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FIGURE 1. Depicting localized 4 f , 5 f and 3d atomic wavefunctions.

represented by a single, neutral spin operator

�S=
h̄

2
�σ

where �σ denotes the Pauli matrices of the localized electron. Localized moments de-

velop within highly localized atomic wavefunctions. The most severely localized wave-

functions in nature occur inside the partially filled 4 f shell of rare earth compounds

(Fig. 1) such as cerium (Ce) or Ytterbium (Yb). Local moment formation also occurs

in the localized 5 f levels of actinide atoms as uranium and the slightly more delocal-

ized 3d levels of first row transition metals(Fig. 1). Localized moments are the origin

of magnetism in insulators, and in metals their interaction with the mobile charge car-

riers profoundly changes the nature of the metallic state via a mechanism known as the
“Kondo effect”.

In the past decade, the physics of local moment formation has also reappeared in

connection with quantum dots, where it gives rise to the Coulomb blockade phenomenon

and the non-equilibrium Kondo effect.
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FIG. 1. The electrical resistivity p as a function of tem-
perature (a) and inverse temperature (b). (b) Q = 1 bar,
Q = 24 kbar, = 25 kbar, = 33 kbar, A = 45 kbar, and
A = 53 kbar. The solid lines in (b) are fits by the function
[p(T)] ' = [po(P)] ' + (p„,(P) exp[A(P)/k&T]) ', described
in the text.
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FIG. 2. The pressure dependences of the activation gap 5 (a)
and residual carrier density no = I/R (T =H0) (b). Dashed line
indicates approximate pressure for disappearance of A. Solid
lines are guides for the eye.

linearly -0.5 K/kbar from its ambient pressure value of
41 K. Above 45 kbar, the resistivity is metallic and it is
no longer possible to extract an activation gap.
Our measurements indicate a gap instability at a critical

pressure P,. between 45 and 53 kbar, in disagreement with
the conclusions of previous workers [5,6], who found
that 5 vanished continuously near 60 kbar. In one of
these studies [5] the sample was of demonstrably lower
quality than our own, with a significantly smaller ambient
pressure 6 = 33 K and a much smaller po —10 mA cm,
both symptomatic of Sm vacancies or defects introduced
in powdering [8]. Our measurements suggest that the gap
instability is a feature only of the highest quality samples,
as P,. increases markedly with reduced sample quality,
passing out of our experimental pressure window of
180 kbar for po ~ 0.1 A cm. We further believe that the
simple activation fits used to determine 6 in both earlier
experiments were overly weighted by the temperature
independent resistivity below -3.5 K, particularly near
P, . Figure 1(b) demonstrates that near P, the range
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FIG. 3. The absolute value of the Hall constant RH of SmB6
as a function of inverse temperature.

of temperatures over which simple activation fits are
linear becomes increasingly limited and problematic to
define with increased pressure. In contrast, our parallel
resistor formulation provides uniformly good fits over this
pressure range, and consequently yield a more accurate
determination of A.
Since there is no evidence in SmB6 for a discontinuous

structural change at or below 60 kbar [9], the sudden dis-
appearance of 5 suggests that it is not a simple hybridiza-
tion gap, for in that case the insulator-metal transition
occurs by band crossing and the gap is suppressed con-
tinuously to zero. A valence instability can be similarly
discounted, as high pressure x-ray absorption measure-
ments [10] find that the Sm valence increases smoothly
from +2.6 to +2.75 between 1 bar and 60 kbar.
We have used Hall effect measurements to study the

evolution of the camers in the vicinity of P, The Hall
constant RH is plotted as a function of 1/T in Fig. 3 for
pressures ranging from 1 bar to 66 kbar. We find that
RH is negative for temperatures T between 1.2 and 40 K
and at all pressures, as well as independent of magnetic
fields as large as 18 T. As has been previously noted at
1 bar [11], RH is both large and extremely temperature
dependent with a maximum at 4 K, at each pressure
becoming temperature independent below -3 K. It has
been proposed [12] that this temperature dependence
for RH is characteristic of Kondo lattices, rejecting
a crossover from high temperature incoherent to low
temperature coherent skew scattering. However, similar
maxima in RH(T) occur in doped semiconductors as in-
gap impurity states dominate intrinsic activated processes
with reduced temperature [13].
We do not address the full temperature dependence

