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Unusual transport and large diamagnetism in the intermetallic semiconductor RuAj
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We report measurements of the resistivity, thermopower, thermal conductivity, Hall coefficient, and mag-
netic susceptibility of RuAl over a wide temperature range. Room-temperature sound velocity measurements
are also reported. We find that at low temperature Rioskhaves as a low carrier-density semimetal. As the
temperature is raised, excitations across a 0.6-eV pseudogap dominate the transport, ahtdeRavds
effectively as a semiconductor. The diamagnetic susceptibility of RisARnomalously large, and has an
unusual temperature dependence that can be attributed to a Pauli term that reflects underlying structure in the
density of states. We also suggest that the large diamagnetic response is a universal feature of hybridization
gap semiconductors. The potential of Ryfdr thermoelectric applications is evaluated. We find that even if
the lattice component of the thermal conductivity could be reduced to its minimum value, the electrical
properties of RuAl are not good enough to make it an attractive thermoelectic material.
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INTRODUCTION pounds with 14 valence electrons peratom are semicon-
ductors, it is likely that the electronic structure and transport

Unconventional semiconductors such as Fé&Si, properties of these compounds are quite similar; however,
Ce;Bi P, and LaFgCoSh, (Refs. 4 and Shave attracted the increasing complexity of the unit cell means that the
attention recently both because of their unusual transport anldittice dynamics of these compounds may be profoundly dif-
thermodynamic properties and their potential for thermoelecferent, especially since it has been argued that in materials
tric applications. Theoretically, too, many of these materialswith a large number of atoms per unit cell the concept of a
have attracted attention, both as hybridization gapphonon loses its validity"
semiconductofs’ and as Kondo insulatofsGap formation
in these materials is thought to arise from the hybridization
of a narrow band of or d electrons with a broadp band. ) ]
This hybridization gives the valence and conduction bands a The RuAbL sample used in these experiments was pre-
strongf or d character, and leads to sharp structures in théared as follows. R(©99.99%, Johnson Matthey, Puratronic
density of states close to the band edges. As pointed out Nd Al (99.9999% were arc melted together under an Ar
Mahan and Sof8narrow peaks in the density of states a fewatmosphere. The sample was flipped and remelted several
kgT from the Fermi energy can be beneficial for thermoeleclimes. Due to the volatility of the Al at high temperature, we
tric performance.

RUAl, crystallizes in the orthorhombic Tigistructure
(space grouprddd, 24 atoms per unit cell This structure is
built from layers in which each Ru atom is surrounded by a
hexagon of Al atoms. There are four layers per unit cell, and
the layers are arranged such that the Ru atoms are never
nearest neighbor¢see Fig. 1L The TiSj structure is the
building block of a large series of defect-TjSétructures
adopted by materials known as Nowotny chimney-ladder
compounds? The general formula for these compounds is
TnBon.m (T is transition metalB=Al, Ga, Si, Ge, or Snp,
m are integers It was pointed out by Jeitschkb that
chimney-ladder compounds with 14 valence electronsTper
atom were semiconducting, and he proposed a rigid-band
model in which electrons are transferred from hatom to
theT atom, filling all of thed levels and half of thep levels.
Recent electronic structure calculatidAs? however, have

EXPERIMENTAL DETAILS

FIG. 1. Diagram of the RuAl structure. This orthorhombic

clearly shown that gap formation in RuAtesults from the
hybridization of Rud with Al sp states, with little static

structure is built up from layers of Ru atontempty spheressur-
rounded by hexagons of Al atontflled spheres There are four

charge transfer. Given that all known chimney-ladder com4ayers per unit cell.
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100 coefficient was found to be independent of magnetic field

(a) between 5 and 325 K, and from 10 to 70 kOe.

501 Magnetic susceptibility measurements were performed
JL L UM 1 A below room temperature using a quantum design supercon-
10%_ ducting quantum interference devi€BQUID) magnetome-

(b) ter. Above room temperature a homemade Faraday system
> sob was employed, using Lewis coils and a furnace supplied by
'3 , h h ULJ h George Associates. A NIST Mptandard was used to cali-

g 0 .__J brate the Faraday magnetometer. An applied field of 1 kOe
5 100r- was used for the low-temperature measurements, and 7 kOe
e (c) for the high-temperature measurements.

