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Electronic transport properties of the semimetallic heavy fermion YbBiPt
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The electronic transport properties of YbBiPt are examined in the temperature range 4—325 K to gain insight
into the electronic structure of this compound. The magnitude of the strongly magnetic-field-dependent Hall
effect is consistent with a semimetallic electronic structure. The data place an upper limit on the carrier
concentration of & 10%° holes/cmi. The thermoelectric powsfTEP) is dominated by a large phonon-drag
peak below 100 K, while above 200 K the TEP is dominated by a large linear-in-temperature contribution. The
temperature-dependent resistivity manifests very little indication of a magnetic scattering contribution. These
characteristics indicate the YbBIiPt is a low-carrier concentration semimetal. It appears that this low-carrier
conducting state is closely tied to the massively renormalized electronic state evident in this compound below
1 K. [S0163-18207)01138-7

I. INTRODUCTION tremely renormalized electronic state in YbBIiPt stems from a
low-carrier count.

YbBiPt stands out within the rare-earth intermetallic se-
ries RBiPt in that it displays both a metallic resistivity and a
huge low-temperature Sommerfeld coefficierthat exceeds Il. EXPERIMENTAL RESULTS
8 J/mol K2.1=*This y value corresponds to a Kondo tempera-
ture of roughlyTx=1 K. Out of this strongly renormalized
state YbBiPt undergoes magnetic ordeil gt 0.4 K. Muon-
spin-resonance measurements detect an ordered moment
only 0.1ug,® while resistivity measurements show that
YbBiPt becomes anisotropic beloW,.® These results sug-
gest that a spin-density-wave transition occursTat and
that this transition partially gaps the Fermi surficglnelas-

Single-crystal samples of YbBiPt were grown from a
bismuth-rich fluxt? X-ray' and neutron-diffractiolf mea-
syyements indicate that YbBIiPt is face-centered culgic (
=6.60 A), crystallizing in the half-Heusler MgAgAs struc-
ture. The resistivity was measured by using a conventional
four-probe dc technique. The thermoelectric power was mea-
sured by suspending a single crystal between two electrically

. . - isolated copper posts across which a variable temperature
tic neutron-scattering measureméritSindicate that al's gradient is applied? The absolute TEP was measured rela-

quartet is separated from a very narrbwground state by 1 e 1o copper. The experimental configuration employed a
meV (10 K). The width of the ground-state doublet COITe- maximum relative temperature gradiemt/T) of roughly
sponds to a Kondo temperature of roughly 2 K, cor_13|stenb_5%_ This gradient was determined with a 25 diam-
with the observed low-temperature Sommerfeld coefficiént. eter chromel-constantan reference thermocouple. The Hall
It has been assumed that this massive electronic stat§fect was measured using a five-contact methodherein a
comes about due to two features inherent in YbBiPirst, 200 Hz ac current source and three current contacts are used
the fcc structure of this compound produces frustratedo null the zero magnetic fieldt{=0) misalignment voltage.
Ruderman-Kittel-Kasuya-Yosida interactions such that magThe Hall effect specimen was thinned to 2B to maximize
netic order cannot circumvent Kondo interactions. Second, ithe transverse Hall voltage. All transport measurements were
appears that YbBiPt may be a low-carrier concentratiorcarried out on samples from a single growth batch, and in all
metal given that the other members of tRBiPt series are cases electrical connections were made with a silver conduc-
small-gap semiconductofsA low-carrier concentration pre- tive paint.
sumably produces a small Kondo temperature, while the The temperature-dependent resistivity of YbBiPt is de-
crystal structure ensures that local moment ordering canngticted in Fig. 1. The resistivity is relatively large
preempt the Kondo effect. (~400 Q) cm at room temperaturend monotonically de-
We examine the normal-state electronic transport properereases with decreasing temperature. A small shoulder is evi-
ties of YbBIPt to test the assumption that this is a low-carrierdent inp(T) centered near 30 K. In general, howeve(T)
compound. The magnetic-field and temperature dependencdses not show the influence of Kondo scattering since there
exhibited by the Hall effectRy, thermoelectric power is no temperature range whedp/dT<0 as is frequently
(TEP), and resistivityp indicate that YbBiPt exhibits all the observed in heavy electron systetfsThe resistivity of
hallmarks of a semimetal: a small carrier concentrationLuBiPt, a nonmagnetic analog to YbBIiPt, is greater than that
(~10%°cn), a strongly field-dependent Hall coefficient, of YbBIPt at all temperatures. This precludes the standard
anomalously large diffusion, and phonon-drag contributionssubtractive method of separating magnetic and nonmagnetic
to the TEP, and carrier mobilities that are at least two ordersresistivity contributions in YbBiPt.
of-magnitude larger than those exhibited in other heavy fer- The thermoelectric powes of YbBIiPt (Fig. 2) is positive
mion systems. These results support the Vigvat the ex- at all temperatures. This suggests that holes are the pre-
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FIG. 1. Temperature-dependent resistivity of YbBiPt from 1.2  FIG. 3. Temperature-dependent Hall coefficient of YbBiPt from

