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Unconventional resistivity at the border of metallic antiferromagnetism in NiS2
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We report low-temperature and high-pressure measurements of the electrical resistivity 共T兲 of the antiferromagnetic compound NiS2 in its high-pressure metallic state. The form of 共T , p兲 suggests the presence of a
quantum phase transition at a critical pressure pc = 76⫾ 5 kbar. Near pc, the temperature variation of 共T兲 is
similar to that observed in NiS2−xSex near the critical composition x = 1, where metallic antiferromagnetism is
suppressed at ambient pressure. In both cases, 共T兲 varies approximately as T1.5 over a wide range below
100 K. This lets us assume that the high-pressure metallic phase of stoichiometric NiS2 also develops itinerant
antiferromagnetism, which becomes suppressed at pc. However, on closer analysis, the resistivity exponent in
NiS2 exhibits an undulating variation with temperature not seen in NiSSe 共x = 1兲. This difference in behavior
may be due to the effects of spin-fluctuation scattering of charge carriers on cold and hot spots of the Fermi
surface in the presence of quenched disorder, which is higher in NiSSe than in stoichiometric NiS2.
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I. INTRODUCTION

The electronic properties of metals on the border of magnetic phase transitions at low temperatures are often found to
exhibit temperature dependences that differ from the predictions of Fermi liquid theory. Early attempts to explore such
non-Fermi-liquid behavior have been based on mean-field
treatments of the effects of enhanced magnetic fluctuations,
as in the self-consistent renormalization 共SCR兲 model.1–4
In a recent work, the prediction of this model for the
temperature dependence of the electrical resistivity 共T兲 was
tested in a simple cubic d metal, Ni3Al, at high pressures
near the critical pressure where ferromagnetism is
suppressed.5 The T5/3 temperature dependence of the resistivity seen in Ni3Al and other related systems, where the
magnetic correlation wave vector 共T兲 is small, appears to be
largely consistent with the SCR model.6 In the idealized limit
 → 0 at T → 0, the SCR model predicts that in three dimen−1
varies linearly with
sions the quasiparticle scattering rate qp
the quasiparticle excitation energy, rather than quadratically
−1
is
as in the standard Fermi-liquid picture. This form of qp
similar to that of the marginal Fermi-liquid model,7–9 which
is normally associated with a linear temperature dependence
of the resistivity. However, at the border of ferromagnetism,
the relevant fluctuations responsible for quasiparticle scattering are of long wavelength and, thus, are ineffective in reducing the current. This leads to a transport relaxation rate
−1
tr−1 that differs from qp
and varies not as T, but as T5/3.
In practice, this form of tr−1 or of the resistivity 共T兲 can
be restricted to a relatively narrow range of temperatures and
pressures where 共T兲 is small compared with the characteristic wave vector of thermally excited magnetic fluctuations.
The SCR model is not restricted to this limit and can, in
principle, include the effects of 共T兲 and even determine
1098-0121/2008/77共11兲/115135共7兲

