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Electron-tunneling studies of the hexaboride materials SmB6, EuB6, CeB6, and SrB6
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We present a series of tunneling measurements on the hexaboride materials SmB6, EuB6, CeB6, and SrB6.
In this group, SmB6, EuB6, and CeB6 possess magnetic moments, whereas SrB6 is nonmagnetic. Our tunneling
measurements show an asymmetric conductance, exhibiting a background that grows with energy in all four
materials. We find evidence of a partial gap, but with only a small depletion inN(E). Our measurements are
consistent with a two-band model in which the band overlap is reduced with decreasing temperature.
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Hexaboride materials have attracted considerable at
tion for over 30 years, due to their anomalous transport
magnetic properties.1–5 Interest in these materials arises fro
the fact that, although the hexaborides share the same cr
structure, there are strong qualitative differences in trans
properties among these materials. SmB6 has shown a resis
tivity that is activated with temperature,6–9 possibly due to
the formation of a gap at the Fermi level.10 This scenario has
been supported by optical5,11–14and NMR15,16spectroscopies
which show a shifting of the carriers away from the Fer
level. In addition, no evidence of long-range order in Sm6
has been observed down to 40 mK.8 EuB6 has a slightly
activated resistivity at temperatures above 300 K~Ref. 17!
and, upon cooling, the material becomes sligh
metallic.18,19 There is also a drop in resistivity as this mat
rial orders ferromagnetically at approximately 16 K,18,19 and
it has been suggested that EuB6 is a degenerate semicondu
tor that becomes a metal as it orders.19 The resistivity of
CeB6 possesses a Kondo-like minimum near 150 K, and
hibits semiconducting behavior down to approximately
K.20,21 At 2.3 and 3.2 K, antiferromagnetic and quadrupo
ordering occur, respectively, and the resistivity is metallic
the lowest temperatures.20–23 Finally, SrB6 is not magnetic,
since Sr does not generate a local moment, and there is w
suggesting that this material, originally considered as
semiconductor,24 may be a conventional semimetal.25,26 It
has been postulated that the formation of a hybridization
may influence the transport properties of these materials

Electron tunneling has been a powerful experimental t
for directly probing the density of states. We chose to fab
570163-1829/98/57~15!/8747~4!/$15.00
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cate planar tunnel junctions, since they are low in curr
density and thus are not subject to nonequilibrium heat
effects. All of our tunnel junctions were made using P
counterelectrodes, and the data presented here are repr
tative of junctions that showed the highest quality Pb sup
conducting phonon and gap structure; see the inset of Fig
In order to simplify the analysis, we present conductan
measurements above the superconducting temperature o
We have fabricated over 40 tunnel junctions for each ma
rial, except for CeB6 where eight junctions have been stu
ied.

The single-crystal samples, which possessed smooth
faces, were grown from an Al flux and were tetragonal
shape, nominally 13135 mm3. The magnetic properties o
the materials were examined in a superconducting quan
interference device magnetometer, and the results were
sistent with earlier reports by other workers. The tunnel ju
tions were fabricated using a variety of methods. Althou
the success rate was highly dependent on the particular
rication method, the best quality junctions yielded identic
conductance curves, regardless of the fabrication proc
The most successful technique involved etching the crys
in a 10% Br in isopropyl alcohol solution for 10 min, fol
lowed by oxidation in a pure O2 atmosphere.~It should be
noted that mixing these two etch constituents is extrem
exothermic and must be done very slowly.! The Sm com-
pound required oxidation at 80 °C for 1 h, while room
temperature oxidation was sufficient for the other co
pounds. We believe the etching process removes boron f
the surface of the crystal, leaving a thin metal-rich surfa
8747 © 1998 The American Physical Society
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8748 57BRIEF REPORTS
which is subsequently oxidized. Alternate etching proces
in which the boron was removed and the remaining me
was oxidized produced the same results.