to 300 K. The inset depicts(T) in the temperature range 1.2 to 20 2 10 250 Kiin 1 kOgopen circlesand 100 kO&open squargsThe
K. effective hole concentratiopg is plotted on the right axis.

dominant carrier in this compound. The most prominent feas 100 K
ture in the TEP is the broad peak centered at 65 K. There ig]dependent at 100 Ki.e., Heon >100 kO8.
also a small shoulder located at 20 K. Above 200BKaries
linearly with temperature. The overall magnitude of the TEP
is roughly a factor of 10 larger than that exhibited by con- lil. DISCUSSION
ventional wide-band metals; the TEP is instead suggestive of A semimetal’s electronic structure is characterized by an
a narrow-band or reduced-carrier count system.  gjectronlike band and a holelike band that barely overlap at
The temperature-dependent Hall effect of YbBIPt is pic-the Fermi energy. The bands form small ellipsoidal electron
turf-)dlln Fig. _3.RH is posmve at _a-ll terr_lperatures and fields. gng hole pockets with nearly equivalent, temperature-
This is consistent with the positive sign & and conclu-  jndependent carrier concentrations that are much less than
sively demonstrates that holelike carriers dominate the eleghat of a conventional wide-band metal. The electronic trans-
tronic transport in YbBiPt. The low-fieldH=1kOe) Hall  port properties of such a system is a weighted average of the
coefficient is only weakly temperature dependent, and igransport due to both bands. In general, one band exhibits a
roughly 10? m®/C. This value is 19-10 times bigger than  sjgnificantly lower effective mass, and, hence, a higher mo-
that found in conventional metat$.10—1G times bigger bjlity than does the other band. This high-mobility band will,
than that of heavy electron compourtdsyand nearly equal  therefore, dominate the transport properties. The presence of
to that of the elemental semimetal antimGfyR,, is essen-  two bands with low-carrier concentrations is reflected in the
tially field independent foH <100 kOe above 100 K. Below resistivity, Hall effect, and thermoelectric power, and easily
100 K, Ry becomes increasinglii dependent as the tem- djstinguishes a semimetal from a conventional wide-band
perature decreases. This field dependence is highlighted fetal. In the discussion to follow, the electronic transport
Fig. 4 at the temperatures 4, 12, 50, and 100 K and in fieldproperties of YbBiPt are analyzed semiquantitatively and are
to 100 kOe. At 4 K, Ry is nearly constant below shown to be fully consistent with a semimetallic description.
Hea~10 kOe, rises with increasing applied field in the range  The field and temperature dependences exhibited by the
20-60 kOe, and begins to saturate neldfi~80 kOe. The Hall effect of YbBiPt are characteristic of a semimetal. In
data at 12, 50, and 100 K indicate that the characteristicontrast, conventional metals display essentially no tempera-
fields H,, andHg, rise with increasing temperature. By 12 ture or field dependence Ry . To describeRry, for a semi-
K, Hgy:has moved above 100 kOe, whiRg, is essentiallyT ~ metal, a two-band model is required; with an electron con-
centrationn, a hole concentratiop, and electron and hole

15 ———— . . mobility’s of ue and uy,, the Hall coefficient is given &y
10+ 1 2 .2 2 ,2(5—n)H2
” _ 1 pup—nuet peph(P—N) @
S| ] " e (npetpun)®+ uiun(p—n)?H?’
=5
&
ol ] wheree is the electron’s charge. While this model misses
many details required to fully describe the Hall effect of a

semimetal(the electron and hole pockets are usually aniso-
tropic and require six orthogonal mobility parameters to de-
scribe the two bandsit can be employed to interpret quali-
FIG. 2. Temperature-dependent thermoelectric power ofatively theH andT dependence evident in the data shown in
YbBIiPt from 4 to 300 K(open circles The solid line depicts the Figs. 3 and 4. Equatiofil) indicates that the characteristic
calculated diffusion TERsee textwhile the dashed line shows the fields H g, andH gy will vary as (uemr) 1. With mobilities
resulting phonon-drag TEP component. dominated by electron-phonon interactiops: 1/T. Hence,
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FIG. 4. Magnetic-field-dependent Hall coefficient of YbBiPt in  F!CG- 5. Temperature-dependent one-band effective mohilify
fields to 100 kOe at 4, 12, 50, and 100 K. of YbBIiPt. The solid lines indicate the power-law dependences of

e IN the low (T<30 K) and high-temperature regimes.

