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Anomalous M agnetotransport Properties of R;Mo,07 near the Magnetic Phase Boundary
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The magnetic and transport properties of pyrochlore R,M0,0; have been studied with variation of the
rare earth (R). The change of the mean ionic radius of R, which induces change of the lattice structure,
determines the magnetic ground state (ferromagnetic or spin glass), and the magnetic phase boundary
is correlated with the metal-insulator crossover. Furthermore, we found enhanced magnetoresistance
and unusual residual anomalous Hall effect at low temperatures near the phase boundary, which can be

attributed to the coexistence of both phases.

PACS numbers: 75.70.Pa, 71.30.+h, 75.50.Cc, 75.50.Lk

Recent studies of perovskite manganites [1] have re-
vealed strong coupling between charge and spin degrees of
freedom, as well as orbital degrees of freedom associated
with Jahn-Teller distortion. Because of this intricate in-
terplay, various competing ground states appear in mixed-
valent manganites as a function of carrier concentration
and also chemical pressure. It has been realized that
extraordinary transport properties such as colossal mag-
netoresistance (MR) effects in manganites are associated
with the proximity to phase boundaries between competing
ground states. For example, MR is drastically enhanced
when the system is close to the phase boundary between
ferromagnetic (FM) metallic state and the charge-ordered
(CO) insulating state.

Most FM compounds outside of the manganites do
not show a clear correlation between FM and metallicity.
With the variation of chemica pressure, many systems
remain metalic even though the magnetic properties
change drastically. For example, SrRuO; is FM and
metallic, but replacing Sr by the smaler Caion leads to
an antiferromagnetic (AF), but still metallic ground state
[2]. Co(S,Se); is another example: CoS, is FM and
metallic, but CoSe, with large Seionsis an AF metal [3].
Pyrochlore R,M0,0;, with R = rare earth, is a series of
compounds which might exhibit an interesting correlation
between FM and metallicity [4]. In this series, those with
R = Nd, Sm, and Gd are known to show ferromagnetic
(FM) metallic behavior, whereas those with R = Tb
and Dy, and smaller rare earths show a spin-glass (SG)
behavior with fairly high resistivity. Mo 4d electrons are
believed to play the principa role for the conduction and
ferromagnetism, though the possible role of large 4f spins
in R has not been clarified. The spin-glass phase of this
series originates from the geometrical frustration of anti-
ferromagnetically coupled spins [5], and thus this system
gives a unigque opportunity to study the transition from a
geometrically frustrated Mott insulator to a ferromagnetic
metal.

In this work, we have synthesized high-quality
R,M0,0; with various mixtures of R, and have studied
magnetic and transport properties in detail. We found
that the mean ionic radius of R, (rg), determines the
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magnetic ground state, i.e., ferromagnetic or spin-glass
states, and that the magnetic phase boundary correlates
with the metal-insulator crossover. We also found that
the ferromagnetic state near the phase boundary shows an
additional spin-glass character, which results in various
anomalies in magnetotransport properties.

Samples investigated in this work are polycrystals of
R>;M0,0; with the mixture of (Gd, Dy), (Sm, Dy), (Gd,
Th), (Sm, Th), and (Nd, Tb). First, MoO, was prepared by
reacting Mo and MoO; in a sedled quartz tube (800 °C),
and then R,M0,0; was synthesized by reacting R,0O; and
MoO, under Ar atmosphere (1350°C). X-ray powder
diffraction measurement (with Cu radiation) indicates that
all samples are single phase with cubic symmetry. Lat-
tice constants of all specimens were obtained by analyzing
the x-ray diffraction peaks for 10° < 26 < 70°. We aso
checked the Mo valence by thermogravimetric analysis,
and found that the samples are stoichiometric within the
resolution of 1% in valence. Magnetization measurements
were done by using a quantum design SQUID magnetome-
ter. For resistivity and MR measurements, we employed
the conventional four-probe technique. Hall resistivity was
measured by sweeping the magnetic field (perpendicular
to the current) from —8 to 8 T and measuring the voltage
perpendicular to the current and magnetic field. The offset
due to MR was subtracted by taking the difference of the
Hall voltage at H and —H.

