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Electron-tunneling studies of the hexaboride materials Smg EuBg, CeBs, and SrBg
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We present a series of tunneling measurements on the hexaboride materig|sESfB CeB;, and SrRg.
In this group, SmB, EuB;, and CeRB possess magnetic moments, whereas &Bonmagnetic. 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 depletiddy(E). Our measurements are
consistent with a two-band model in which the band overlap is reduced with decreasing temperature.
[S0163-182608)03415-9

Hexaboride materials have attracted considerable attercate planar tunnel junctions, since they are low in current
tion for over 30 years, due to their anomalous transport andensity and thus are not subject to nonequilibrium heating
magnetic properties.® Interest in these materials arises from effects. All of our tunnel junctions were made using Pb
the fact that, although the hexaborides share the same crystadunterelectrodes, and the data presented here are represen-
structure, there are strong qualitative differences in transpotative of junctions that showed the highest quality Pb super-
properties among these materials. §nids shown a resis- conducting phonon and gap structure; see the inset of Fig. 1.
tivity that is activated with temperatufe? possibly due to In order to simplify the analysis, we present conductance
the formation of a gap at the Fermi leV8IThis scenario has measurements above the superconducting temperature of Pb.
been supported by opticaf~**and NMR*>®spectroscopies We have fabricated over 40 tunnel junctions for each mate-
which show a shifting of the carriers away from the Fermirial, except for CeB where eight junctions have been stud-
level. In addition, no evidence of long-range order in $mB ied.
has been observed down to 40 MKEUB, has a slightly The single-crystal samples, which possessed smooth sur-
activated resistivity at temperatures above 30QR€f. 17  faces, were grown from an Al flux and were tetragonal in
and, upon cooling, the material becomes slightlyshape, nominally X 1x5 mn?. The magnetic properties of
metallic}®1° There is also a drop in resistivity as this mate- the materials were examined in a superconducting quantum
rial orders ferromagnetically at approximately 163¢°and interference device magnetometer, and the results were con-
it has been suggested that EUB a degenerate semiconduc- sistent with earlier reports by other workers. The tunnel junc-
tor that becomes a metal as it ordétsThe resistivity of  tions were fabricated using a variety of methods. Although
CeB; possesses a Kondo-like minimum near 150 K, and exthe success rate was highly dependent on the particular fab-
hibits semiconducting behavior down to approximately 3rication method, the best quality junctions yielded identical
K.2%21 At 2.3 and 3.2 K, antiferromagnetic and quadrupolarconductance curves, regardless of the fabrication process.
ordering occur, respectively, and the resistivity is metallic atThe most successful technique involved etching the crystals
the lowest temperaturé8:?° Finally, SrB; is not magnetic, in a 10% Br in isopropyl alcohol solution for 10 min, fol-
since Sr does not generate a local moment, and there is wolkwed by oxidation in a pure Qatmosphere(lt should be
suggesting that this material, originally considered as anoted that mixing these two etch constituents is extremely
semiconductof* may be a conventional semimetaf® It  exothermic and must be done very slowlfhe Sm com-
has been postulated that the formation of a hybridization gapound required oxidation at 80 °C for 1 h, while room-
may influence the transport properties of these materials. temperature oxidation was sufficient for the other com-

Electron tunneling has been a powerful experimental toopounds. We believe the etching process removes boron from
for directly probing the density of states. We chose to fabri-the surface of the crystal, leaving a thin metal-rich surface
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FIG. 2. (Color) The conductanc&(V,T)=dl/dV of EuBgs. The
large zero-bias anomalies are easily detectable at the lowest tem-
peratures. The arrow indicates the gAps 43 mV.