Figure 1 shows the conductance curves for a SmB6 tunnel
junction at various temperatures. The curves show an as
metric conductance centered at23 mV that grows with volt-
age as one moves away from the Fermi level. As the te
perature is reduced, there is a depletion in the conducta
below 7 mV, which we identify as the gap voltage, a val
which is in good agreement with previous tunneling work
this material.11,27,28 The missing spectral weight in this re
gion appears above this gap, extending to a voltage of
mV. This reduction in the conductance is not large, cor
sponding to approximately a 15% suppression in zero-b
conductance between 33 to 10 K. As shown in Fig. 1, m
of the change in the conductance occurs at positive b
~throughout this work, positive bias refers to positive bias
the hexaboride electrode of the tunnel junction!. A good es-
timate of the temperature at which the gap first appears
be obtained by measuring the zero-bias conductance
function of temperature. As the gap appears, there i
change in the slope of this curve. We estimate that the
formation begins to occur below a temperature, which
will refer to as the ‘‘gap temperature’’T* , of T* 540
65 K, yielding D;2kBT* .

The EuB6 conductance data at high temperature show
broad conductance minimum centered at approximately
mV ~Fig. 2!. Above its magnetic ordering temperature, Eu6
possesses an excitation spectrum that is qualitatively sim
to SmB6. However, the EuB6 gap value of 43 mV is signifi-

FIG. 1. ~Color! The conductanceG(V,T)5dI/dV of SmB6.
The arrow indicates the gap,D57 mV. The inset shows a typica
I –V curve for Pb at 2.12 K.
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cantly larger than that of SmB6. The zero-bias conductanc
decreases approximately 9% between 46 and 18 K, and
missing states appear above the gap over an extended
range. In addition, we have found thatT* 55065 K, yield-
ing a rather largeD;10kBT* . EuB6 orders ferromagneti-
cally at approximately 16 K, and about 3 K below this tran-
sition there is a dramatic change in the characteristics of
conductance curves~Fig. 2!, where we see the formation o
structure suggesting strong zero-bias anomalies corresp
ing to inelastic~magnetic! tunneling processes. The anom
lies exist in all of our EuB6 tunnel junctions, although thei
shape and temperature dependence vary greatly from j
tion to junction. They occur at bias voltages that are sign
cantly larger than typically observed, and are accompan
by large variations in the conductance.29 We suspect that a
collective inelastic excitation may be responsible for the
large anomalies. Furthermore, in all cases, the backgro
tunnel conductance increases and becomes roughly flat
more metallic. Finally, we speculate that the temperature
pendence of these anomalies is linked to the developmen
the ferromagnetic order parameter. Consequently,
anomalies are strongest, and approximately temperature
dependent below;8 K, and this description is consisten
with our experimental observations.

Our tunneling data on CeB6 show the same backgroun
conductance as the other two materials~Fig. 3!. We see evi-
dence of a gap appearing at approximately 45 mV. T
depletion in the conductance is extremely small, appro
mately 3.5% at zero bias between 52 and 13 K, and the
value is not as readily observable as in the previous co
pounds. The gap formation temperature isT* 545610 K,

FIG. 2. ~Color! The conductanceG(V,T)5dI/dV of EuB6. The
large zero-bias anomalies are easily detectable at the lowest
peratures. The arrow indicates the gap,D543 mV.
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yielding a D;11kBT* . Similar to EuB6, the missing states
appear over an extended range above the gap. On the
hand, in contrast to EuB6, we see no change in the bac
ground conductance, and no evidence of zero-bias anom
as this material orders antiferromagnetically at 2.3 K.

The most noticeable aspect of the tunnel conductance
on SrB6 is that the conductance minimum is located at a b
of 240 mV @Fig. 4~a!#. Similar to the other materials, ther
is a 7% reduction in the conductance at this minimum as
temperature is lowered from 56 to 10 K. As explained belo
the gap features in this data set are atop a more domina
background conductance than was observed for the prev
three compounds. In order to differentiate the gap featu
more clearly, we have normalized the conductance curves
this material to a conductance curve taken at 56 K, whic
above the gap temperatureT* 54365 K @Fig. 4~b!#. The
data show depletions occurring in the conductance at var
biases, with the most pronounced occurring at 12 mV, yie
ing D;3.2kBT* .