T 50F The room-temperature elastic constants of polycrystalline
g JL L UM h RuAl, were obtained dynamically using resonant ultrasound
pd 10% spectroscopy? In this method the free-body resonances of a

small (3x2.5xX2 mnt) rectangular parallelepiped are mea-
sured very precisely using tiny LiNbQtransducers and a
501 sensitive heterodyne receiver. Once the resonances are
j | J ‘k known, the elastic constants are determined using nonlinear
) ] ) . . , optimization as described in Ref. 15. Although an ortho-
20 25 30 35 40 45 50 55 rhombic crystal has nine elastic constants, a polycrystal with-
20 (degrees) out texture has just two: a shear modulwes,] governing
transverse waves, and a compressional modutyg @ov-
FIG. 2. X-ray powder diffraction pattern of RuAlThese pat-  erning longitudinal waves. Since a good description of the
terns were obtaine@) after arc melting(b) after annealing one day elastic response of the RuAépecimen was obtained using
at 750 °C and one day at 950 °C, afwl after hot pressing. Pattern two elastic constants, this is a further indication that the
(d) is a calculated pattern. sample had little or no texture.

started Wi'th 3% excess AI.. After arc melting, if we assumed RESULTS AND DISCUSSION
all the weight loss was attributable to the Al, the sample was
then stoichiometric. The sample was then ground thoroughly The magnetic susceptibility of RuAfrom 2 to 900 K is
in a ball mill, pressed into a pellet, and annealed one day &lotted in Fig. 3. Although the observed diamagnetism is
750 °C and one day at 950 °C. The sample was then reypical of semiconductors, both the magnitude and tempera-
ground in a ball mill and hot-pressed for 1/2 h at 1150 °Cture dependence of the susceptibility are very unusual. In a
and 315 kg/crh The resulting sample was single phase ac-conventional semiconductor, the total susceptibility can be
cording to its powder diffraction pattefsee Fig. 2, and was understood as the sum of a diamagnetic “core” or “lattice”
92% of its x-ray density. The intensities of a powder diffrac- susceptibility 4, and a conduction electron susceptibility
tion pattern obtained on a bar cut from the pellet agreed welkc . The lattice susceptibility is expected to be essentially
with the calculated pattern, thereby indicating that theindependent of temperature. The conduction electron suscep-
sample had no appreciable texture. tibility yc can itself be broken down into a paramagnetic
Resistivity, Seebeck, and thermal conductivity measurePauli termyp, and a diamagnetic Landau terg . Typi-
ments were performed on a sample with dimensions @2 cally, — x,=1/3xp, but if the effective mass of the carriers
X 3 mn?. Measurements from 10 to 300 K were performedis very small the magnitude of, can exceed that ofp .*°
in a closed-cycle refrigerator. A 5Q-RuO, chip resistor was In RuAl, the hybridizedd-like bands are expected to give
attached to one end of the sample using a thermally conducise to carriers with fairly large effective masses. As dis-
tive but electrically insulating epoxy; this served as a heatecussed below, Hall effect measurements are consistent with
for the Seebeck and thermal conductivity measurementsghis expectation. It is therefore unlikely that Landau diamag-
Conventional linear dc methods were employed throughoutetism is playing an important role in RuAlWhat is more
The Seebeck coefficient was obtained against copper, and tipdausible is that the temperature dependence of the suscepti-
data were not corrected for the sméal1 uV/K) absolute bility is due to a Pauli term that reflects structure in the
thermopower of Cu. A NIST stainless-steel standard waslensity of states near the chemical potential. According to
used to verify the accuracy of the thermal conductivity meaband-structure calculatiod,RuAl, is not a true semicon-
surements; agreement to better than 5% was obtained. Bductor but rather a low carrier density semimetal; small
cause the thermal conductivity of RuAk rather high, the pockets of light holes and heavier electrons exist near the
data were not corrected for radiation losses. Fermi energy. The calculations predict that although there is
Hall measurements were performed from 5 to 325 K anda marked depression in the density of states around the Fermi
in magnetic fields from 10 to 70 kOe. Two longitudinal cur- energy, the density of states&t is nonzero. The semicon-
rent leads and two transverse voltage leads were attached docting gap, therefore, is not a true gap but a pseudogap. As
the sample using Epo-Tek H20E silver epoxy and28-  the temperature is raised, the chemical potential should move
diameter Pt wire. At each temperature, the sample was rdoward the center of the pseudogap, and the Pauli contribu-
tated 180° and the current reversed in order to eliminatéion should decrease. The observed behavior is consistent
misalignment and thermal voltages, respectively. The Hallwith this picture.
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FIG. 3. Magnetic susceptibility of RuAl The open squares rep- FIG. 5. Natural logarithm of the resistivity of RupVs inverse
resent data obtained using a commercial SQUID magnetometetemperature. Above 500 K, the data are well described by an
The solid line represents data obtained using a homemade FaradAyrhenius lawp(T)= poexp@/T) with A=3700 K. This behavior
magnetometer. Some data near 50 K were excised because the IS consistent with excitations across a 0.62 eV pseudogap. From 250
ordering peakfrom a small amount of Qin the sample chamber to 450 K another energy scale is apparent with an activation energy
was still visible after the background was subtracted. of 1600 K. Below 250 K the resistivity peels off in a manner typical