of RH here, instead limiting our discussion to the
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FIG. 3: Fermi surface and dispersion maps of SmB6. (a) Fermi surface plot of SmB6

measured by 7 eV LASER source at temperature of 7 K. A small � pocket and a large X pocket

are observed. A big elliptical and a small circular shaped black dash lines around X and � points

are guide for the eyes. Inset shows a schematic plot of Fermi surface in the first Brillouin zone. (b)

Electronic dispersion map (left) and its energy distribution curves (EDCs) for � pocket. (c) same

as (b) for X band. (d) Comparison of integrated EDC for � and X band. A gap value of about 15

meV is observed in both cases.
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becoming temperature independent below -3 K. It has
been proposed [12] that this temperature dependence
for RH is characteristic of Kondo lattices, rejecting
a crossover from high temperature incoherent to low
temperature coherent skew scattering. However, similar
maxima in RH(T) occur in doped semiconductors as in-
gap impurity states dominate intrinsic activated processes
with reduced temperature [13].
We do not address the full temperature dependence

of RH here, instead limiting our discussion to the
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FIG. 3: Fermi surface and dispersion maps of SmB6. (a) Fermi surface plot of SmB6

measured by 7 eV LASER source at temperature of 7 K. A small � pocket and a large X pocket

are observed. A big elliptical and a small circular shaped black dash lines around X and � points

are guide for the eyes. Inset shows a schematic plot of Fermi surface in the first Brillouin zone. (b)

Electronic dispersion map (left) and its energy distribution curves (EDCs) for � pocket. (c) same

as (b) for X band. (d) Comparison of integrated EDC for � and X band. A gap value of about 15

meV is observed in both cases.
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linearly -0.5 K/kbar from its ambient pressure value of
41 K. Above 45 kbar, the resistivity is metallic and it is
no longer possible to extract an activation gap.
Our measurements indicate a gap instability at a critical

pressure P,. between 45 and 53 kbar, in disagreement with
the conclusions of previous workers [5,6], who found
that 5 vanished continuously near 60 kbar. In one of
these studies [5] the sample was of demonstrably lower
quality than our own, with a significantly smaller ambient
pressure 6 = 33 K and a much smaller po —10 mA cm,
both symptomatic of Sm vacancies or defects introduced
in powdering [8]. Our measurements suggest that the gap
instability is a feature only of the highest quality samples,
as P,. increases markedly with reduced sample quality,
passing out of our experimental pressure window of
180 kbar for po ~ 0.1 A cm. We further believe that the
simple activation fits used to determine 6 in both earlier
experiments were overly weighted by the temperature
independent resistivity below -3.5 K, particularly near
P, . Figure 1(b) demonstrates that near P, the range
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FIG. 3. The absolute value of the Hall constant RH of SmB6
as a function of inverse temperature.

of temperatures over which simple activation fits are
linear becomes increasingly limited and problematic to
define with increased pressure. In contrast, our parallel
resistor formulation provides uniformly good fits over this
pressure range, and consequently yield a more accurate
determination of A.
Since there is no evidence in SmB6 for a discontinuous

structural change at or below 60 kbar [9], the sudden dis-
appearance of 5 suggests that it is not a simple hybridiza-
tion gap, for in that case the insulator-metal transition
occurs by band crossing and the gap is suppressed con-
tinuously to zero. A valence instability can be similarly
discounted, as high pressure x-ray absorption measure-
ments [10] find that the Sm valence increases smoothly
from +2.6 to +2.75 between 1 bar and 60 kbar.
We have used Hall effect measurements to study the