All four hexaborides exhibit a background conductance
the formG'GO1a(V2VO)n, wheren<1, anda increases
with decreasingGO . This conductance form results in
steep curve at high junction resistances, and increases
difficulty of measuring the gap features. This behavior
most apparent in the SrB6 data shown in Fig. 4. Conse
quently, it is crucial to fabricate low-resistance junctions
accurately measure these features. The background con
tances in these hexaborides is strikingly similar in shape
that arising from tunnel measurements between metals
degenerate semiconductors,29,30 where the tunnel barrier is
Schottky type. These similarities lead us to the possibi

FIG. 3. ~Color! The conductanceG(V,T)5dI/dV of CeB6. The
arrow indicates the gap,D545 mV.
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that this background conductance could be partially a bar
effect, and may not be an intrinsic feature of the density
states.

Our measurements indicate that all four materials poss
strikingly similar density-of-states characteristics. It is im
portant to note, as previously stated, that SrB6 does not pos-
sessf bands and is nonmagnetic. The similarity between
SrB6 data and the results for the other materials raises qu
tions as to whetherd- and f -band hybridization is respon
sible for the anomalous transport properties. This view
supported by recent band-structure calculations of
hexaborides, which show a small overlap at theX point be-
tween a localizedd band from the metal and a broadp band
from the B6 group, with the Fermi-level crossing in this ove
lapping region.25 We expect the resulting density of states
have a minimum in the energy range where the band ove
occurs. The location where the hexaboride Fermi level
sides with respect to this minimum in the hexaboride dens
of states determines the voltage bias at which the cond
tance minimum occurs. This conductance minimum wou
occur at a bias voltage that aligns the Pb Fermi level with
minimum in the hexaboride density of states. Above the g
formation temperature, our measurements show that
EuB6 conductance minimum occurs at a positive volta
bias, whereas, for the rest of the material studied herein,
conductance minimum is at zero or negative bias. This re
leads us to believe that the Fermi level in EuB6 resides rela-

FIG. 4. ~Color! ~a! The conductanceG(V,T)5dI/dV of SrB6.
~b! The low-temperature data shown in~a! are replotted after being
normalized to the results obtained atT556 K.



or
th

e
rm

a
e
i
.
a

er
el

th

p
g
el

hi
tr

y
g

ize,

and

ds,
con-

a-
llic
nds

for
e of
ch-

SR
and

o-
nd
t

8750 57BRIEF REPORTS
tively higher in the band overlap region. Alternatively, f
the other materials, the Fermi level must reside lower in
band overlap region.

In all of these materials,N(E) does not go to zero as th
gap forms. Rather, there are small depletions at the Fe
level with decreasing temperature. In addition,N(E) in-
creases roughly linearly with increasing bias within the g
region. This observation is reminiscent of the cuprate sup
conductors, where the conductance also grows linearly w
energy,31 possibly due to nodes in the excitation spectrum

We propose two scenarios that lead to this partial g
forming in the density of states. One possibility is that int
actions within the framework of the Falicov-Kimball mod
between an electronliked band and a holelikep band lead to
a reduction in the density of states, and we note that
model has been successful in explaining previous SmB6 tun-
neling data.32,33 An alternate possibility is that, at the ga
formation temperature, a lattice distortion occurs, causin
change in the band structure. Since the lower band is r
tively flat and nearly free of curvature,25 we believe that this
change would manifest itself mostly in the upper band. T
description would be consistent with the voltage asymme
in the conductance data since, in this picture, the densit
states due to the lower band essentially remains unchan
s
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Such a distortion may cause these two bands to hybrid
leading to an indirect band gap near theX point,34 with an
enhancement of the density of states at the hybridized b
edge.2,4,5,7,10 If the curvatures of thed and p bands were
similar, so that this distortion manifested itself in both ban
then there should be gap structures on both sides of the
ductance minimum. This situation may occur in SrB6, where
a subtle feature is seen at approximately2130 mV ~Fig. 4!.
Finally, we believe that the transport properties of these m
terials may be determined by the extent of the semimeta
band overlap and the extent to which the conduction ba
become localized at the gap formation temperature,13 and not
necessarily by magnetic interactions.
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