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High magnetic fields and the correlation gap in SmB6
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We report the results of electrical resistivity measurements on SmB6 in magnetic fields as large as 18 T
and pressures as large as 66 kbar. We find that the activation gap b extracted from these measurements
has an anomalously weak field dependence, even when pressures of —50 kbar are used to tune 6 to insta-
bility. Our results imply the existence of strong exchange interactions in the low-pressure, gapped state,
and argue that 6 originates with many-body correlations. Nonetheless, the small, negative magne-
toresistance Ap(H)/p~ o ~ —H observed below 50 kbar is completely accounted for by the weak field
variation of A. A sign change in the magnetoresistance accompanies the gap collapse, with the high-
pressure, gapless metal having Ap(H)/pH=p~H' . The Fermi surface deduced from these measure-
ments is similar to that of noninteracting, trivalent LaB6, but with a volume which increases rapidly with
pressure.

I. INTRODUCTION

Despite more than 20 years of experimental effort,
many fundamental aspects of the mixed valent-Kondo in-
termetallic Sm86 continue to elude understanding. In-
frared absorption, ' inelastic neutron scattering, optical
conductivity, electron tunneling, and electrical trans-
port measurements all detect a small electronic gap
6=40—100 K. However, the low-temperature transport
properties of Sm86 are manifestly metallic, having a large
but finite resistivity below -4 K, indicating that the
Fermi level is pinned within the gap. There is consider-
able controversy whether these in-gap states are intrinsic,
present in pristine Sm86, ' ' or extrinsic, dictated entire-
ly by sample quality. '

We have recently performed a series of high-pressure
electrical resistivity and Hall-efFect measurements on
Sm86 to address this issue. We find that the concentra-
tion of the gap states is extremely pressure dependent,
and that these states dominate the transport to increas-
ingly high temperatures as the gap is suppressed by pres-
sure. We argue that the states are primarily intrinsic and
share stability with that of the activation gap itself, which
electrical resistivity measurements find collapses at -50
kbar. Since there is no accompanying crystal symmetry
change or cell volume instability at the critical pressure,
the disappearance of the gap cannot be interpreted as a

simple band-crossing transition.
Our results indicate that the gap in SmB6 is not a

feature of the single-particle band structure, but instead
arises from strong electronic correlations. What is more,
the relationship between the concentration of gap states
and the magnitude and stability of the gap itself is highly
reminiscent of another correlation gap system, the Mott-
Hubbard insulator. Here, the electronic gap originates
with a strong on-site Coulomb interaction, and the
insulator-metal transition is thought to be mediated by
intrinsic states appearing in the preformed gap. '

Despite these similarities, there is no microscopic reason
to believe that Sm86 is literally a Mott-Hubbard system
akin to transition-metal oxides. That is, while our high-
pressure transport measurements argue that 5 cannot be
a feature of a noninteracting electronic structure in
SmB6, the origin of the gap remains in question. We ad-
dress this issue here in a series of high-pressure resistivity
measurements which assess the effects of large magnetic
fields both on 6 and also on the low-temperature trans-
port attributed to the in-gap states. A preliminary report
of these results has already appeared. "

II. EXPKRIMKNTAI. PROCEDURE

Single crystals of Sm86 were prepared from an alumi-
num Aux, and were carefully screened for a resistivity in-
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crease of at least 10 between room temperature and 4.2
K. Pressures as large as 100 kbar were generated in a
miniaturized Bridgman anvil cell. A superconducting
lead manometer' was used initially to establish the pres-
sure dependence of the SmB6 activation gap and residual
resistivity, which served as secondary pressure standards
in subsequent high magnetic-field measurements. Mag-
netic fields as large as 18 T were generated in a supercon-
ducting solenoid at the National High Magnetic Field
Laboratory-Pulsed Field Facility at Los Alamos National
Laboratory. Measurements up to 7 T were performed in
our home laboratory at the University of Michigan. In
every case, the measuring current was applied in the
plane perpendicular to the magnetic field, which lay
along one of the principle axes of the cubic crystal. Tem-
peratures were stabilized in field by correcting the control
sensor for magneto resistance using standard calibra-
tions. ' This technique was found to provide no more
than 20—30 mK reproducible temperature offset in a field
of 18 T at a fixed temperature of 4.2 K.
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FIG. 2. Pressure dependence of the 4.2 K magnetoresistance
in the low-pressure gapped state, hp(H) = —B(P,T)H . 4= 1

bar, 0 =12 kbar, ~=24 kbar, =33 kbar.