evolution of the camers in the vicinity of P, The Hall
constant RH is plotted as a function of 1/T in Fig. 3 for
pressures ranging from 1 bar to 66 kbar. We find that
RH is negative for temperatures T between 1.2 and 40 K
and at all pressures, as well as independent of magnetic
fields as large as 18 T. As has been previously noted at
1 bar [11], RH is both large and extremely temperature
dependent with a maximum at 4 K, at each pressure
becoming temperature independent below -3 K. It has
been proposed [12] that this temperature dependence
for RH is characteristic of Kondo lattices, rejecting
a crossover from high temperature incoherent to low
temperature coherent skew scattering. However, similar
maxima in RH(T) occur in doped semiconductors as in-
gap impurity states dominate intrinsic activated processes
with reduced temperature [13].
We do not address the full temperature dependence

of RH here, instead limiting our discussion to the
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WF law violation are all related, and (ii) a good
indicator for their joint occurrence is a linear-T
resistivity. Returning to our comparison with
cuprates, a similar connection between r ~ T
and Z = 0 appears to exist there as well. Indeed, a
recent measurement of the (azimuthal) anisotropy
of the in-plane scattering rateG(f) in an overdoped
cuprate (24) revealed that G ~ Tat f = 0, where the
Fermi surface is eventually destroyed (at lower
doping), and G~T 2 at f = p/4, where it survives.

It is instructive to compare our findings with
the properties of other materials and theories of
quantum criticality. AT3/2 resistivity is observed in
CeIn3 near the pressure-tuned QCP where its AF
order vanishes (6). CeIn3 is the cubic parent
compound of tetragonal CeRhIn5 and, along with
the increase in c/a ratio, the ordering temperature
drops from TN = 10 K in the former to TN = 3.8 K
in the latter. However, they still have comparable
TSF (assuming that in CeIn3 TSF ≅ TN). CeCoIn5
encounters a further stretch of the c/a ratio, and
long-range AF order is no longer stabilized.
However, it can still be viewed as a layered ver-
sion of CeIn3, with similar in-plane correlations
and scattering. In this sense, the T3/2 dependence
observed in CeCoIn5 can be viewed as the result of
antiferromagnetic fluctuations that are character-
istic of the parent compound. Theoretically, a T3/2

resistivity is expected for AF critical fluctuations in
3D from the so-called quantum spin density wave
(SDW)model (17, 25, 26). In this scenario, critical
scattering is peaked at “hot spots” connected by the
AFwave vectors (25). As T→0, one would expect
the Fermi surface to remain sharp everywhere else,
and thus the WF law to prevail, as found here for
in-plane currents.

A T-linear resistivity is observed at the
composition-tuned QCP of CeCu5.9Au0.1 (7)
and field-tuned QCP of YbRh2Si2 (12), where
AF order is thought to disappear. [In these cases,
the power law is linear in both high-symmetry

directions (15, 27).] The fact that a linear power is
inconsistent with the SDW model for AF fluc-
tuations in 3D prompted the proposal of a 2D
version (28) and of an alternate theory, where
critical scattering is local in space and therefore
present at all wave vectors (29). These scenarios
would lead to a more extreme breakdown of FL
theory, because the Fermi surface is “hot” not
only at certain specific spots but everywhere. It
was argued in (8) that the specific heat data on
Ge-doped YbRh2Si2, which shows a C/T that
exceeds the log(1/T) dependence at low temper-
ature, may be an indication of such enhanced
breakdown. In CeCoIn5, the fact that it is in the
direction where r ~ T that the WF law is violated
is certainly consistent with this picture. Clearly, it
would be interesting to test the WF law in
YbRh2Si2.

Bringing together our findings for T→0 and
T > 0, a picture of qualitative anisotropy emerges,
not present in either the SDW model or the local
criticality model, at least in their current forms.
The characteristic spin fluctuation temperature
TSF vanishes at the QCP for transport along the c
axis but not in the plane. As a result, the break-
down of FL theory is extreme in the c direction:
rc ~ T and wc ~ T down to the lowest temper-
atures and the T = 0 Fermi surface is blurred, that
is, the quasiparticle Z parameter vanishes, in re-
gions around the c-axis direction.