FIG. 1. (Color) The conductancé&s(V,T)=dl/dV of SmB;.
The arrow indicates the gapp=7 mV. The inset shows a typical
-V curve for Pb at 2.12 K.

which is subsequently oxidized. Alternate etching processegantly larger than that of SmBThe zero-bias conductance

in which the boron was removed and the remaining metaflecreases approximately 9% between 46 and 18 K, and the

was oxidized produced the same results. missing states appear above the gap over an extended bias
Figure 1 shows the conductance curves for a §tmBnel ~ range. In addition, we have found that =505 K, yield-

junction at various temperatures. The curves show an asynild @ rather largeA~10kgT™. EuB; orders ferromagneti-

metric conductance centered-a8 mV that grows with volt-  cally at approximately 16 K, and abo8 K below this tran-
age as one moves away from the Fermi level. As the temsition there is a dramatic change in the characteristics of the

. . L nductance curve@ig. 2), where we see the formation of

Eglrgwrf r:f‘vre\?vﬂffr? ’th(?éir']fi; gseglzgénvg?; ggnguvcgalguctu.re sug_gesting strong ze(o-blas anomalies correspond-

hich is in ,ood agreement with previous tunnelin ’WOI’k on'.ng to !nel_astlc(magnenc tunnellng processes. The anoma-
whichisin g 127 289 o P . ng w lies exist in all of our EuB tunnel junctions, although their
th's material" 2" 2% The missing spectr_al weight in this re- hape and temperature dependence vary greatly from junc-
gion appears above this gap, extending to a voltage of 4flo, 't junction. They occur at bias voltages that are signifi-
mV. This reduction in the conductance is not large, correanily jarger than typically observed, and are accompanied
sponding to approximately a 15% suppression in zero-biagy |arge variations in the conductarideWe suspect that a
conductance between 33 to 10 K. As shown in Fig. 1, mosggjiective inelastic excitation may be responsible for these
of the change in the conductance occurs at positive biagrge anomalies. Furthermore, in all cases, the background
(throughout this work, positive bias refers to positive bias ontunnel conductance increases and becomes roughly flat and
the hexaboride electrode of the tunnel junclioh good es-  more metallic. Finally, we speculate that the temperature de-
timate of the temperature at which the gap first appears capendence of these anomalies is linked to the development of
be obtained by measuring the zero-bias conductance astlle ferromagnetic order parameter. Consequently, the
function of temperature. As the gap appears, there is anomalies are strongest, and approximately temperature in-
change in the slope of this curve. We estimate that the gagependent below~8 K, and this description is consistent
formation begins to occur below a temperature, which wewith our experimental observations.
will refer to as the ‘“gap temperatureT*, of T*=40 Our tunneling data on CeBshow the same background
+5K, yielding A~2kgT*. conductance as the other two materidgy. 3. We see evi-

The EuB conductance data at high temperature show alence of a gap appearing at approximately 45 mV. The
broad conductance minimum centered at approximately 5@epletion in the conductance is extremely small, approxi-
mV (Fig. 2). Above its magnetic ordering temperature, EuB mately 3.5% at zero bias between 52 and 13 K, and the gap
possesses an excitation spectrum that is qualitatively similaralue is not as readily observable as in the previous com-
to SmB;. However, the EuBgap value of 43 mV is signifi- pounds. The gap formation temperatureTis=45*10 K,
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FIG. 3. (Color) The conductanc&(V,T)=dl/dV of CeB;. The -200 100 0 100 200
arrow indicates the gap\ =45 mV. Voltage (meV)

