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Magnetic, thermodynamic, NMR, and transport properties of the heavy-fermion semiconductor
U2Ru2Sn
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We have measured the magnetic susceptibility, specific heat, NMR, electrical resistivity, magnetoresistance,
Hall effect, thermoelectric power, and thermal conductivity of polycrystalline U2Ru2Sn. Some of these prop-
erties are compared to those of Th2Ru2Sn. The experimental data indicate the formation of a narrow energy
gap of approximatelykB3160 K in U2Ru2Sn. Similarities to the behavior of heavy-fermion semiconductors
~Kondo insulators! are observed, in particular to CeNiSn. Thus, we believe that U2Ru2Sn may be classified as
a heavy-fermion semiconductor.
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I. INTRODUCTION

Heavy-fermion~HF! semiconductors, also referred to
Kondo insulators, show interesting electronic properties
to the opening of a narrow energy gap at the Fermi leve
low temperatures.1,2 CeNiSn, as one of the most investigat
HF semiconductors, is found to have a gap of about 14 K3,4

Other Ce-based compounds, such as Ce3Bi4Pt3 ~Ref. 5! and
CeRhSb~Ref. 6 and 7!, are found to possess only slight
larger gaps (;40 K). On the other hand, uranium-based H
semiconductors seem to have much larger gaps, even as
as 1000 K.1 A possible origin of the gap opening in thes
systems is the hybridization between a half-filled conduct
band and anf-electron-derived band.1 According to this
model, a narrow gap is formed only if exactly one half-fille
band interacts with one occupiedf level. Since at tempera
tures well below the temperature of the energy gap the n
bers of up and down spins in the hybridized band are eq
the magnetic susceptibility must vanish. The electronic co
ficient of the specific heat vanishes, too, and the trans
properties have the features of a semiconductor. This m
explains most of the physical properties of cubic syste
such as, for example, Ce3Bi4Pt3. This may be due to the fac
that the above conditions for gap formation are more lik
fulfilled in cubic materials. The only noncubic Kondo ins
lators known to date are orthorhombic CeNiSn and the is
tructural systems CeRhSb and CeRhAs. A slight failure
the conditions for gap formation may be the reason w
some low-temperature properties observed in CeNiSn d
ate from the above predictions: For example, there exis
metallic T2 dependence of the electrical resistivity,8 a finite
value of the electronic specific heat coefficient@40
mJ/~mol K)2 at 0.2 K#,9 and an NMR relaxation rate tha
returns to a Korringa law below 1 K.4

The tetragonal compound U2Ru2Sn was considered as
weakly temperature-dependent paramagnet in earlier stu
0163-1829/2003/67~7!/075111~7!/$20.00 67 0751
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by Havelaet al.10 However, Menonet al.11 found that the
electrical resistivity shows a maximum at about 170 K,
minimum near 30 K, and an increase towards lower tempe
tures. Between 13 and 20 K and between 4 and 6 K the
resistivity was described by an activation relation, yieldi
an energy gap of 2 and 0.2 K, respectively, which they to
as an indication of Kondo semiconducting behavior. Furth
more, it has been shown12 that the magnetic susceptibility o
U2Ru2Sn can be described by the so-called interconfigu
tion fluctuation model applicable to intermediate valen
compounds.13

The present paper reports in detail on bulk~magnetic sus-
ceptibility and magnetization, specific heat, electrical res
tivity, magnetoresistance, Hall coefficient, thermoelect
power, and thermal conductivity! and NMR properties of
polycrystalline U2Ru2Sn in wide temperature and fiel
ranges. Where appropriate, we compare the results
those for the non-f -electron reference compound Th2Ru2Sn.
We show that the observed physical properties can be in
preted in terms of the formation of a gap at the Fermi lev
Specific heat and119Sn NMR data allow us to estimate a
energy gap of aboutkB3160 K. Thus, U2Ru2Sn appears to
be the first tetragonal Kondo insulator, and among uraniu
based Kondo insulators, it has the smallest energy gap.
of this work has already been presented at conferences.14,15

II. EXPERIMENTAL DETAILS

Polycrystalline samples of U2Ru2Sn and Th2Ru2Sn were
synthesized as described in Ref. 11, using metals of the
lowing purity in weight %: U, 99.98; Th, 99.99; Ru, 99.97
and Sn, 99.999. In this work we investigated samples
tained from different batches, denoted as sample 1
sample 2. X-ray diffraction studies showed that, within t
usual 5% error, the samples are single phase, crystallizin
the tetragonal U3Si2-type structure~space groupP4/mbm).
Metallographic examination of sample 1, however, revea
©2003 The American Physical Society11-1
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the presence of an impurity phase which we tentatively
cribe to URuSn, amounting to approximately 4% of the to
mass of the sample.