共T兲 in a self-consistent fashion. We note that the SCR
model assumes implicitly that an effective underlying
mechanism exists to remove momentum from the electron
system. The validity of this assumption has not been clearly
confirmed theoretically, but seems to be consistent with experiment in the cases mentioned above. In its conventional
form, the model does not include the possible effects of inhomogeneities or texture that may arise on the border of first
order ferromagnetic transitions as in, e.g., MnSi.13–15 The
SCR model is also expected to fail on the border of electron
localization as well as near a Mott transition or close to local
quantum critical points in heavy electron compounds.16,17
The applicability of the SCR model has also been questioned for the case of itinerant-electron antiferromagnetism
in general, even well away from the border of a Mott
transition.18–20 In this paper, we present an attempt to test the
prediction of the SCR model in a metal assumed to be on the
border of metallic antiferromagnetism in three dimensions,
for which  is predicted to vary as T3/2 in the idealized limit
 → 0, T → 0, where  now stands for the correlation wave
vector for the staggered magnetization. The exponent of 3 / 2
is the ratio of the spatial dimension d = 3 and the dynamical
exponent z = 2. This may be contrasted with the corresponding exponent of 5 / 3, which is the ratio of 共d + 2兲 = 5 and z
= 3, for the border of metallic ferromagnetism. 共The 2 in d
+ 2 arises from the effect of small-angle scattering that is
absent in the case of the staggered magnetization.兲 This
simple model for the scattering from antiferromagnetic fluctuations assumes that the scattering rate can be averaged over
the Fermi surface. Within the SCR model, this procedure
would seem to require the presence of a sufficient level of
quenched disorder assumed to have only the simple consequence of inhibiting the short circuiting caused by the carrier
on the cold spots of the Fermi surface, i.e., regions far from
the hot spots connected by the antiferromagnetic ordering
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wave vector and, thus, strongly affected by spin-fluctuation
scattering.18–20
The effect of quenched disorder on the temperature dependence of  in the SCR model shows up particularly
clearly in the temperature-dependent resistivity exponent defined as n =  ln ⌬ /  ln T, where ⌬ = 共T兲 − 0 and 0 is the
residual resistivity, i.e., the resistivity extrapolated to T
= 0 K. The resistivity exponent n may be described in terms
of the Fermi wave vector kF, the elastic mean free path l of
charge carriers, and the reduced temperature t = T / Tsf , where
Tsf is a characteristic spin fluctuation temperature.6 With increasing t, n drops from 3 / 2 toward unity around t ⬇ 1 / kFl,
back toward a value of the order of 3 / 2 around t ⬇ 1 / 冑kFl,
and then toward zero for t Ⰷ 1 / kFl.18–20 This undulating behavior of n is a dramatic prediction of the model for relatively pure samples that could, in principle, be tested by
studying a series of samples of the same material with different levels of quenched disorder. Rosch19,20 introduced this
model in an effort to understand the temperature dependence
of the resistivity exponent measured for the f-electron metal
CePd2Si2.21,22 The results were, in this case, not entirely conclusive because of the anisotropic and complex nature of the
spin fluctuation spectrum in this material.
Here, we present a test of Rosch’s model in a d-electron
system with a cubic structure and Tsf 1–2 orders of magnitude greater than in typical heavy f-electron systems. We
compare the temperature dependence of  of two closely
related systems on the border of antiferromagnetism. The
two materials are NiS2 near 76 kbar and NiS2−xSex for x = 1,
where the Néel temperature TN vanishes at ambient pressure.
Due to random variations in the locations of the S and Se
atoms in the lattice, values of 0 found in NiSSe are typically
1 order of magnitude higher than in stoichiometric NiS2
compounds.
NiS2 crystallizes in the cubic pyrite structure and is an
antiferromagnetic insulator at ambient pressure at low
temperatures.23,24 It can be metallized via the application of
pressure25–28 共approximately 25– 30 kbar兲 or by Se
substitution.10,12,25–27,29,30 The temperature-pressure phase
diagram of NiS2 and the temperature-composition phase diagram of NiS2−xSex 共Fig. 1兲 are expected to be similar, as
suggested by the correspondence of the temperature-pressure
and temperature-composition phase diagrams of NiS2 found
in earlier work.10,12,29,30 Of particular interest for this paper is
the boundary of metallic antiferromagnetism that appears 共i兲
at x ⬵ 1, i.e., for NiSSe, in temperature-composition phase
diagram 共Fig. 1兲, 共ii兲 is assumed to appear at pc in the
temperature-pressure phase diagram for stoichiometric NiS2.
We note that in both cases, the quantum phase transition
from metallic antiferromagnetism to paramagnetism would
arise well beyond the metal-insulator transition 共see Fig. 1
for the case where composition is the control parameter兲.
We present a high-pressure study of the temperature dependence of the resistivity of NiS2 in the metallic state,
which reveals a critical pressure pc ⬵ 76 kbar. The results at
pc are compared with that of NiSSe at ambient pressure reported in Ref. 12. In both materials, one observes a nonFermi-liquid form of the resistivity that appears in first approximation to be consistent with the predictions of the SCR
model 共inset of Fig. 1 for NiSSe兲. However, the resistivity of
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FIG. 1. 共Color online兲 Temperature-composition phase diagram
of NiS2−xSex 共Refs. 10 and 11兲. Lower inset shows the temperature
dependence of the resistivity of NiSSe 共x = 1兲, which is just on the
border of a metallic antiferromagnetic state at low temperatures
共Ref. 12兲. The upper inset is the pyrite crystal structure of NiS2 and
NiSe2. PI and PM stand for paramagnetic insulator and paramagnetic metal, respectively. AFI and AFM stand for antiferromagnetic
insulator and antiferromagnetic metal, respectively. SR-AFI stands
for short range antiferromagnetic insulator 共Ref. 11兲. The
temperature-pressure phase diagram of NiS2 is expected to be similar in form to the temperature-composition phase diagram of
NiS2−xSex. In this study, the AFM boundary of NiS2 is found to be
at pc = 76⫾ 5 kbar. Thus, NiS2 at pc and NiSSe at ambient pressure
may be expected to be similar except for the level of quenched
disorder, which is normally higher in NiSSe than in NiS2. The residual resistivity of NiSSe is typically an order of magnitude higher
than in NiS2.