III. EXPERIMENTAL RESULTS

As we previously reported, " the temperature depen-
dence of the electrical resistivity p(T) was measured in
zero field and in 18 T, at the relatively low pressure of 12
kbar, and in the vicinity of the gap collapse, 45 kbar.
p( T) is activated at both pressures and the transport gap

was extracted from fits to p( T)=pa(P)exp(b (P) /
k~ T ). Our surprising result is that the electronic gap b,

is almost completely unaffected by large magnetic fields,
decreasing at 12 kbar by less than 4% from 30.7+0.4 K
at H=O to 29.5+0.4 K at 0=18 T. This insensitivity to
magnetic fields is even more strikingly demonstrated
when a pressure of 45 kbar is used to tune 6 to the gap

instability, resulting in a zero-field value of 11.6+0.2 K.
Here, b, increases -20% from its H=0 value to
13.9+0.2 K at 18 T. Again, the effect of magnetic fields
is surprisingly weak, since the Zeeman splitting associat-
ed with a field of 18 T and a free-electron Lande g factor
of 2 is 25 K, more than twice the magnitude of the mea-
sured gap.

The detailed field dependence of the electrical resistivi-
ty measured at fixed temperature argues that the magne-
toresistance has different origins at low and high pres-
sures. To investigate this hypothesis, we have carried out
a detailed study of the magnetoresistance for pressures
both above and below the gap instability at -50 kbar,
and for temperatures between 1.2 and 40 K. These obser-
vations are summarized in Fig. 1, which reports the sign
and field dependence of the 7 T magnetoresistance
p(7T) p(OT)lp(OT), a—t all the temperatures and pres-
sures studied. The pressure-dependent, zero-field activa-
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FIG. 1. Sign and Seld dependence of the electrical resistivity

p as a function of pressure and temperature.
~p(H)/pH =0" H () ~p(H)/pH =0"H (R)s ~p(H)/
pH 0=admixture of —H, H (0). Maximum Seld is 7 T.
Also depicted is the pressure-dependent activation gap
h(P)(E ), which vanishes near 50 kbar.
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FIG. 3. Pressure dependence of the coefficient B(P,T), for
temperatures ranging from 1.2 to 10 K.
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FIG. 5. Pressure dependence of the coefficient C (P, T)
for the high-pressure magnetoresistance Ap(H =0) /p~ —o

=C(P, T)H

tion gap b, (P) is plotted for comparison. Roughly speak-
ing, a negative, quadratic magnetoresistance is found as
long as the experimental temperature is less than A(P)
and a positive magnetoresistance proportional to H is
found both at high temperature and for pressures at
which 6 has been completely suppressed. The sign
change in the magnetoresistance does not herald a sharp
phase transition, as complex field dependencies resulting
from almost equivalent positive and negative components
are found along the interface of the two regions.

Our measurements indicate that the overall magne-
toresistance of SmB6 can be explained very naturally as
the result of two pressure-dependent components, one
positive and associated with the high-pressure metallic
state, and one negative, associated with the low-pressure
gapped state. Distinctive field dependencies for the elec-

trical resistivity in SmB6 can be identified in each regime.
The magnetoresistance data plotted in Fig. 2 for T=4.2
K and pressures ranging from 1 bar to 33 kbar are
representative of the low-temperature, low-pressure
gapped regime. In agreement with a previous report in
fields as large as SO T, ' here the magnetoresistance is
negative and quadratic in field hp(H)/pH
= l 8(P—)H The pressure dependence of the
coe%cient B at fixed temperatures ranging from 1.2 to 10
K is plotted in Fig. 3, demonstrating that at all tempera-
tures this component of the magnetoresistance drops ap-
proximately linearly as the pressure is increased from 1

bar to 4S kbar, apparently vanishing as the gap instability
at —50 kbar is approached. At all pressures, B(P)
achieves a maximum magnitude between 4.2 and 6 K,
perhaps refIecting a crossover in the zero-field transport
from the high-temperature regime, dominated by excita-
tions across the gap, to the low-temperature metallic re-
gime.

Figure 4 shows that the high-pressure gapless regime at
4.2 K is characterized by a positive magnetoresistance,
bp(H)/pH o=C(P)H ~ . Similar results are found at
higher temperatures. As demonstrated in Fig. S, this
positive component of the measured magnetoresistance
has a pressure dependence complementary to that of the
low-pressure state. At all temperatures, C(P) increases
sharply as the critical pressure is approached from above,
while increasing temperature reduces the overall pressure
dependence. Significantly, C(P) is entirely absent in the
low-pressure, gapped regime, except at the highest tem-
peratures, indicating that the positive magnetoresistance
is entirely a property of the ungapped state in SmB6.