The dc magnetic susceptibility was measured by mean
a superconducting quantum interference device~SQUID!
magnetometer in fields up to 5 T and in the temperat
range 2–400 K. Specific-heat measurements were perfor
in the temperature range 1.8–300 K, utilizing a relaxatio
type method.119Sn NMR measurements were performed
polycrystalline powder samples. The NMR spectra were
tained by Fourier-transforming the digitized spin echoes
ing a conventional pulsed NMR spectrometer~Bruker, MSL
300, B57.05 T). The spin-lattice relaxation rate was me
sured by observing the spin-echo recovery after a satura
pulse. The electrical resistivity was measured using a fo
probe ac technique in the temperature range 1.8–400 K.
samples were of rectangular shape with typical dimensi
0.5 mm 3 0.5 mm 3 5 mm. Magnetoresistance and Ha
coefficient data were collected in two different ways: Isofie
data as a function of temperature in a fixed magnetic field
13 T on zero-field-cooled samples and isothermal data
function of field up to 13 T at several selected temperatu
below 300 K. Thermopower~2–300 K! and thermal conduc
tivity ~2–200 K! were measured with a steady-state meth

III. RESULTS AND DISCUSSION

The general features of the dc magnetic susceptibilityx
5M /H of our two samples of U2Ru2Sn measured in a field
of 5 T ~not shown here! are a Curie-Weiss-type behavio
above 200 K and a broad maximum at approximately 170
as already shown in Refs. 12 and 14. However, the par
eters of the Curie-Weiss law varied considerably between
two samples and for different orientations of the samp
with respect to the magnetic field. We suspected that thi
due to magnetocrystalline anisotropy together with some
ture in the polycrystalline samples. Therefore, we powde
part of sample 2, oriented it in a field of 5 T, and stabiliz
the oriented powder by embedding it in epoxy. Data ofx(T)
measured with the orientation axis either parallel or perp
dicular to the field direction are displayed in Fig. 1. We a
cribe the occurrence of a broad maximum followed by
decrease ofx(T) at lower temperatures to the opening of
energy gap. The weak temperature dependence ofx(T) of
Th2Ru2Sn supports this interpretation. In Fig. 2 we sho
isothermal magnetization curvesM (B) of sample 1. The
magnetization is very small and varies almost linearly w
field.

In zero-field-cooled measurements ofx(T) with fields
smaller than 3 T we observe an anomaly below appro
mately 60 K. This anomaly may be associated with a fer
magnetic impurity phase, for example, URuSn withTC
560 K ~Ref. 16! or, alternatively, USn withTC555 K ~Ref.
17!. The anomaly is smaller for sample 1 than for sampl
and the powder, indicating that sample 1 is of higher pur

Figure 3 shows the temperature dependence of the
cific heat, Cp(T), for U2Ru2Sn sample 1 and Th2Ru2Sn.
Within the experimental error, theCp(T) data of sample 2
~not shown! are identical to those of sample 1. By fitting
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Cp(T)/T5g1bT2 dependence to the data of U2Ru2Sn
sample 1 atT,4 K one obtains a Sommerfeld coefficient
the electronic specific heat,g, of 9 mJ/@(mol U) K2# for
U2Ru2Sn and 6 mJ/@(mol Th! K2# for Th2Ru2Sn. The g
value for U2Ru2Sn is strikingly small compared to the one
of other U-based 2:2:1 compounds.10 A natural explanation
for this fact is the low density of states, related to t
~pseudo!gap at the Fermi level. For the analysis of the latti
specific heat of Th2Ru2Sn we have fitted a Debye function t
the experimental data above 50 K. This fit yields a Deb
temperature of approximately 210 K, the same value as e
mated from theb value of 0.5 mJ/@(mol U) K4#. At tempera-
tures where the electronic contributions are small~above 6
K! the magnetic contribution to the specific heat of U2Ru2Sn
was obtained asCmag5CU2Ru2Sn2CTh2Ru2Sn. It may rea-
sonably well be approximated with the relation

CSch5RS D

2kBTD 2 exp~2D/2kBT!