Figure 1(a) shows the magnetization under 100 G as a
function of temperature (T') for the (Gd, Dy) series (solid
lines), as well as for the (R, Th) series with x = 0.5
(dashed lines). The magnetization of Gd,M0,0;7 (x = 0)
sharply increases at about 70 K, which is typical behavior
for aFM transition. The Curie temperature (7¢) decreases
with increasing Dy concentration (x), and the samples for
x = 0.4 do not show such an increase in magnetization.
For x = 0.4, however, the magnetization curve shows sig-
nificant difference between field cooling and zero-field
cooling run below ~25 K, indicating a SG transition [4].
In the (R, Th) series, Tc also decreases with decreasing
(rg) from Nd to Gd.

Those results of magnetization measurements are sum-
marized in Fig. 2(a) as a function of (rz) [6]. It should
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FIG. 1. (a) Magnetization under 100 G vs temperature for
(Gdlfnyx)zMOzO7 (SO“d IIn%) and for (R0_5Tb0_5)2M0207
with R = Nd, Sm, and Gd (dashed lines). (b) Resistivity
vs temperature under O T (solid lines) and 5 T (dotted lines)
for (Gd;—,Dy,),M0,0;. The inset shows magnetoresistance
[T = p(5T)/p(0 T)] vs temperature for the (Gd,Dy) series as
well as for Sm,M0,0;.

be noted that the lattice constant changes almost linearly
with (rg), as shown in Fig. 2(d). If we assume that the
Mo-O distance does not change for different R, a larger
lattice constant in pyrochlore structure results in a larger
Mo-O-Mo bond angle [7], and hence increased bandwidth.
The FM and SG transition temperatures from magnetic
data are summarized in Fig. 2(a) [8]. As clearly seen,
al the data points for different combinations of R merge
into a universal curve against (rg), i.e., the FM state for
alarge R (> R. ~ 1.047) and the SG state for a small R
(< R.). Thisresult clearly excludes the possibility that the
rare-earth moment dominates the magnetic ground state,
but indicates that the structure is essential for the magnetic
ground state.

Figure 1(b) showsthe T dependence of resistivity with-
out (solid lines) and with magnetic field (5 T, dotted lines).
For the FM samples (x = 0 and 0.1), asmall dip of resis-
tivity is observed at T, shown by closed triangles. With
increasing Dy concentration and the system becoming SG,
resistivity becomes higher, particularly at low tempera
tures, suggesting a crossover from ametallic state to an in-
sulating state. The residual resistivity at 5 K is plotted for
the (Gd, Dy) and (Sm, Dy) seriesin Fig. 2(b) (Ieft axis).
Clear correlation between the magnetic phase boundary
(shown by a dashed line) and the variation of the residual
resistivity is observed, indicating that the FM-SG phase
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FIG. 2. (a) Phase diagram of R,M0,0,;. Closed symbols
show ferromagnetic transition temperatures and open sym-
bols spin-glass transition temperatures. Circles correspond
to (Gd,-,Dy,),M0,0; with x =0, 0.1, 0.2, 04, and 1;
squares to (Sm;_,Dy,),M0,0; with x = 0 and 0.2; triangles
to (Gd;-,Th,),M0,0; with x = 0.25, 0.5, 0.75, and 1; a
cross to (Sm;_,Tb,),M0,0; with x = 0.5; and a rhombus to
(Nd; -, Th,),M0,0;7 with x = 0.5. (b) The values of resistivity
at 5 K (left axis), and the values of —Ry at 90 K (right axis).
(c) Magnitude of magnetoresistance, 1 — p(5 T)/p(0 T), at
5 K and at T¢. (d) Lattice constants of the cubic structure. The
x axis for al panels is the mean ionic radius of R.

