and the compounds show metallic
behavior below the magnetic transition (7). One of the key
characteristics of CMR manganites is a Jahn-Teller distortion
of the MnOg octahedra.

Recently, a study of materials with frustrated sublattices
and strong magnetoresistance has been brought to the fore-
front of this field. CMR has been discovered in the pyro-
chlore TI,Mn,0; (Refs. 4-6) and Cr-based chalcogenide
spinels.” These materials are believed to have a different
mechanism of CMR compared to the manganite systems—
there is no structural anomaly associated with the magnetore-
sistance, and there are other differences in the magnetic
properties. The DE model is not suitable in materials such as
T1,Mn,0, due to its single-valent Mn** and relatively weak
spin-charge and spin-lattice couplings.® Majumdar and
Littlewood (ML) have developed a model predicting that the
magnetoresistance in low-carrier-density ferromagnets de-
pends on the carrier density, and for ultralow densities, the
carriers will self-trap as magnetic polarons.®!'® Magnetoresis-
tance measurements for TI,Mn, Ru,O; confirm that
T1,Mn,0; sits in this regime.!!

The pyrochlore Lu,V,0; is isostructural to Tl,Mn,O,
with a single-valent V#*. Previous studies have shown this
sample to be a ferromagnetic semiconductor'>'® with T
~70 K. The reported zero-field resistivity data show typical
semiconductor behavior without any anomaly but the appli-
cation of light can induce a metal-insulator transition.'* It is
well known that the sample’s quality is important for trans-
port measurements and grain boundary effect can easily
smear out the intrinsic properties. Motivated by the analogy
between Lu,V,0; and T1,Mn,0,, we explored the possibil-
ity of magnetoresistance in Lu,V,05. In this Rapid Commu-
nication, we prepared high-quality single-crystalline
Lu,V,0;. The detailed structural, magnetic, transport data on
this sample show a negative magnetoresistance as high as
50% with an applied field of H=5 T around 75 K. We show
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PACS number(s): 75.50.Dd, 61.05.cp, 75.30.Cr, 75.47.Gk

in this work that Lu,V,0; is the only other known example
of a pyrochlore with strong magnetoresistance, and we verify
that the theory of Majumdar and Littlewood can be used to
describe the MR within a framework of polaron formation as
opposed to the double-exchange mechanism.

Single crystals of Lu,V,0; were grown by the traveling-
solvent floating-zone (TSFZ) technique. The x-ray powder
diffraction (XRD) patterns were recorded by a HUBER Im-
aging Plate Guinier Camera 670 with Cu Ka; radiation.
XRD patterns down to 10 K were obtained with a He com-
pressor. The XRD data were fit using the program FULLPROF
with typical R,~7.0, R,,~8.0, and X>=~1.8. X-ray Laue
diffraction was used to confirm the quality of the crystal. The
thermal expansion was measured with a capacitive dilatom-
eter cell constructed from fused quartz. Susceptibility mea-
surements were made with a Quantum Design superconduct-
ing quantum interference device (SQUID) magnetometer.
The specific heat measurements were performed on a PPMS
(physical property measurement system, Quantum Design).
The resistivity was measured by a four-probe technique. The
thermal conductivity «(T) was measured with a steady-state
heat-flow technique.

The room-temperature XRD pattern shows that the
sample is single phase with a cubic, Fd-3m, structure, re-
tained down to 10 K [Fig. 1(a)]. The temperature depen-
dence of the lattice parameter (extracted through Rietveld
refinements using FULLPROF) shows no anomalies over the
measured temperature region. The thermal expansion coeffi-
cient only shows a tiny anomaly associated with the ferro-
magnetic transition (Aa=2.9x107"/K) as expected for a ther-
modynamic probe.

The Curie-Weiss fitting for the inverse of the high-
temperature susceptibility (1/y) on Lu,V,0; with H=5T
[Fig. 2(a)] yields #=106 K and u,z=1.75uz. The saturated
magnetic moment [Fig. 2(b)] is M ,=1.0up. These values
agree with the anticipated values for a localized V** (3d")
electron (u,=1.73up, S=1/2). The value of #=106 K also
agrees with the reported value for a stoichiometric sample.'>
The susceptibility measured with a low field of 50 Oe shows
a sharp transition with a To=70 K [inset of Fig. 2(a)].