Eq. (1) predicts thaH ,,andH,;should rise with increasing
temperature; this is precisely thé and T dependence dis-
played in Fig. 4.

To move beyond this qualitative description, a more vig-
orous model is required that accounts for the ellipsoidal na
ture of the carrier pockets. A description of this nature is
beyond the scope of this paper. Although not as precise,

breakdown in the dominate-band approach. While this break-

down may occur due to the influence of multiband effects

below~40 K, it may also arise from crystalline electric field

(CEP or Kondo scattering effects.

" An alternative description of the Hall effect in YbBIPt is
rovided by that of the anomalous skew-scattering Hall con-

band del v d ib imetal b ibution. Skew scattering is the predominant source of a
one-band model can usually GesCrib€ a semimetal DeCAURR Lo erse Hall voltage in most heavy fermion systems. In

one band typically dominates the transport due to mobilitythiS description the Hall coefficient becoris
mass effects. With a dominate-band model the transport is

described by an effective mobility.+ and hole concentra- ws x(T)
tion pes (so chosen for YbBIPt sincB, andS are positive. Ry=Rgt &g v c pm(T), 3)
The Hall coefficient becomes B

whereR, is the conventional Hall terng=28/7 for Yb2® g
1 is the Bohr magnetorkg is Boltzmann’s constanty(T) is
RH_epeﬁ' 2 the T-dependent magnetic susceptibilig, is the suscepti-
bility’s Curie constant, ang,(T) is the resistivity contribu-
This simple approach works surprisingly well for bismuth tion due to magnetigKondo scattering.¢ is a scattering
and antimony. In both cases reliance on Ej.predicts car- constant that characterizes the strength of the skew scatter-
rier concentrations that are less than the actual values by onlgg; values greater than 0.1 are physically unrealistic. Equa-
a factor of 2—5, whileu differs from the actual value for tion (3) has been employed to successfully desciRpgT)
the dominate band by less than a factor of%> The in a wide variety of heavy electron systehig* In those
dominant-band approach, therefore, provides an estimate ghses,Ry is considerably smaller than that exhibited by
these key parameters that should be off by significantly les¥bBiPt. As a result, the poor-quality fits that result from
than an order-of-magnitude. The errors produced by thiglescribingRy for YbBiPt with Eq. (3) require unphysically
method are such as to overestimate the carrier concentratiolarge values off (é~1). Hence, any skew contribution to
Hence, compounds will be even more semimetallic than inthe Hall effect of YbBIiPt is overwhelmed by the carrier term
dicated by the dominant-band description. Ro. That is, the Hall effect of YbBIiPt is characteristic of a
With these caveats in minghe for YbBiPt is noted on low-carrier concentration semimetal and not of a conven-
the right axis in Fig. 3. The hole concentration 6f6  tional metal with a skew-scattering dominated .
X 10°° cm™2 (corresponding to 0.04 carriers per formula  As with the Hall effect, the temperature dependence and
unit) is 100 times less than copper, comparable to that obverall magnitude of the TEP will reflect the underlying
arsenic or graphite, and ten times bigger than that of antielectronic structure. The thermal carrier diffusion that pro-
mony. This suggests that YbBIiPt is a semimetal with a modduces the TEP effect stems from two sources: a conventional
est carrier number. Thé-dependent, low-fieldif =1 kOe)  electron-diffusion term §y), and a phonon-drag terrgy,
effective mobility ue=Ry/p is portrayed in Fig. 5. In keep- that stems from carriers interacting with diffusing phonons.
ing with the low-carrier concentration of YbBIiPt, the effec- The large peak ir§ evident in the data presented in Fig. 2 is
tive mobility is one to two orders of magnitude larger thancharacteristic of the phonon-drag effect, while fhidinear
that of large carrier concentration heavy fermion compoundsdependence above 200 K is indicative of diffusion thermo-
Above 40 K the effective temperature dependenceugf  electric power. A semiphenomenological mddehat can
«T 1 indicates that electron-phonon interactions dominateestimate the diffusion TEP for heavy fermion compounds
carrier scattering. Below 40 K the effective mobility varies can be used to test this description. The model accounts for
as T~ Y4 this unusual temperature dependence is not easilpoth CEF and Kondo scattering contributions $g. The
explained.Ry becomes field dependent in this range, sugphenomenological description produces a diffusion TEP
gesting that the anomalouge; T-dependence signals a given by
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1 dence expected for the phonon-drag TEP, indicating that this
Sg=—a| i+ 573N S [+aT, (4)  TEP analysis is self-consistent. Assuming a Debye tempera-
0 ture for YbBiPt of ©,~300K, the peak inSy, at Tpeax
whereS{) is a Kondo scattering tern§{”) stems from in- =60K is consistent with the general expectatidfeay