boundary is correlated with metal-insulator crossover in
this molybdate system. This metal-insulator crossover can
be explained qualitatively by the larger bandwidth for the
samples with larger R and less distorted Mo-O-Mo bond.
Thus, the correlation between FM and metalicity in this
compound suggeststhat the FM interaction originatesfrom
the double-exchange mechanism, just like perovskite man-
ganites [1]. It should be pointed out that the change of
residual resistivity against (rz) shown in Fig. 2(b) is not
sharp enough to call it ametal-insulator transition. In other
words, thereis an intermediate range of (rz), where the re-
sistivity increases with decreasing temperature but remains
finite at low temperatures, as exemplified in the main panel
of Fig. 1(b) for x = 0.1 and 0.4. This may be related
to the coexistence of two-component carriers as discussed
bel ow.

As seen in the main panel of Fig. 1(b), these molybdate
compounds have a fairly large negative MR at low tem-
peratures. The magnitude of MR, 1 — p(5 T)/p(0 T), is
plotted as a function of T in the inset of Fig. 1(b). For
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the samples in the FM regime (shown by solid lines), a
peak at T¢ is observed in the curve of MR vs T, which is
typical of FM metals. Unlike normal FM metals, however,
MR existsor isevenincreased at T < T¢ in these molyb-
dates. Similar MR at low temperature (but without a peak
a Tc) is aso observed for the samples in the SG regime
(shown by dashed lines). Focusing on the x dependence of
MR at the lowest temperatures in the inset of Fig. 1(b), it
has the maximum at x = 0.2-0.4. In other words, MR at
the lowest temperature is enhanced near the FM-SG phase
boundary, which is demonstrated in Fig. 2(c). Thislow-T
MR is discussed later.

Hall measurements were done for (Gd, -, Dy, ),M0,0;,
as shown in Fig. 3(a). Here, the Hall coefficient Ry is
defined as the initial slope of the Hall resistivity (p.,) vs
magnetic field (H). Ry for the FM samples (shown by
solid symbols) shows asign change at ~130 K and its ab-
solute value keeps on increasing with further decreasing
T, whereas the samples in the SG regime (shown by open
symbols) barely show such a sign change of the Hall coef-
ficient, and it even increases further in the positive range
with decreasing T for x = 1. Thevalues of —Ry at 90 K
are plotted in Fig. 2(b) (right axis).

Figures 4(a) and 4(b) show the field dependence of the
Hall resistivity (p,,) for Gd,M0,0;. At high temperature,
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FIG.3. (@ Hal coefficient vs temperature for
(Gd,-,Dy,);M0,0;. Closed symbols correspond to the
samples in the FM regime (x = 0, 0.1, 0.2) whereas open
symbols to those in the SG regime (x = 0.4, 1). (b) Crosses:
ordinary (R,) and anomalous (R,) Hall coefficient derived from
the fitting of p,, shown in Fig. 4 for Gd,M0,0;. Closed
circles. Hall coefficient Ry = Ry + Ryx. Solid line: fitting
curve for Ry. Dashed lines: ordinary and anomalous Hall
coefficient estimated from the fitting shown by the solid line.
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Py Monotonically increases with field, but with decreas-
ing T the dope decreases and becomes negative. Below
100 K, py, becomes nonlinear with the field, but the be-
havior changes again near 40 K. Above 40 K, p., goesto
negative at low fields and then it increases linearly in high
fields, whereas below 40 K both low-field and high-field
parts behave in the opposite manner. In general, the Hall
resistivity of the compounds that have localized moments
is given by the sum of the ordinary and the anomalousterm

Pxy = moRoH + woRM , D

where Ry and R, are the ordinary and the anomalous Hall
coefficients, respectively, wo the vacuum permeability, and
H the applied magnetic field. The field dependence of
Py becomes nonlinear at low temperatures because of the
saturation of M at high field. We fit the data of p,, be-
low 100 K to Eq. (1) by using experimentally measured
M(H,T). The values of the ordinary term, Ry, and the
anomalous term, Ry, derived by the fitting are shown in
Fig. 3(b) by crosses.