NiS2 near pc has an undulating component in its variation
with temperature that is not seen in NiSSe. This difference in
behavior might arise from the effects of cold and hot spots
on the Fermi surface as suggested by the model due to Rosch
discussed above.19,20
II. EXPERIMENT

Single crystals of NiS2 have been grown by chemical vapor transport using iodine as the transport agent.25 The residual resistivity ratio 关共273 K兲 / 0兴 above 50 kbar is about
30 for our samples, compared with about 3 for NiSSe.12 The
carrier mean free path of NiS2 is, thus, expected to be about
an order of magnitude higher than in NiSSe.
Pressure was applied by means of a nonmagnetic Bridgman cell using tungsten carbide anvils. The cell used is a
scaled down version of that designed by Wittig.31 The cullet
diameter of the anvils was 3.5 mm. The gasket was made of
pyrophyllite with a central hole to accommodate the NiS2
sample as well as a Pb sample and the steatite pressuretransmission medium. After compression, the sample space
was reduced to about 1.5 mm in diameter and 0.1 mm in
thickness. The pressure was determined from the superconducting transition temperature of the Pb sample.32 The width
of the superconducting transition suggested that the pressure
variation over the Pb sample was about 10% of the average
pressure.
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FIG. 2. Temperature dependence of the resistivity in the metallic
state of NiS2 at high pressures. ⌬ is 共T兲 − 0, where 0 is the
residual resistivity extrapolated to T = 0 K. The curves are shifted
vertically for clarity.

0.03

NiS

2

)9

0.02

p

c

m

ρ µΩc
(

0

The temperature variations of the resistivity of NiS2 in the
high-pressure metallic state above 40 kbar are presented in
Fig. 2 and 3. 关The insulator-to-metal transition 共not shown兲
was observed at around 30 kbar, in agreement with the
literature.25兴 Figure 2 shows ⌬ vs T up to 80 K, and Fig. 3
is an expanded view of ⌬ vs T in the range 0.05– 2 K.
Below 1 K, the resistivity can be described by an equation of the form  = 0 + AT2 over the entire pressure range
explored, 43– 96 kbar. The pressure variations of the fitted
values of A and 0 are given in Fig. 4. The T2 coefficient A
exhibits a peak at pc = 76⫾ 5 kbar.
Figures 5 and 6 compare ⌬ vs T2 and ⌬ vs T3/2, respectively, in three panels each covering different ranges in temperature. Figure 5共c兲, in particular, highlights the T2 variation
observed at all pressures with a peak of A at around pc as
discussed above. Figures 6共a兲–6共c兲 and 7, on the other hand,
suggest that near this pressure ⌬ varies roughly as T3/2 over
a decade in temperature above a few Kelvin. This is the
behavior predicted by the SCR model for a system on the
border of metallic antiferromagnetism as discussed in the

Introduction. The existence of a T2 regime even at pc, however, suggests that the transition into the antiferromagnetic
state below pc may not be continuous, i.e., that the antiferromagnetic quantum critical point is not quite reached due to
the onset of a first order transition 共see discussion兲. We note
that the weak pressure variation of the Fermi-liquid 共FL兲
crossover temperature TFL near pc 共see Fig. 7 and the caption兲 would seem to rule out an explanation of the T2 resistivity in terms of an inhomogeneity in pressure.

-2

III. RESULTS

FIG. 3. Low temperature variation of the resistivity in the metallic state of NiS2 at high pressures. ⌬ grows in strength up to
76 kbar 共a兲 and weakens gradually above 76 kbar 共b兲.
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The resistivity was measured via the four-terminal ac
technique. Four 50 m Pt leads were passed into the highpressure region via grooves in the insulating pyrophyllite
gasket. The bare wires were rested on top of the samples and
pressed onto the sample surface during pressurization to
achieve adequate electrical contacts.
The resistivity measurements were carried out with two
different and independent systems, a helium circulation cryostat 共ILL Orange cryostat; 1.5– 300 K兲 in Grenoble and an
adiabatic demagnetization refrigerator 共0.04– 100 K兲 in
Cambridge. The latter system had two voltage channels, one
with a low-temperature transformer and the other with a
room-temperature transformer. The excitation currents were
1 mA and 160 A in the Orange cryostat and in the adiabatic demagnetization fridge, respectively. The results obtained with these two experimental systems were consistent
with each other where comparisons could be made.
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FIG. 4. The T2 coefficient of the resistivity, A, and residual
resistivity, 0 共inset兲, of NiS2 in the metallic high-pressure state.
The parameters A and 0 are obtained by a fit of the resistivity as
indicated in the figure 共where no error bar is plotted, the error is
smaller than the point thickness兲. A is peaked at pc = 76⫾ 5 kbar.
This marks the boundary of the metallic antiferromagnetic state of
NiS2.
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FIG. 5. Resistivity vs T2 in the high-pressure metallic regime of
NiS2. The three panels are for different temperature intervals. A
quadratic temperature dependence of ⌬ is seen only at the lowest
temperatures 共below a few Kelvin兲 and the T2 coefficient of ⌬ is
peaked at pc ⬇ 76 kbar as shown in Fig. 4.