IV. DISCUSSION

A. The field dependence of the activation gap 8

We begin our discussion of these experimental results
by considering the weak magnetic-field dependence of the
activation gap A. The magnetic-field dependence of elec-
tronic gaps is inevitably traced to Zeeman splitting of the
gap-edge states, with a magnitude given by their Lande g
factor g:

b, (H) —ba=o+gpqH .

The properties of the gap-edge states can be expected to
differ considerably, depending on the microscopic origin
of the gap and possible many-body interactions among
the states in the conduction and valence bands. In this
spirit, the magnetic-field dependence of an electronic gap
can give important insight into its origin, particularly in
systems in which 5 is suspected to result from electronic
correlations. We specialize our discussion here to SmB6,
and consider in detail several scenarios for the gap origin,
each leading to distinct field dependencies which can be
compared to our experimental results.

The first possibility that we consider is that the gap in
Sm86 is a feature of the single-electron band structure.
Self-consistent calculations of the electronic structure of
cubic rare-earth hexaborides find that only one band
crosses the Fermi level. ' The valence and conduction
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bands correspond to the bonding and antibonding orbit-
als of the B6 octahedra, and are completely filled by two
electrons. While substantial admixture of extended 5d
character from the rare earth is expected at the X points,
in this view the rare-earth ions serve merely as an elec-
tronic reservoir, with their valence setting the band-
filling. ' Single-particle excitations necessarily leave un-
paired electrons, which couple to the magnetic field with
a g factor given by the local band structure, -2 for near-
ly free conduction electrons. ' Narrow band gap InSb
provides a classic example of this effect, with an applied
m.agnetic field of 0.8 T increasing the activation gap by
more than a factor of 2. '

The situation is somewhat similar for the hybridization
gap phase found in the mean-field limit of the Kondo lat-
tice model. ' Here, 6 arises from the coherent hybridiza-
tion of a lattice of Sm + moments, partially compensated
through their interaction with the conduction elec-
trons. Since 6 is associated with the single-ion Kondo
temperature Tz, single-particle excitations correspond to
the unbinding of a Sm 4f moment —conduction-electron
singlet, resulting in a magnetic triplet state. ' Unlike the
simple band gap described above, these gap-edge states in
both the valence and conduction bands have substantial
local moment character. For SmB6, the I 8 ground state
of the Sm +(J=5/2) ions in a cubic crystal field has

g =2/7, although the larger g factors of the relatively
low-lying excited I 7 level as well as those of the admixed
conduction-electron states suggest this is a lower bound
on the measured g factor. ' These arguments very suc-
cessfully describe the magnetic-field suppression of the
gap in YbBi2, where a magnetic field of -20 T is found
to continuously close the 50 K zero-field gap, correspond-
ing to g= 3.5, in good agreement with the g factor expect-
ed for Yb + ions in a cubic crystal field. Gap anisotro-

py in CeNiSn, and a complicated, temperature-
dependent magnetoresistance in Ce3Bi4Pt3 have hin-
dered similar analyses in these proposed Kondo insula-
tors.

The g factor we deduce from the magnetic-field depen-
dence of the activation gap in SmB6 is too small to be ac-
commodated by either of these models. Specifically, at 12
kbar b, (H =0)—b, (18 T)=1.2+0.8 K, giving a Lande g
factor g =0.1+0.06. At 45 kbar, b, (H =0)—b, (18 T)
= —2.3+0.4 K yielding slightly larger g =0.19+0.03.
In both cases, the coupling of the magnetic field to the
electronic structure is anomalously weak, and cannot be
explained within the context of either the single electron-
band structure, or the Kondo hybridization gap models
described above.

We hypothesize that the nonmagnetic character of the
gap-edge states in SmB6 results from strong exchange
coupling J, which renders them nonmagnetic singlets as
in a Mott-Hubbard insulator. J sets the scale for magnet-
ic fields to affect the gap, as minimal Zeeman splitting of
the gap-edge states can be expected until the exchange in-
teraction is overcome. Different relationships between J
and 6 are expected, depending on the microscopic phys-
ics. In a Mott-Hubbard insulator, J and 6 are related
through the bandwidth t, J—t /6 « h. If g is an ionic g
factor describing the gap-edge states, a field gp&H-6 is

always sufficient to overcome the exchange coupling in a
Mott-Hubbard system with a gap. The field insensitivity
of 6 in SmB6 argues that here the energy scale for ex-
change is much Iarger than the gap, and confirms that
Sm86 is not a Mott-Hubbard insulator. A more likely
scenario has been suggested by Varma, in which the ex-
change coupling of partially compensated Sm + moments
can be traced to the Ruderman-Kittel-Kasuya-Yosida in-
teraction, which must nevertheless be too weak to drive
long-range antiferromagnetic order in SmB6. We point
out that the presence of exchange interactions would dis-
tinguish SmB6 from Kondo insulators like CeNiSn, which
inelastic neutron-scattering experiments find has J—+0
as co~0.

