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The pyrochlore molybdate Gd,Mo,0 locates near the phase boundary between the ferromagnetic-
metallic and the spin-glass insulating state. This metal-insulator transition is governed on a large energy
scale by the electron-correlation effect, while the geometrical frustration causes the random potential. The
magnetic field can tune the randomness of the potential and control, under a suitable pressure, the
continuous Mott-Anderson transition precisely. The critical exponent (u = 1.04 = 0.1) of the Mott-
Anderson transition has been determined for this ferromagnetic orbital-degenerate electron system.
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The metal-insulator transition has been one of central
topics in the physics of correlated electron systems [1]. In
the Mott transition, the on site Coulomb interaction creates
the strongly renormalized quasiparticle state or opens the
charge gap (Mott gap) at the Fermi level [2,3]. The tran-
sition occurs in a discontinuous manner and the first-order
phase boundary terminates at a second-order critical point
[4—6]. On the other hand, in the Anderson transition,
which is continuous even at zero temperature, the disorder
causes the localization of the electrons, which form finite
density of states at the Fermi level but cannot contribute to
the conduction [7]. The scaling theory has advanced the
understanding of the metal-insulator transition: The critical
exponent of the transition is determined by the symmetry
of the electron system and the universality class [§—10].
The critical exponent w for the conductivity is defined as
o ~ (x — x.)*, where x is a control parameter for the
metal-insulator transition. In the case of noninteracting
electrons, the theoretical studies on the Anderson transition
suggest the critical exponent p = 1.4-1.6 [11]. The scal-
ing theory is also applicable to the Mott transition [1,4,5].
Recently, Limelette et al. have succeeded in applying the
finite-temperature scaling to the first-order Mott transition,
and estimated the critical exponent as u = 0.33 [4].
Kagawa et al. have reported the criticality of the Mott
transition in two-dimensional organic material [5,6]. In
the case in which both effects are present, the quantitative
nature of the metal-insulator transition, the Mott-Anderson
transition, remains as an open problem [12-15]. The
critical exponent for the Mott-Anderson transition is still
puzzling owing to the difficulty in performing precise
experiments. For the proper scaling analysis, it is necessary
to fine-tune a control parameter driving the Mott-Anderson
transition, while keeping the others unchanged. Many ex-
perimental reports have suggested different values of the
critical exponent, most of which were determined by the
comparison between the conductivity values in the differ-
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ent samples [8], and hence possibly affected by the differ-
ence in quality between the samples.

In this Letter, we report the nature of the Mott-Anderson
transition in the pyrochlore molybdate and its critical
behavior determined by the finite-temperature scaling
analysis. Gd,Mo,0; is located in the vicinity of the
Mott-Anderson transition. The magnetic field can control
directly the magnitude of the random potential and hence
precisely the metal-insulator transition, while application
of high pressure can also prepare the critical state close to
the transition. Both methods offer clear experiment for
tuning the two control parameters of the Mott-Anderson
transition, i.e., the bandwidth and the random potential. In
this study, we can avoid the ambiguity due to the difference
in quality and stoichiometry among the samples.

In R,Mo,05, the pyrochlore lattice has two sublattices
of the rare earth R site and the Mo site, which are displaced
by half a unit cell [16]. In these sublattices, the ions locate
at the vertex of the corner-sharing tetrahedra. The trigonal
crystal field splits the 7,, manifold of the Mo site into a;,
and the degenerate e} states. In R,Mo,0; with the 4d?
configuration of Mo, one electron populates the a;, orbital
and another the e}, orbital. The e},-state electrons contribute
to the conduction, while the a;,-state electrons give the
local moments. The Hund’s rule couples ferromagnetically
the spins in the e}, orbital and a,, orbital, stabilizing the
half-metallic state [17].