Previous resistivity measurements on Lu,V,0; demon-
strated that the sample is a semiconductor with a thermal
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FIG. 1. (a) XRD pattern for Lu,V,0; (plus marks) at 10 K. The
solid curves are the best fits from the Rietveld refinement using
FULLPROF. The vertical marks indicate the position of Bragg peaks,
and the bottom curves show the difference between the observed
and calculated intensities. Inset: the crystal structure for Lu,V,04.
(b) Thermal expansion coefficient along the a direction for
Lu,V,0,. Top inset: temperature dependence of lattice parameter
from x-ray measurements. Bottom inset: detail of the thermal ex-
pansion coefficient near the ferromagnetic transition at 70 K.

activation energy around 200 meV.'* Our magnetoresistance
measurements on high-quality single-crystalline Lu,V,0,
show several surprising features: (i) the slope of the zero-
field resistivity p(7T) changes from negative to positive below
75 K [Fig. 3(a)] and then changes back to negative again
below 60 K. This drop of resistivity below 75 K indicates a
discrete transition between two electronic states. (ii) With a
small field of H=2 T, the cusp around 75 K almost disap-
pears and the data show a negative MR, which arrives at a
maximum value p(27)/p(0)-1=-0.3 at 75 K [Fig. 3(b)].
(iii) The negative MR behavior is peaked only at 75 K.

The MR=-0.5 with a field of H=5 T [Fig. 3(b)] is com-
parable to the value reported for pyrochlore Tl,Mn,0;.
Within our resolution, there is only a tiny structural anomaly
(8a=2.9 X 1077/K) associated with the ferromagnetic transi-
tion and the magnetoresistance around 70 K. This is clearly
different from the La;_,Ca,MnO; compounds which have an
abrupt volume change (around 0.13%) at the magnetic phase
transition.!® The coupling between this large structural dis-
tortion and the charge carriers due to the mixed Mn**/Mn**
valence is a key signature for CMR in the perovskite
managnites.!” This model is not suitable for Lu,V,0, with
single-valent V#* and weak spin—charge-lattice couplings.

As shown in Fig. 3(c), the resistivity between 80 K and
160 K can be described by the Mott variable-range hopping
(VRH) model:
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FIG. 2. (a) Temperature dependences of the inverse of the sus-
ceptibility measured with applied field as 50 Oe and 5 T, (b) M-H
curves at 5 K, (¢c) M-H curves at several temperatures around 70 K,
and (d) modified Arrott plot isotherms for the optimum fitting. Inset
of (a): susceptibility measured with 50 Oe around 70 K for
Lu,V,0,.

p=Aexp[(TyT)'"]. (1)

This is expected for a low-density semiconductor. How-
ever, it is unusual that the VRH model provides a good fit to
the data only below 160 K. We suggest that this temperature
represents the beginning of polaron formation (marked by an
anomaly in the power law of the resistivity). Furthermore,
the resistivity measured below 5 T shows less pronounced
activated behavior, which indicates that the binding energy
of the magnetic polarons is reduced under an applied field.
According to the ML model, for low-carrier-density ferro-
magnets, the self-trapped carriers could behave as magnetic
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FIG. 3. Temperature dependences of (a) resistivity and (b) mag-
netoresistance at different magnetic fields for Lu,V,04, (c) In(p) vs
T-"* at high temperatures, and (d) dependence of the magnetore-
sistance as a function of (M/M,)? for several temperatures above
Te.
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FIG. 4. Temperature dependences of (a) specific heat (open
circles, Lu,V,04; solid line, Lu,Ti,O7) and (b) thermal conductiv-
ity and its inverse for Lu,V,0;. Inset of (a): temperature depen-
dences of the magnetic specific heat and the calculated entropy for
LU2V207.

polarons within a temperature regime close to 7. Above T
the MR should exhibit a quadratic dependence on the
magnetization:”

Ap=[p(0) — p(H))/p(0) = C(M/M ), (2)

where M and M, are the magnetization and saturation mag-
netization, respectively. The temperature-independent scaling
factor C~n"?? is related to the density of charge carriers (1)
per magnetic unit cell. The magnetization and field depen-
dences of the resistivity were measured at several tempera-
tures (76 K, 80 K, 84 K, and 90 K). The Apx(M/My)*
curves [Fig. 3(d)] indeed show linear behavior and the slope
C is temperature-independent as predicted by the ML model.
The value of C=1.5 here is comparable to that of other fer-
romagnets, such as (FeCu)Cr,S, (Refs. 7 and 18) and
La,_Sr,CoO; (Ref. 19).