of extrinsic conduction mechanisms.

The magnitude of the susceptibility is also noteworthy, in
that at high temperatures it approacheg7 cni/mol atom.
Since Al typically has a very small “core” diamagnetism,
we might consider associating all of the diamagnetic re
sponse to the Ru atom. In that case we haye

The resistivity of RuA} from 10 to 750 K is plotted in
Figs. 4 and 5. The resistivity is clearly semiconducting, and
changes by more than three orders of magnitude between 10

—80 cr/mol Ru. This magnitude is larger than any of the and 750 K. Above 500 K the resistivity obeys an Arrhenius

— AIT \ppi _ — H H
ionic diamagnetic susceptibilities reported in Ref. 17. Inter-/@W P(T) =po€™ " with A=3700 K=0.31 eV. This yields a

estingly, anomalously large diamagnetic susceptibilities hav¥@!ue of 22 =0.62 eV for the pseudogzip, which is in reason-
also been observed in other transition-metal intermetalli@p!€ accord with the value 6£0.05 Ry(=0.68 eV) expected

semiconductors such as C;&F CoSh,’® and RuX, (X from band-structure calculatiod!® Between 300 and 500
=Si, Ge, or SN It appears that enﬁanced diamggnetismK the resistivity has an unusual shape. As Volkov and Poon

may be a signature of a hybridization gap material, althougtﬁ’o'”t out; ™ this shape is insensitive to sample quality, and so

we are unaware of any theory that purports to explain thi s most likely not of extrinsic origin but rather represents
ehavior intrinsic to RuAl In an effort to parametrize this

phenomenon.
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FIG. 6. Hall coefficient of RuAl obtained in a field of 30 kOe.
FIG. 4. Resistivity of RuAJ. The inset is the high-temperature The inset shows the high-temperature portion of the data on an
portion of the data plotted on a linear scale.

expanded scale.
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200 TABLE |I. Theoretical and experimental densities, elastic
moduli, bulk modulus, longitudinal and transverse sound velocities,
and Debye temperature obtained on RuAt room temperature
100 using resonant ultrasound spectroscopy.
RuAl,
Q 0 Ptheor (g/crr?) 6.247
; Pexpt (g/crr?) 5.765
= Cq1 (10 N/m?) 2.60
® -100 Cy4 (10 N/P) 0.92
B (10" N/m?) 1.37
v, (mly 6720
-200 vy (M/9) 3990
0p (K) 535
_300 1 1 1
0 200 400 600 800 always remain in the weak-field limit{;7<1). This is ex-

pected if the states near the Fermi energy have signifitant
character, leading to high effective masses and correspond-