B. Origin of the magnetoresistance

p(T) =poexp[b(P, H)/ks T],
dp po

dH P dH+ PdH

(2)

At 4.2 K, 87% of the measured magnetoresistance at 12
kbar is accounted for by the second term, while at 45
kbar this fraction has dropped to 77%%uo. Regardless of the
gap origin, the field suppression of 5 results in the ob-
served negative magnetoresistance, which must necessari-
ly vanish at the critical pressure. Ignoring the field
dependence of po, it is possible to invert (2) and experi-
mentally deduce the magnetic-field dependence of h. As
demonstrated in Fig. 6, b.(H) is reduced quadratically by
field. 6 becomes progressively less sensitive to magnetic
fields as the critical pressure for gap collapse is ap-
proached, providing a natural explanation for the disap-
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FIG. 6. The magnetic-field dependence of the activation gap
6 deduced from the 4.2 K magnetoresistance using Eq. (2) at 1
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Since the temperature dependence of the electrical
resistivity remains activated, even in large magnetic
fields, there are two possible sources of the magnetoresis-
tance in the gapped state:
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pearance at I', of the coefficient of the negative magne-
toresistance depicted in Fig. 3.

As the pressure is increased towards the gap instabili-
ty, the magnetoresistance —like the zero-field
transport —is increasingly dominated by states which pin
the Fermi level in the gap. Equations (2) and (3) are no
longer adequate to describe the low-temperature trans-
port, either in a field or not. The measured field depen-
dence of the electrical resistivity hp(H) /pH=C(T, P)H provides us insight into the Fermi surface
describing these metallic gap states, a conclusion
strengthened by the complete absence of this component
of the magnetoresistance in the low-pressure, gapped
state. Significantly, the simple uncompensated metal
La86 has a very similar magnetoresistance
bp(H)/pIr O~H' for H~~100lI, and de Haas —van Al-
phen measurements confirm the presence of an open orbit
in this direction on the Fermi surface. We hypothesize
that the magnetoresistance in high-pressure SmB6 results
from a similar Fermi-surface orbit. Since both the elec-
trical resistivity and carrier concentration vary consider-
ably with both temperature and pressure in the high-
pressure gapless regime of SmB6, it is dificult to compare
orbit parameters in SmB6 and LaB6 using the raw magne-
toresistance data presented in Fig. 4. Instead, we use
Kohler's rule '

bp(H)lpH 0=9(co,r),
co, =eH/m*c, r=m'pIr 0/ne

to scale the 4.2 K magnetoresistance by the pressure-
dependent carrier concentration n and zero-field resistivi-
ty pH 0. The magnetoresistance of SmB6 measured in
fields up to 7 T is presented as a function of
co, r=H/pH one in Fig. 7, for pressures from 53 to 66
kbar. Similar data for La86 are shown for comparison.
While V(co, r) ~(co,r) ~ in each case, suggesting a com-
mon Fermi-surface orbit, it is clear that the orbital pa-
rameters themselves vary considerably with pressure in
Sm86. Since a larger co, ~ is required to provide an
equivalent magnetoresistance as pressure is increased, we
deduce that the Fermi-surface orbit —if not the Fermi
surface itself —expands as pressure is increased above the
critical pressure. Assuming that the origin of this expan-
sion is the pressure-induced addition of electrons previ-
ously localized in Sm orbitals, we predict that the orbit
must expand still more and approach' the dimensions
found in trivalent, isostructural LaB6 as pressure in-
creases the Sm valence towards 3.

V. CONCLUSION

In summary, neither the single-electron band structure
or Kondo insulator models successfully describe the weak
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magnetic-field dependence of the activation gap we have
found in SmB6. By analogy to Mott-Hubbard insulators,
we suggest that the gap-edge states experience exchange
coupling, with an energy scale for exchange much larger
than the correlation gap itself. Nonetheless, the negative
magnetoresistance found in the low-pressure gapped state
can be almost entirely attributed to the weak-field depen-
dence of the gap. At higher pressures, the pressure-
induced collapse of the gap is accompanied by a sign
change in the magnetoresistance. The field dependence
of the resistivity above the critical pressure -50 kbar is
very similar to that of LaB6, indicating carriers in a simi-
lar Fermi-surface orbit. Pressure is found to increase the
orbital radius, and we conclude that the carriers are being
transferred from localized Sm levels to the Fermi level,
commensurate with the valence increase found over the
same pressure range. Our results indicate that at the
highest pressures, the electronic properties of SmB6 will
closely resemble those of LaB6, with the possible distinc-
tion of weak Kondo coupling to the Sm + moments.
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