It was reported that R,Mo,0; shows the ferromagnetic-
metallic ground state for the larger-radius rare earth R ions
(R = Nd and Sm) than Gd ion, while a spin-glass insulat-
ing state appears for the smaller R ions (R = Dy, Ho, and
Y) [18-20]. Towards the larger rare-earth radius, the Mo-
O-Mo bond angle (or equivalently the transfer energy) is
increased [21], and hence tends to stabilize the metallic
state via the double-exchange interaction. In contrast, in
the case where the interorbital on site Coulomb interaction
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in the degenerate ¢, orbitals exceeds the transfer energy, it
may lead to the Mott insulator [17]. In the Mott-insulating
state, the antiferromagnetic superexchange interaction is
dominant between the Mo sites [17], which yields the spin-
glass state because of the spin frustration on the pyrochlore
lattice. In the insulating Dy and Ho compound, the clear
Mott gap is observed in the optical spectra [19,22]. In the
phase diagram of the R,Mo,0; family as a function of
the R ionic radius, the Gd,Mo,0, compound is located on
the verge of the metal-insulator transition with almost
zero gap, A = 20 meV [22]. The systematic change of the
ground-state optical spectra suggests a quantum phase
transition occurring around Gd,Mo,0O-, in which a com-
petition between the spin-glass phase and the ferromag-
netic phase is involved. The Raman spectra show the en-
hancement of the carrier mass as the metal-insulator tran-
sition boundary is approached from the metallic side [23].
A single crystal was grown by the floating-zone method
in an Ar atmosphere. Transport properties of Gd,Mo,0;
are known to be sensitive to oxygen off stoichiometry, that
may even produce the metallic state, perhaps due to an
effective carrier-doping process. We investigate a well
stoichiometric, namely, most insulating, Gd,Mo0,0; com-
pound. We used a cubic-anvil cell and modified Bridgman-
anvil cell [24], which enable the resistivity measurements
under the temperature-pressure conditions, (3 —300 K, 0—
10 GPa) and (200 mK-20 K, 0—8 GPa), respectively. We
set the modified Bridgman-anvil cell in a dilution refrig-
erator equipped with a superconducting magnet (8 T).
Figure 1 shows the temperature dependence of resistiv-
ity of Gd,Mo,0; for various pressures up to 10 GPa. At
ambient pressure, where the Mott-insulating state is real-
ized, the resistivity, much higher than the loffe-Regel limit
(p ~ 5% 107* Q cm), increases with lowering tempera-
ture in the whole temperature range. By the application of
pressure, the resistivity is effectively decreased. In the
intermediate pressure range of ~2—4 GPa, the resistivity
curves become nonmonotonous and broad maximums are
observed below 300 K, as indicated by the arrows in Fig. 1.
These peaks correspond to the coherent-incoherent cross-
over of the quasiparticle dynamics generic to the correlated
electron systems [2,3,22]. This peak temperature, below
which the coherent quasiparticle state is formed, gradually
increases with the pressure. The conductivity under various
pressures is plotted in Fig. 2 as a function of the square-root
of temperature (7%). The open and closed circles repre-
sent the data obtained by the cubic-anvil cell and the
modified Bridgman-anvil cell, respectively. The conduc-
tivity below 20 K is approximately proportional to 703,
The zero-temperature conductivity obtained by the linear
extrapolation (straight lines) is plotted as a function of
pressure in the inset of Fig. 2. The zero-temperature con-
ductivity shows a continuous onset around 2.4 GPa, above
which the finite conductivity is nearly proportional to the
pressure. Thus, the pressure or the increment of the transfer
energy induces the continuous metal-insulator transition

0 =
10 F ‘ ‘ =30 ! .
i 14
roy % 12
! g0
= 8
=6
ERUR: Ef
= |
P 1 0GP
107 2GPa
r 13GPa
N T ey
[ a
8GPa
§ 10GPa
) Gd2M0207 oT
10* n 1 n 1 n 1
0 100 200 300

Temperature (K)