FIG. 7. Seebeck coefficient of RuAlThe rapid change from a  ingly low mobilities. o _
large negative to a large positive thermopower is quite unusual. ~ The Seebeck coefficient of RuAfrom 10 to 750 K is
plotted in Fig. 7. The most remarkable feature in the data is

the rapid change from a large negative to a large positive
thermopower. Given that the low-temperature Hall coeffi-
~ N - . o . cient ispositive it is clear that both electrons and holes are
r_ella?(e)g fgos%rigt\lj .relt 'Ii “![(heely ;Z?}tsti?'s sft';/g{t'gg mﬁ:%y L?]econtributing to the conduction. This observation is consistent
pseudogap y with band-structure calculations, which predict that Rui&l
‘ - . a semimetal with a light hole pocket and heavier electron
Io1t—tgz :—rllallzlicogfféme(;; Ei;) sO; ﬁqu(ﬁjlé rZ?eT SsttrgnSZtSerl:] IZra— pocketst® As the temperature is raised the transport in BuAl
Fure de end%ncé };md Eha)\/n es sion nea); roomgtem peratuis increasingly governed by excitations across the 0.6 eV
Such bghavior is indicative %f corr? etition between a?c leasf%eudogap, and in thieffectively semiconductinghigh-
P emperature regime the holes are now heavier and dominate

one electron and one hole band. As mentioned previousl| .
the Hall coefficient is independent of field from 10 to 70 kOe){he thermopower. Rud] therefore, behaves as a low-carrier

in the temperature range studied. This field independence

Temperature (K)

behavior, we find(Fig. 5 that the resistivity in the range
25-450 K is characterized by an activation energyAof

- 0 =
suggests that the charge carriers traverse only a small frac- 10 —— ZT (Exp)) e
tion of a cyclotron orbit before they are scattered, and thus ~ t ____. ZT (Model calculation) ]
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50 100 150 200 250 300 RuAl,. Solid line:ZT vs temperature obtained using measured val-
Temperature ues of the thermal conductivity below 300 K. AboveO3R a con-

ventional 1T behavior was assumed for the thermal conductivity.
FIG. 8. Thermal conductivity of RuAl The inset shows, on a Dashed lineZT vs temperature calculated usirg,, for the lattice
logarithmic scale, the measured thermal conductivity and the minicomponent of the thermal conductivity and the measured ther-
mum thermal conductivity calculated according to the prescriptionmopower and resistivity. The Wiedemann-Franz law was used to
in Ref. 21. estimate the electronic contribution to the thermal conductivity.
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density semimetal at low temperatures and as an intrinsigbly high electrical conductivity of RuAl the thermal con-
semiconductor at high temperatures. ductivity is much too high for RuAlto be considered as a
The thermal conductivity of RuAlis plotted in Fig. 8.  promising thermoelectric material. Moreover, as Fig. 9 illus-
Also plotted in Fig. 8 is a model calculation of the minimum trates, even if the lattice component of the thermal conduc-
(lattice) thermal conductivity following the prescription of tjvity could be successfully reduced ta,,, the electrical
Cah|”, Watson, and POHF In th|S mOde|, heat iS transported properties of Ru@ are S|mp|y not good enough to make it
as a random Walk Of thel’ma| energy betWeen neighborin%n attractive thermoe'ectric materia'_
atoms vibrating with random phases. The inputs to the cal- Finally, to the extent that other chimney-ladder materials
culati_o_n are simply the longitudinal and_ transverse soungyaye similar electronic properties to RyAthe present re-
velocities (Table ) and the number density of atoms. The gyits indicate that this class of intermetallic compounds is

minimum thermal conductivity represents a lower limit to probably not a fruitful place to search for new thermoelectric
the achievable thermal conductivity of a given material. Inmaterials.

the context of thermoelectric materials, the minimum ther-
mal conductivity represents a “best of all possible worlds”
value for the lattice thermal conductivity and is useful for
estimating the maximum value of the thermoelectric figure
of merit ZT=S?Tp 1« ! that can be hoped for in a given We thank the late Bryan R. Coles for stimulating our
material. A plot ofZT vs temperature for RuAlappears in interest in RuAJ. Oak Ridge National Laboratory is man-
Fig. 9. Also plotted in Fig. 9 is the value &T vs tempera- aged by the Lockheed Martin Energy Research Corporation
ture obtained using,, for the lattice component of thermal for the U.S. Department of Energy under Contract No. DE-
conductivity (the electronic component of the thermal con- AC05-960R22464. The National High Magnetic Field Labo-
ductivity was estimated using the Wiedemann-Fran2 ldv ratory is supported by the NSF and the State of Florida
is apparent that, despite the large thermopower and reasotirough Grant No. DMR-9016241.
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