11exp~2D/2kBT!2
. ~1!

FIG. 1. Temperature dependence of the magnetic susceptib
of an epoxy-stabilized oriented powder sample of U2Ru2Sn ~part of
sample 2!. The inset shows the temperature dependence of the m
netic susceptibility of Th2Ru2Sn.

FIG. 2. Isothermal magnetization of U2Ru2Sn ~sample 1! as a
function of magnetic field.
1-2
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Such a Schottky-type relation accounts for a band mo
with two very narrow density of states~DOS! peaks on either
side of the gap,2 frequently evoked for Kondo insulators. Th
energy gapD extracted from our fit iskB3160 K. The de-
viations from the fit are attributed to the large error result
from subtracting from one another two quantities of simi
magnitudes.

Strong support for the formation of a gap is given by t
temperature dependence of the spin-lattice relaxation r
1/T1(T), obtained in119Sn NMR measurements at 7 T. A
can be seen from Fig. 4, below approximately 200 K, 1T1
for U2Ru2Sn decreases by two orders of magnitude. A
first approach we describe 1/T1 vs T between 40 and 220 K
by an exponential curve 1/T1}exp(2D/kBT), yielding the
energy gapD5kB3155 K. This relation is known to de
scribe the energy gap of spin-Peierls systems or conventi

FIG. 3. Temperature dependence of the specific heat
U2Ru2Sn ~sample 1! and Th2Ru2Sn. The dashed line represents t
Debye function. The inset shows the magnetic contribution of
specific heatCmag5CU2Ru2Sn2CTh2Ru2Sn. The solid line presents
the specific heat associated with the Schottky anomaly~see text!.

FIG. 4. 119NMR spin-lattice relaxation rate of U2Ru2Sn powder
~from sample 2! plotted as a function of inverse temperature. T
straight line indicates a simple exponential behavior which co
sponds to a gap value of 155 K.
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superconductors. A fit of this relation to the published data
CeNiSn~Ref. 4! givesD5kB314 K, i.e., an approximately
one order of magnitude smaller value than for U2Ru2Sn.
Below 10 K, 1/T1 of U2Ru2Sn is linear inT. The low-
temperature deviation from an exponential curve and
1/T1}T law observed in CeNiSn belowT'0.3 K has been
ascribed to a ‘‘V-shaped’’ gap in combination with a residu
density of states within the gap.4 The same interpretation
may hold for U2Ru2Sn.

In Fig. 5 we compare the temperature dependence of
electrical resistivity, r(T), of U2Ru2Sn with that of
Th2Ru2Sn. The resistivity of Th2Ru2Sn decreases smoothl
with decreasing temperature. It is clear that scattering in
case is to be attributed mainly to phonons. Therefore,
may analyze the experimental data by using a Blo
Grüneisen-Mott expression18

r~T!5r014aTS T

QD
D 4

3E
0

QD /T x5

@exp~x!21#@exp~2x!21#
dx2bT3,

~2!

whereQD is the Debye temperature anda and b are con-
stants. The last term in this equation describes interband s
tering processes. In fitting Eq.~2! to our experimental data
we used the Debye temperature obtained from our spec
heat measurements. The dashed line in Fig. 5 illustra
such a fit with a50.257mV cm/K and b51.97
31027 mV cm/K3. The excellent fit implies that Th2Ru2Sn
is a good phonon reference for U2Ru2Sn. The temperature
dependence ofr is similar for both U2Ru2Sn samples and is
in overall agreement with that in Refs. 11 and 12. The f
that the absolute values of sample 1 and 2 differ by almo
factor of 2 may be attributed to different porosities of the tw
samples, giving rise to different effective geometric facto

of

e

-

FIG. 5. Temperature dependence of the electrical resistivity
U2Ru2Sn and Th2Ru2Sn. The data of Th2Ru2Sn are fitted using a
Bloch-Grüneisen-Mott equation. Also depicted is the magnetic
sistivity of U2Ru2Sn ~sample 1! calculated fromrmag5rU2Ru2Sn