FIG. 1. Temperature dependence of resistivity measured at
ambient pressure and high pressures (in the cubic-anvil cell)
for Gd,Mo,0;. The arrows indicate the resistivity peak signaling
the coherent-incoherent crossover of the quasiparticle dynamics.
Upper inset: ac magnetic susceptibility and its frequency depen-
dence (from top to bottom; 11, 97, 990 Hz, and 9.9 kHz)
measured by the magnetic-field amplitude of 3 Gauss at ambient
pressure. The arrow indicates the magnetic anomaly. Lower
inset: ac susceptibility measured under high pressures (from
top to bottom; 1.5, 2, 3, 4, 6, 8, and 10 GPa) at 3.3 kHz.

around 2.4 GPa even in the absence of an external magnetic
field.

At this stage, it is worth characterizing a magnetism of
Gd,Mo,0,. The inset of Fig. 3(a) shows the temperature
dependence of inverse magnetization. The positive Weiss
temperature (6 = 47.6 K) suggests the ferromagnetic in-
teraction between the Mo moments. The upper inset of
Fig. 1 depicts the ac magnetic susceptibility measured at
ambient pressure. The magnetic anomaly observed at 27 K,
as indicated by the arrow, shows the clear frequency de-
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FIG. 2. Conductivity o plotted as a function of the square root
of temperature (7%°) under various pressures. The solid lines are
guides for the eye. Inset: Pressure dependence of the zero-
temperature conductivity.
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FIG. 3 (color online). (a) Magnetic-field dependence of the
magnetization for the field along the [111] direction at ambient
pressure. The left horizontal bar indicates the full moment M|
per a chemical unit GAMoOs 5. Inset: Inverse of magnetization
[M(up/GdMoOs55)] plotted as a function of temperature (7).
(b) Isothermal magnetoresistance (normalized by the zero-field
resistance value) for the field along the [111] direction at
ambient pressure. Inset: Resistivity plotted as a function of the
normalized magnetization M/M,. The horizontal arrow indi-
cates the Ioffe-Regel (I.R.) limit value of the resistivity.

pendence characteristic of the spin-glass transition, which
appears to reflect the antiferromagnetic interaction be-
tween the Gd sites in the pyrochlore structure [25]. As
displayed in the lower inset, this magnetic anomaly sub-
sists, while gradually fading out, up to the higher pressures.
Figure 3(a) displays the magnetization in the magnetic
field along the [111] direction at ambient pressure. The in-
crement of magnetization with the magnetic field is satu-
rated at the lowest temperature. Given the Heisenberg-type
nature of Gd spin, the contribution of the Gd moment is
7(u5/GdMoOs 5). According to the previous study [16],
the Mo moment was estimated as =~1.4(ug/GdMo0Oj; s).
Thus, we can estimate the full moment as M, =
8.4(up/GdMo0Os55), as indicated by the left bar. At the
lowest temperature 7 = 2 K, the high-field magnetization
is indeed saturated and in B = 14 T it is nearly equal to
M, confirming that the Gd and Mo spins are aligned
parallel to each other by the external field. It is reasonable
to consider the ferromagnetic coupling between the Mo
moments and the Gd moments under high magnetic fields.
Thus, the spin frustration, which contributes to the fre-
quency dependence of the magnetic anomaly shown in

Fig. 1, appears to be completely suppressed by the high
magnetic fields [25].