The specific heat and thermal conductivity measurements
of Lu,V,0; (Fig. 4) both show a transition at T-=70 K,
which is below the temperature 7,=75 K where the maxi-
mum MR occurs. One could argue that the mechanism for
the enhanced MR near 7 is due to the scattering of carriers
from enhanced spin fluctuations. However, the expected MR
from this effect is very small, on the order of a few percent,1
and this can be discarded from our analysis. In order to prop-
erly determine 7 to confirm the separation between 7 and
T, the analysis of the spontaneous magnetization M, and the
initial susceptibility yx, is performed based on the M-H curve
measurements [Fig. 2(c)]. In the region around the magnetic
phase transition, M, and y, can be expressed as>°
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(xo) D) = (T-T¢)” for Te<T, (3)
M (H) = H° for To=T, 4)
M(T)* (To=T)? for To>T. (5)

The modified Arrott plot technique®' was used to deter-
mine T, B, v, and 6 for M and 1/ y,. The M, as a function
of the temperature is determined from the intersection of the
linear extrapolation of the straight line in the modified Arrott
plots with the M'# axis, while 1/, corresponds to the in-
tersection of these lines with the (H/M)"” axis. These data
are fitted to the exponential behaviors of Egs. (1) and (3).
Figure 2(d) shows the optimum fitting with B=0.42,
v=1.85, and T-=69.5 K. § is calculated from the Widom
scaling relation 6=1+vy/8=5.41, which is close to the value
of 6=5.3 obtained by the direct fit of ¢ taking into account
that, near T, M~ H%?° The values of 8, y, and & obtained
here are close to those of the Heisenberg model (8=0.36,
v=1.39, and 6=4.8) for a three-dimensional isotropic
ferromagnet.?>?3

It is clear that 7,=75 K=~ 1.17 is followed by the mag-
netic transition (7-=69.5 K) in Lu,V,0,. T,, where the
maximum MR occurs, could be related to the temperature
where correlations among the magnetic polarons occur. After
the ferromagnetic transition at 7, magnetic polarons should
be delocalized from the self-trapped state and turned into
naked carriers, which will induce an abrupt decrease of the
resistivity. However, in Lu,V,05, the resistivity decreases
gradually from 75 K to 60 K, and MR exists in a broad tem-
perature region below 7. These behaviors show that mag-
netic polarons still exist below the ferromagnetic transition
but they are decoupled below 60 K. The magnetic polarons
and naked carriers coexist in the temperature region between
60 K and T¢. This is the physical picture that has been de-
veloped to describe the MR in TI,Mn,0,.° The magnetic
polarons begin to form at 160 K, where there are deviations
from the VRH model resistivity and 1/ y deviates from lin-
earity in the dc susceptibility. This argument also is sup-
ported by the specific heat (C,) and thermal conductivity
[«(T)] measurements as shown below.

In order to isolate the magnetic contribution to the spe-
cific heat Lu,V,05, nonmagnetic Lu,Ti,O; was synthesized
and measured. The resultant magnetic specific heat (C,,,)
(calculated by treating the specific heat of nonmagnetic
Lu,Ti,O; as the lattice contribution) is plotted as C,,,/T in
the inset of Fig. 4(a). The calculated magnetic entropy
§=5.2 J/(mol K) is comparable to 5.8 J/(mol K)=R In(2).
The anomalous behavior of C,,,,, begins at high temperatures
(around 160 K), and the calculated fraction of entropy loss
above T in the total magnetic entropy denoted as S
(>T¢)/S is around 60%. This large release of entropy above
T arises from the formation of magnetic polarons above 7.
k(T) of Lu,V,0; shows several features: (i) At high tem-
peratures «(7T) shows a positive temperature dependence
typical of heat transport in an amorphous solid. This behav-
ior obviously deviates from the 1/7 law at high temperatures
(usually for T> 6,/4) described by the Debye model for the
phonon contribution,?* but is similar to that of other materi-
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als with geometrically frustrated spin arrangements. For ex-
ample, the x(T) of hexagonal HoMnOj3, with triangular Mn
spin arrangements in the ab plane also shows a glassy be-
havior in the paramagnetic region due to enhanced spin
fluctuations.? (ii) «(7) shows an additional suppression of
the glass thermal conductivity between 70 K and 160 K, Fig.
4(b), which is consistent with formation of magnetic po-
larons observed by magnetic and specific heat measurements
in this temperature region. (iii) Below T-=70 K, the long-
range magnetic ordering gives the dramatic restoration of a
phonon contribution.

In summary, Lu,V,0; shows a ferromagnetic transition at
Tc=69.5 K and negative MR as high as 50% (H=5T)
around 75 K with weak spin—carrier-lattice couplings. This is
the second known pyrochlore other than T1,Mn,0O; which
has strong MR in the absence of a Jahn-Teller-like distortion
characteristic of the double-exchange mechanism. One key
difference between the two materials is that the mechanism
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for polaron formation in Tl,Mn,0; is believed to be an in-
teraction of the d electrons of the Mn spins with the s elec-
trons associated with the TI** ion. In the case of Lu,V,0-,
the Lu’* ion does not have this extended s-electron shell to
assist with polaron formation. This suggests that the route to
magnetoresistance in Lu,V,0; may be distinct from
T1,Mn,0; and is worth further study for an understanding of
this phenomenon.
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