yielding aA~11kgT*. Similar to EUR, the missing states FIG. 4. (Colon (a) The conductanc&(V,T)=dl/dV of SrB.
appear over an extended range above the gap. On the oth@y The low-temperature data shown(@ are replotted after being
hand, in contrast to Eu we see no change in the back- normalized to the results obtained &t 56 K.
ground conductance, and no evidence of zero-bias anomalies
as this material orders antiferromagnetically at 2.3 K. that this background conductance could be partially a barrier
The most noticeable aspect of the tunnel conductance dagdfect, and may not be an intrinsic feature of the density of
on SrB; is that the conductance minimum is located at a biastates.
of —40 mV [Fig. 4(a)]. Similar to the other materials, there ~ Our measurements indicate that all four materials possess
is a 7% reduction in the conductance at this minimum as thstrikingly similar density-of-states characteristics. It is im-
temperature is lowered from 56 to 10 K. As explained below portant to note, as previously stated, that StlBes not pos-
the gap features in this data set are atop a more dominatirgessf bands and is nonmagnetic. The similarity between the
background conductance than was observed for the previol&rB; data and the results for the other materials raises ques-
three compounds. In order to differentiate the gap featuresons as to whethed- and f-band hybridization is respon-
more clearly, we have normalized the conductance curves fagible for the anomalous transport properties. This view is
this material to a conductance curve taken at 56 K, which isupported by recent band-structure calculations of the
above the gap temperatuiie =43+5K [Fig. 4b)]. The hexaborides, which show a small overlap at ¥a@oint be-
data show depletions occurring in the conductance at variousveen a localized band from the metal and a broadband
biases, with the most pronounced occurring at 12 mV, yieldfrom the B; group, with the Fermi-level crossing in this over-
ing A~3.2gT*. lapping regiorf> We expect the resulting density of states to
All four hexaborides exhibit a background conductance othave a minimum in the energy range where the band overlap
the formG~Gg+ a(V—Vp)", wheren<1, andea increases occurs. The location where the hexaboride Fermi level re-
with decreasingGy. This conductance form results in a sides with respect to this minimum in the hexaboride density
steep curve at high junction resistances, and increases tloé states determines the voltage bias at which the conduc-
difficulty of measuring the gap features. This behavior istance minimum occurs. This conductance minimum would
most apparent in the SgBdata shown in Fig. 4. Conse- occur at a bias voltage that aligns the Pb Fermi level with the
quently, it is crucial to fabricate low-resistance junctions tominimum in the hexaboride density of states. Above the gap
accurately measure these features. The background conddormation temperature, our measurements show that the
tances in these hexaborides is strikingly similar in shape t&uBg conductance minimum occurs at a positive voltage
that arising from tunnel measurements between metals arlalas, whereas, for the rest of the material studied herein, the
degenerate semiconductdPs’ where the tunnel barrier is conductance minimum is at zero or negative bias. This result
Schottky type. These similarities lead us to the possibilityleads us to believe that the Fermi level in EuBsides rela-
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tively higher in the band overlap region. Alternatively, for Such a distortion may cause these two bands to hybridize,
the other materials, the Fermi level must reside lower in théeading to an indirect band gap near tKepoint3* with an

band overlap region. enhancement of the density of states at the hybridized band
In all of these materiald\(E) does not go to zero as the edge?*5710|f the curvatures of thel and p bands were
gap forms. Rather, there are small depletions at the Fermiimijar, so that this distortion manifested itself in both bands,

level with decreasing temperature. In additidd(E) in-  hen there should be gap structures on both sides of the con-
creases roughly linearly with increasing bias within the gapy,ctance minimum. This situation may occur in §riéhere

region. This observation is reminiscent of the cuprate supery ¢ ptle feature is seen at approximatelg30 mV (Fig. 4).

conductlors, where the conductance also grows linearly withjnajy we believe that the transport properties of these ma-

energy;" possibly due to nodes in the excitation spectrum. ygrjais may be determined by the extent of the semimetallic
We propose two scenarios that lead to this partial gafyang overlap and the extent to which the conduction bands

forr_ning in the density of states. One po.ssibilit'y is that inter-pacome localized at the gap formation temperatfiemd not
actions within the framework of the Falicov-Kimball model necessarily by magnetic interactions.

between an electronlike band and a holelikp band lead to

a reduction in the density of states, and we note that this We thank S. L. Cooper, Jian Chen, and S. Hershfield for
model has been successful in explaining previous $taB-  numerous useful discussions; J. R. Childress for the use of
neling data®>3 An alternate possibility is that, at the gap his magnetometer, and W. Robinson for his extensive tech-
formation temperature, a lattice distortion occurs, causing aical assistance. This work was funded by the AFOSR
change in the band structure. Since the lower band is relahrough the MURI program, the Japanese New Energy and
tively flat and nearly free of curvatuféwe believe that this Industrial Development OrganizatiofNEDO), the NSF
change would manifest itself mostly in the upper band. Thighrough support of the National High Magnetic Field Labo-
description would be consistent with the voltage asymmetryatory, and the UF Office of Research, Technology, and
in the conductance data since, in this picture, the density obraduate Education. One of (B.S) acknowledges support

states due to the lower band essentially remains unchangeflom the A. P. Sloan Foundation.
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