To exemplify the strong coupling between the transport
and the spin configuration, we show in Fig. 3(b) the gigan-
tic negative magnetoresistance observed at ambient pres-
sure. The resistance decreases with magnetic field, more
dramatically at lower temperatures. The magnetic field,
which aligns both Mo and Gd moments up to the nearly
full moment value at low temperatures, decreases the
randomness of the potential on the Mo sites and increases
the transfer energy by the reduction of the tilting angle
between the Mo spins, leading to the large negative mag-
netoresistance. Therefore, the magnetic field can be a
control parameter that drives the Mott-Anderson transition
in the present case and has much better controllability and
precision than the external pressure. The inset of Fig. 3(b)
shows the resistance replotted as a function of the magne-
tization M at ambient pressure. As increasing M, the
resistance decreases. At 2 K and 14 T, the magnetization
reaches the value M of the full magnetization, and the
random potential is expected to be nearly completely sup-
pressed. Nevertheless, the resistivity is still several orders
of magnitude larger than the loffe-Regel limit (p ~ 5 X
10~* Q cm). Therefore, the compound appears to remain
as the Mott insulator at ambient pressure even in the clean
limit. The presence of the Mott gap reduces the depen-
dence of the magnetoresistance on the randomness at low
temperatures (<10 K), leading to the apparent minimum
of the magnetoresistance around 10 K. Nevertheless, even
in the clean limit (B — o), the resistivity appears to keep
on increasing monotonously as decreasing temperature.
Thus, we need to investigate the transport under high
pressures with varying magnetic fields, to precisely control
the Mott-Anderson transition.

Figure 4 displays the T dependence of conductivity
measured at 1.8 GPa, while changing the magnetic field.
The conductivity, proportional to T%3, is continuously
increased by applying the magnetic field. The extrapolated
zero-temperature conductivity reaches a finite value above
B ~225T, indicating the Mott-Anderson transition.
Importantly, this metal-insulator transition at zero tem-
perature appears to be continuous [15,26], as contrasted
by the first-order Mott transition in Cr-doped V,0; [4]
and in «-(BEDT-TTF),Cu[N(CN),]CI [5]. On the basis
of the magnetoconductivity data of Fig. 4(a), we per-
formed the finite-temperature scaling analysis [8] as
shown in Fig. 4(b). All the experimental data fall onto a
single curve representing the scaling function o/T%* =
f(I1 — B/B,|/T#) with the parameters & = 0.50 and 8 =
1/vz = 0.48. Here, v and z denote the critical exponent for
the correlation length and the dynamical critical exponent,
respectively. By this analysis, we could obtain the critical
exponent u = a/B = 1.04 = 0.1 in this ferromagnetic
orbital-degenerate electron system. This value is consistent
with the pressure-induced transition shown in the inset of
Fig. 2 [27]. The obtained critical exponent (u = a/8 =
1.04 = 0.1) is intermediate between the typical value of the
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FIG. 4. (a) Conductivity o plotted as a function of the
square root of temperature 7% for various magnetic fields. The
magnetoconductivity was measured at 1.8 GPa. The solid
lines are guides for the eye. (b) Finite-temperature scaling
analysis. The data of Fig. 4(a) are fitted to the equation,
o/T% = f(I1 — B/B.|/T**). The critical field B, was esti-
mated as 2.25 T.

Mott transition such as Cr-doped V,05(u = 0.33) [4] and
the theoretical values (u = v = 1.4-1.6) expected for the
genuine Anderson transition of the noninteracting electron
system [11], indicating that the MI transition of Gd,Mo,0,
possesses the mixed character of the Mott-Anderson tran-
sition. The disorder effect is added as a subtle control
parameter of the metal-insulator transition governed by
the strong electron-correlation effect. The importance of
the electron-correlation effect has been investigated exten-
sively for the Mott-Anderson transition in semiconductors
as well [28—-31].

In conclusion, the pressure-induced as well as magnetic-
field induced insulator-metal transition has been investi-
gated for the Gd;Mo, 05 locating on the verge of the phase
boundary between the ferromagnetic metal and the spin-
glass Mott insulator. The geometrical frustration gives rise
to the random potential for the quasiparticle state, which
can be controlled by the external magnetic field. We have
investigated the Mott-Anderson transition by the applica-
tion of high pressure and magnetic field in this ferromag-
netic orbital-degenerate electron system and obtained the

critical exponent w = 1.04 £ 0.1 by the finite-temperature
scaling analysis.
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