The identification of pc with the boundary of metallic antiferromagnetism is also suggested by the correspondence of
the temperature-pressure phase diagram of NiS2 and the
temperature-composition phase diagram of NiS2−xSex found
in earlier work.10,12,29,30 This predicted that the critical pressure for the border of metallic antiferromagnetism should be
around 60 kbar, which is of the same order of magnitude as
pc defined above. The identification of pc with the antiferromagnetic boundary in the metallic state is tentative and needs
confirmation by other measurements and, in particular, the
detection of a signature of TN in the resistivity for pressures
below pc. Here, we focus attention mainly on the behavior of
 near pc and contrast it with that of NiSSe at ambient pressure 共inset of Fig. 1兲.

FIG. 6. Resistivity vs T3/2 in the high-pressure metallic regime
of NiS2. The three panels are for different temperature intervals. An
approximately T3/2 variation of ⌬ is seen around pc ⬇ 76 kbar only
over a decade in temperature above a few Kelvin. ⌬ is quadratic in
temperature below a few Kelvin at all pressures in the metallic
regime studied 关see Fig. 5共c兲兴.

The non-Fermi-liquid behavior of ⌬ over a wide temperature range near pc 共low-temperature data at 76 kbar combined with 77 kbar data up to 300 K; the high-temperature
data is scaled to match the low-temperature data; the data
sets overlap between 5 and 70 K兲 is highlighted in Fig. 8.
Figure 8共a兲 shows the dramatic upturn of ⌬ / T2, which in
the Fermi-liquid regime is expected to saturate to a constant
value. Figure 8共b兲 is a plot of ln ⌬ vs ln T, which shows that
the average slope corresponds to a resistivity exponent close
to 3 / 2, as discussed above and as seen in NiSSe at ambient
pressure. However, in contrast to NiSSe, the temperature de-
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FIG. 7. 共Color online兲 The resistivity exponent n
=  ln ⌬ /  ln T in the temperature-pressure plane for NiS2 in the
metallic regime. A Fermi-liquid temperature dependence of the resistivity with n ⬇ 2 is seen at the lowest temperatures. The Fermiliquid range seems to have a minimal extension with TFL ⬍ 2K
close to pc ⬇ 76 kbar, although the pressure dependence above pc is
weak. A non-Fermi-liquid Tn form of the resistivity with n ⬇ 3 / 2 is
seen over approximately a decade in temperature above a few
Kelvin near pc.

pendence of the resistivity in NiS2 at pc exhibits an undulating structure which is evident in Fig. 8共b兲 and highlighted in
the temperature dependence of the resistivity exponent n
=  ln ⌬ /  ln T shown in the inset. We note that this undulating structure has been observed in several samples of NiS2
and in two independent measurement systems.

IV. DISCUSSION

The resistivity measurements suggest that antiferromagnetism in the high-pressure metallic state of NiS2 is suppressed at a critical pressure of pc = 76⫾ 5 kbar. At pc, we
find that the T2 coefficient of the low-temperature resistivity
A has its maximum and the Fermi-liquid crossover temperature TFL defined in the caption of Fig. 7 seems to be at a
minimum close to pc, although the pressure dependence is
weak above pc. Above TFL, near pc the resistivity has an
approximately T3/2 temperature dependence over a decade in
temperature. As already stated, this is the behavior expected
in the SCR model for a metal in three dimensions on the
border of antiferromagnetism at low temperatures. Also, we
note that pc is of the same order of magnitude as that inferred
for the correspondence between the temperature-composition
and temperature-pressure phase diagrams as discussed in the
previous section.
This suggests that magnons cause non-Fermi-liquid behavior in NiS2. Non-Fermi-liquid behavior due to magnons
follows, in the SCR model, from an underlying quasiparticle
scattering rate that varies linearly with the excitation energy
E of a quasiparticle near the Fermi level 共the scattering rate
is proportional to E2 for quasiparticles in a Fermi liquid兲.1–4
It is improbable that TFL merely marks the onset of phonon
scattering, as its contribution should be negligible at low
temperatures. There is no other likely scattering mechanism
which could mask Fermi-liquid behavior at low temperatures.