A possible origin for this anisotropic critical-
ity is an anisotropic spin fluctuation spectrum.
First, an AF instability is present in all three
CeMIn5 compounds (M = Co, Rh, Ir), as shown
by the fact that magnetic ordering can be induced
by Cd doping (30). Second, a magnetic field does
tune the magnetism. In CeRhIn5 under pressure
(where it becomes in many ways more similar to
CeCoIn5, e.g., by developing superconductivity
with the same Tc), a magnetic field stabilizes
long-range magnetic order (31, 32). In CeCoIn5,
it is the magnetic fluctuations that are tuned by a
magnetic field (21), with TSF starting at a value
equivalent to that of CeRhIn5 at high fields and
then lowered to a minimum at Hc. Third, the AF
fluctuations in CeCoIn5 have strongly anisotrop-
ic character (33), with magnetic moments well
coupled in-plane but weakly coupled interplane.
This is consistent with the helical ordering of
moments in CeRhIn5, commensurate in-plane
and incommensurate along the c axis. Therefore,
it seems natural to link this uniaxial anisotropy
with the observed anisotropy in TSF, power laws,
and Z(q). What is not yet known is whether a
scenario of AF critical fluctuations can indeed
cause a violation of the WF law at T→0.

However, the AF scenario is not the only
candidate for the anisotropic quantum criticality
of CeCoIn5. The “Kondo breakdown”model pro-
posed recently (23, 34), a type of deconfined
QCPwhere the hybridization between conduction
and f electrons goes to zero, captures some of the
key signatures—absence of magnetic order in the
phase diagram, strong anisotropy, multiple ener-
gy scales, and a T-linear behavior of both charge

and heat resistivities. Proximity to a Pomeranchuk
instability of the Fermi surface can also cause
anisotropy in electronic liquids (7). Recent cal-
culations show that the transport decay rate at
such a QCP has a linear T dependence every-
where on the Fermi surface except at “cold”
points, resulting in a T3/2 dependence of the
resistivity (35).
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Fig. 3. Anisotropic quantum criticality. Electrical
resistivity at the QCP (at H = 5.3, T ≅ Hc) for in-
plane (ra) and inter-plane (rc) current directions.
rc (T) remains linear over a 100-fold increase in
magnitude. By contrast, ra is linear only above a
characteristic fluctuation temperature TSF ≅ 4 K
(arrow) (18). (Inset) Thermal resistivity (wc ≡ L0T/kc)
at the QCP, for inter-plane transport. wc is perfectly
linear down to the lowest temperature.
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WF law violation are all related, and (ii) a good
indicator for their joint occurrence is a linear-T
resistivity. Returning to our comparison with
cuprates, a similar connection between r ~ T
and Z = 0 appears to exist there as well. Indeed, a
recent measurement of the (azimuthal) anisotropy
of the in-plane scattering rateG(f) in an overdoped
cuprate (24) revealed that G ~ Tat f = 0, where the
Fermi surface is eventually destroyed (at lower
doping), and G~T 2 at f = p/4, where it survives.

It is instructive to compare our findings with
the properties of other materials and theories of
quantum criticality. AT3/2 resistivity is observed in
CeIn3 near the pressure-tuned QCP where its AF
order vanishes (6). CeIn3 is the cubic parent
compound of tetragonal CeRhIn5 and, along with
the increase in c/a ratio, the ordering temperature
drops from TN = 10 K in the former to TN = 3.8 K
in the latter. However, they still have comparable
TSF (assuming that in CeIn3 TSF ≅ TN). CeCoIn5
encounters a further stretch of the c/a ratio, and
long-range AF order is no longer stabilized.
However, it can still be viewed as a layered ver-
sion of CeIn3, with similar in-plane correlations
and scattering. In this sense, the T3/2 dependence
observed in CeCoIn5 can be viewed as the result of
antiferromagnetic fluctuations that are character-
istic of the parent compound. Theoretically, a T3/2

resistivity is expected for AF critical fluctuations in
3D from the so-called quantum spin density wave
(SDW)model (17, 25, 26). In this scenario, critical
scattering is peaked at “hot spots” connected by the
AFwave vectors (25). As T→0, one would expect
the Fermi surface to remain sharp everywhere else,
and thus the WF law to prevail, as found here for
in-plane currents.