elastic spin-flip carrier scattering between CEF levels, and & 0p/5. The magnitude o8, at Tpeais roughly a factor of
conventionalT-linear TEP contribution is accounted for by 6 larger than that observed in conventional metalSheo-
the term on the right. The signs of both fitting constaats retically, S,, varies inversely with carrier concentratioh,
anda are determined by the sign of the dominant carriersjndicating again that the carrier count in YbBIiPt is well be-
while Ny is the density of states at the fermi eneffyy, and  low that of a conventional metal.
J<0 is the exchange interaction parameter. BS&H and The low-carrier count in YbBIiPt appears to influence a
S{?) are calculated via integrals involving the dynamic sus-number of other physical properties of this compound. The
ceptibility Imy(w). This model has been employed successKondo scattering contribution to the resistivity, scales as
fully to describe the TEP of a number of Kondo systéfhs. No,”~ and produces a peak &~ 0.35.”" The modest size
The diffusion TEP of YbBiPt can be calculated with the Of the CEF-derived feature ip at this temperatureroughly
model presented above by using the inelastic neutron20 to 30 K indicates that magnetic scattering has a minor
scattering(INS) measurements of Robinsaet all® These influence on the resistivity of YbBIPt, instead, the resistivity
INS measurements indicate that YbBiPt has a single excitdS dominated by the semimetallic nature of this compound.
tion at5=5.7 meV (~66 K). The diffusion TEP determined Similarly, both the Kondo energy scalgTy~exp
from the model appears as a solid line in Fig. 2; the fitting(—1/No|J|)] and the magnetic ordering energy scall (
parameters used al=1K, a=0.07uV/K2 andNgJ= ~NgJ?) are quite _Iow, in part, due to the low density of
—0.12. A small peak inS; occurs at 0.3(~20K). This  States at the Fermi energy.
corresponds well with the shoulderlike feature evident in the
experimental data at this temperature. A further glimpse at IV. CONCLUSIONS

the electronic structure is provided by the fitting value The electronic transport properties of YbBiPt indicate that
This parameter is related to the Fermi energy by this compound is a semimetal. From the Hall effect a one-

K22 1 band approximation gives an upper limit carrier concentra-
a=—2T - (5)  tion estimate of & 10?° holes/cni and a mobility dominated
e 3 Ef by electron-phonon scattering. The TEP displays a anoma-

The Fermi energy determined from the fitting value is  '0usly large phonon-drag peak and a lafigénear contribu-
E.=0.35 eV, which is considerably smaller than that deter—t'or,‘ that are poth consistent W|th a low-carrier _co_n_centratlon.
mined from the TEP of wide-band metals. Lastly, the esti-Th'S low-carrier co_unt alsc_> dqmlnates the resistivity and re-
mates ofEx and N,J derived from the TEP fit provide an dUCeS any magnetic contribution 4¢T). These rlesults indi-
independent determination of the Kondo energy scale via th§&t€ that the original conjecture by Fisit al,” that the
expressiorks T =Er exp(—1/N|J|). The value forTy so hlgh!y renqrmallzed state of YbBIiPt is a manifestation of a
determined €1 K) is equivalent to that calculated fropy ~ Semimetallic electron structure, was correct.

indicating that the TEP fit depicted in Fig. 2 is fully consis-
tent with the lowT specific heat of YbBiPt.

The difference between the experimental TEP data and We thank W. Beyermann, B. Coles, R. Movshovich, and
the calculatedSy should be the phonon-drag contribution R. Robinson for illuminating discussions and encourage-
Son; this difference is denoted by the dashed line in Fig. 2ment. This work was performed under the auspices of the
This remnant term displays the proper temperature depend.S. Department of Energy.
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