For the analysis of the high-temperature range
(>100 K), where p,, is difficult to decompose into the
ordinary and the anomalous part experimentally, we as-
sumed that (1) the anomalous part (R) is T independent,
and (2) the ordinary part (R,) has linear T dependence
(a + bT) [10], and made the fitting of Ry = Ry + Ryx
vs T. The dashed lines (the ordinary part and the anoma-
lous part) as well as the solid line (calculated Ry) in
Fig. 3(b) isthe best fit using the experimentally measured

H (T)

FIG. 4. Hal resistivity as a function of magnetic field for
Gd,M0,0,. The dashed line shows the result of fitting to the
data at 60 K.
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susceptibility, y(T), (at 1000 Oe). This result indicates
that the zero crossing of Ry at ~130 K for the FM sample
is due to the enhancement of the negative anomalous
term, Ry, associated with the increase of y. We aso
caculated Ry = Ry + R,y for other samples by using
the same R, and R, as those of Gd,M0,0; (x = 0) but by
using the experimentally measured y (T') for each sample.
We found that the calculated values are amost coincident
with the experimental data for the FM sample, x = 0.1
and 0.2, but show clear deviation for the samples in the
SG regime, x = 0.4 and 1, indicating that either Ry or Ry
(or more likely both) changes critically at the magnetic
phase boundary.

What is unique to the Hall coefficient of this com-
pound is the nonzero anomalous coefficient, R, for the
FM sample at low temperature. For typical ferromagnetic
metals, Ry approaches zero with T approaching zero, be-
cause the fluctuation of spins vanishes at |low temperatures
[9]. For pyrochlore molybdates, however, Ry crosses zero
at ~40 K and changes its sigh below, and does not vanish
even at the lowest temperature, as shown in Fig. 3(b). It
should be noted that the nonlinear field dependence of p.,
at 10K shownin Fig. 4(b) isthe direct consequence of this
nonzero anomalous coefficient. This unusual behavior of
the Hall coefficient appears to correlate with the nonzero
MR at low temperatures shown in the inset of Fig. 1(b).
One possible way to interpret these behaviors is to as-
sume that the anomalous Hall coefficient as well as MR
can be separated into two components, ferromagnetic and
spin glass. In other words, the ferromagnetic state close to
the magnetic phase boundary has an additional spin-glass
character. For the anomalous Hall coefficient, the ferro-
magnetic component is negative, which becomes zero at
the lowest temperature, whereas the spin-glass component
is positive and nonzero at the lowest temperature. This as-
sumption for the spin-glass component is consistent with
the positive Ry at al temperatures for Dy,Mo,0; shown
in Fig. 3(a). On the other hand, the ferromagnetic compo-
nent of MR has the maximum near T and becomes zero at
the lowest temperature, whereas the spin-glass component
of MR has the maximum at the lowest temperature. This
can explain the behavior of MR for (Gd,—,Dy,),M0,0;
shown in the inset of Fig. 1(b). We point out that the
crossoverlike behavior instead of aclear transition between
metal and insulator under the variation of {rr), as shown
in Fig. 2(b), might also be related to such coexistence of
two components.

It is not clear why the two components (FM and SG)
exist near the phase boundary in these pyrochlore molyb-
dates. One possible scenario is that two static phases
(FM and SG) coexist in the rea space, as proposed for
perovskite manganites [11]. Another possible scenario
is that the spin moments have both a statically ordered

part contributing to the FM component, and a fluctuat-
ing part which freezes at low temperatures and contributes
to the SG component. Since these molybdates have less
Jahn-Teller distortion (due to their simple cubic structure)
and thus their magnetic transition is less coupled with lat-
tice distortionsthan in perovskite manganites, we specul ate
that the latter scenario is more realistic.

In summary, the magnetic ground states of R;,M0,0O;
is dominated by the change of lattice structure induced
by the ionic radius of R, and metal-insulator crossover is
correlated with the phase boundary between ferromagnetic
and spin-glass states. The ferromagnetic state near the
phase boundary has also a character of spin-glass state,
which resultsin alarge MR aswell asanonzero anomalous
Hall coefficient at the lowest temperature.
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