FIG. 8. The non-Fermi-liquid form of the resistivity of NiS2
near pc ⬇ 76 kbar. 共a兲 ⌬ / T2 vs T does not saturate and, thus, has a
non-Fermi-liquid form over a wide temperature range, except at
very low temperatures 共Fig. 5共b兲兲. A plot of ln ⌬ vs ln T and the
resistivity exponent n =  ln ⌬ /  ln T vs ln T 共inset: circles and
squares determined from low- and high-temperature data sets, respectively兲 exhibits an undulating form in contrast to the simple T1.6
temperature dependence seen in NiSSe 共Ref. 12 and Fig. 1兲. This
undulating form of the resistivity has been seen in different NiS2
specimens and with two independent measurement systems.

The weakness or absence of a signature of TN in the resistivity below pc is not necessarily surprising since the same
is the case for NiS2−xSex in the range 0.4艋 x 艋 1,12,33 where
antiferromagnetic order has been confirmed by neutron
scattering.10,34,35 The signature of TN in  can be washed out
by inhomogeneities in composition or pressure and may only
show up in high-precision measurements of  / T in the
pressure range where TN is not too strongly varying with
pressure and where pressure is hydrostatic.
The fact that TFL and, correspondingly, the T2 coefficient
of the low-temperature resistivity A remain finite at pc is not
necessarily inconsistent with our assumption that pc marks
the border of antiferromagnetism. The antiferromagnetic
transition vs pressure may be first order as is found in a
number of antiferromagnetic metals such as YMn2 and
GdMn2.36 However, the observation of a clear increase of A
toward pc suggests that the transition is only weakly first
order, i.e.,  stays finite but is reduced to a small value toward pc. Low-energy spin fluctuations are frozen out in an
energy interval proportional to 2, which explains the pressure dependence of TFL and the observation of a T2 resistiv-
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ity in a small low-temperature interval even at pc. We note
that first order quantum phase transitions also seem to be
common in ferromagnetic metals such as MnSi and
Ni3Al.5,37,38 TFL and A remain finite at the antiferromagnetic
boundary of YMn2, a system that shares some features in
common with NiS2. 共We note, however, that the absence of
Fermi-liquid behavior does not necessarily mean that the
quantum phase transition is continuous.13,14兲
The Fermi-liquid crossover temperature TFL in NiS2 is
very much lower than the characteristic spin fluctuation temperature Tsf which may be expected to be of the order of
103 K in a typical d metal. We consider to what extent the
behavior above TFL, but below Tsf , may be understood in
terms of an itinerant-electron model for a continuous antiferromagnetic quantum critical point. The predictions of the
SCR model as analyzed by Rosch have already been outlined
in the Introduction for an antiferromagnetic quantum critical
point. With increasing reduced temperature t = T / Tsf , the
SCR model predicts that the resistivity exponent n
=  ln ⌬ /  ln T drops from an initial value of 3 / 2 toward
unity around t ⬇ 1 / kFl, back to a value of order 3 / 2 around
t ⬇ 1 / 冑kFl, and then to zero for t Ⰷ 1 / kFl.18–20 This behavior
is qualitatively similar to that seen in NiS2 at pc and above
TFL 共inset of Fig. 8兲. For reasonable choices of parameters
for NiS2, Tsf ⬇ 103 K, kF ⬇ 0.5 Å−1, and l ⬇ 140 Å−1,39 we
expect the minimum of n to occur near 15 K and the maximum at around 120 K. These crossover temperatures are in
rough agreement with our observations.
In NiSSe, l is an order of magnitude smaller than in NiS2
and, thus, the minimum and maximum of n are expected to
arise at around 100 and 320 K, respectively. Over the temperature range of the experiments shown in the inset of Fig.
1, the model predicts a simple T3/2 temperature dependence
without modulation, as is seen. The difference in the behavior of NiS2 and NiSSe at their respective critical conditions
is, thus, not surprising. The combined effects of scattering
from spin and lattice fluctuations might also lead to an undulating behavior of n, but this would naively be expected to
arise in both NiS2 and NiSSe, in contradiction with observation. A systematic study of NiS2 samples with different pu-
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