A T-linear resistivity is observed at the
composition-tuned QCP of CeCu5.9Au0.1 (7)
and field-tuned QCP of YbRh2Si2 (12), where
AF order is thought to disappear. [In these cases,
the power law is linear in both high-symmetry

directions (15, 27).] The fact that a linear power is
inconsistent with the SDW model for AF fluc-
tuations in 3D prompted the proposal of a 2D
version (28) and of an alternate theory, where
critical scattering is local in space and therefore
present at all wave vectors (29). These scenarios
would lead to a more extreme breakdown of FL
theory, because the Fermi surface is “hot” not
only at certain specific spots but everywhere. It
was argued in (8) that the specific heat data on
Ge-doped YbRh2Si2, which shows a C/T that
exceeds the log(1/T) dependence at low temper-
ature, may be an indication of such enhanced
breakdown. In CeCoIn5, the fact that it is in the
direction where r ~ T that the WF law is violated
is certainly consistent with this picture. Clearly, it
would be interesting to test the WF law in
YbRh2Si2.

Bringing together our findings for T→0 and
T > 0, a picture of qualitative anisotropy emerges,
not present in either the SDW model or the local
criticality model, at least in their current forms.
The characteristic spin fluctuation temperature
TSF vanishes at the QCP for transport along the c
axis but not in the plane. As a result, the break-
down of FL theory is extreme in the c direction:
rc ~ T and wc ~ T down to the lowest temper-
atures and the T = 0 Fermi surface is blurred, that
is, the quasiparticle Z parameter vanishes, in re-
gions around the c-axis direction.

A possible origin for this anisotropic critical-
ity is an anisotropic spin fluctuation spectrum.
First, an AF instability is present in all three
CeMIn5 compounds (M = Co, Rh, Ir), as shown
by the fact that magnetic ordering can be induced
by Cd doping (30). Second, a magnetic field does
tune the magnetism. In CeRhIn5 under pressure
(where it becomes in many ways more similar to
CeCoIn5, e.g., by developing superconductivity
with the same Tc), a magnetic field stabilizes
long-range magnetic order (31, 32). In CeCoIn5,
it is the magnetic fluctuations that are tuned by a
magnetic field (21), with TSF starting at a value
equivalent to that of CeRhIn5 at high fields and
then lowered to a minimum at Hc. Third, the AF
fluctuations in CeCoIn5 have strongly anisotrop-
ic character (33), with magnetic moments well
coupled in-plane but weakly coupled interplane.
This is consistent with the helical ordering of
moments in CeRhIn5, commensurate in-plane
and incommensurate along the c axis. Therefore,
it seems natural to link this uniaxial anisotropy
with the observed anisotropy in TSF, power laws,
and Z(q). What is not yet known is whether a
scenario of AF critical fluctuations can indeed
cause a violation of the WF law at T→0.

However, the AF scenario is not the only
candidate for the anisotropic quantum criticality
of CeCoIn5. The “Kondo breakdown”model pro-
posed recently (23, 34), a type of deconfined
QCPwhere the hybridization between conduction
and f electrons goes to zero, captures some of the
key signatures—absence of magnetic order in the
phase diagram, strong anisotropy, multiple ener-
gy scales, and a T-linear behavior of both charge

and heat resistivities. Proximity to a Pomeranchuk
instability of the Fermi surface can also cause
anisotropy in electronic liquids (7). Recent cal-
culations show that the transport decay rate at
such a QCP has a linear T dependence every-
where on the Fermi surface except at “cold”
points, resulting in a T3/2 dependence of the
resistivity (35).
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Fig. 3. Anisotropic quantum criticality. Electrical
resistivity at the QCP (at H = 5.3, T ≅ Hc) for in-
plane (ra) and inter-plane (rc) current directions.
rc (T) remains linear over a 100-fold increase in
magnitude. By contrast, ra is linear only above a
characteristic fluctuation temperature TSF ≅ 4 K
(arrow) (18). (Inset) Thermal resistivity (wc ≡ L0T/kc)
at the QCP, for inter-plane transport. wc is perfectly
linear down to the lowest temperature.
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