2rTh2Ru2Sn.
1-3
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Thus, the absolute values ofr shown in Fig. 5 should be
taken as upper boundaries forr of bulk U2Ru2Sn. The mag-
netic resistivity of U2Ru2Sn, rmag5rU2Ru2Sn2rTh2Ru2Sn,
obtained for sample 1 displays a logarithmic dependence
tween 200 and 400 K, has a maximum at approximately
K, and drops strongly below that temperature. Similar beh
ior was observed for CeNiSn and CeRhSb~Ref. 19!, where
the drop was attributed to the onset of coherence. Be
Tmin525 K, r(T) shows an upturn and tends to satura
with further decreasing temperature below 1 K. The satu
tion of rmag at low temperatures may be related to the no
cubic crystal structure of U2Ru2Sn, as discussed for CeNiS
in the Introduction. It is, at first sight, surprising that, belo
the temperature where the energy gap is believed to open
observe a decrease ofr(T) rather than an increase. As w
shall show below, the Hall effect data resolve this puzz
The reduction of the charge-carrier concentration is ov
compensated by a gain in mobility.

The influence of magnetic fields on the resistivity is d
played in Fig. 6 for Th2Ru2Sn and U2Ru2Sn. In transverse
magnetic fields of 13 T,r of Th2Ru2Sn is altered only
slightly. The transverse magnetoresistance of this compo
reaches a value of about 2.5% at 3 K, typical of a norm
metal. In contrast, for U2Ru2Sn one observes a big differenc
betweenr(T,B50) and r(T,B513 T) just below 50 K,
both for the transverse and for the longitudinal configurat
~see inset of Fig. 6!. The small difference betweenr(T,B
513 T, transverse! andr(T,B513 T, longitudinal! may be
attributed to an extra positive contribution for the transve
configuration due to the cyclotron motion of conducti
electrons. In addition to the enhancement ofr, leading to a
positive magnetoresistance of about 18% at 2 K and 13 T
the transverse configuration~Fig. 6!, the field shifts alsoTmin
towards higher temperature. The transverse magnetor
tance results of sample 2 are qualitatively similar to those
sample 1, but theDr(B)/r value is somewhat smaller. W
obtained 14% at 2 K and 13 T for this sample. We thu
conclude that the magnitude of the transverse magnetor

FIG. 6. Temperature dependence of the transverse magneto
tance of U2Ru2Sn and Th2Ru2Sn obtained in a field of 13 T. The
inset shows the resistivity data for U2Ru2Sn ~sample 1! at 0 and 13
T for both the transverse and the longitudinal configuration.
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tance is sample dependent, while the general temperature
field ~not shown! dependence is the same for the two diffe
ent samples. One might argue that a small amount of a
romagnetic impurity phase is responsible for the large m
netoresistance. However, ferromagnetic URuSn has
negative magnetoresistance.20 Thus, the origin of the large
positive transverse and longitudinal magnetoresistance in
U2Ru2Sn samples is not understood at present. A large p
tive transverse magnetoresistance has also been reporte
a high-quality sample of CeNiSn forHuub andc axis in fields
up to 15 T,21 where it was explained by the cyclotron motio
of the compensated carriers. A negative magnetoresista
has been observed for CeNiSn in theHuua axis configuration
and was ascribed to a gradual field-induced decrease o
anisotropic hybridization gap.21

In Fig. 7 we show the temperature dependence of the H
coefficient,RH(T), for Th2Ru2Sn and U2Ru2Sn. WhileRH

of Th2Ru2Sn is practically temperature independent,RH of
U2Ru2Sn displays a strong temperature dependence be
Tmax5102 K. For both U2Ru2Sn and Th2Ru2Sn the room-
temperature Hall resistivityrH5RHB varies linearly with
the magnetic field. The negative slope of 1.1310210 m3/C
for Th2Ru2Sn indicatesn-type conduction. For U2Ru2Sn, it
is not obvious to ascribe the positive slope of 1
31029 m3/C to p-type conduction because, for magne
systems, the Hall coefficient is generally a combination
two contributions: The normal Hall coefficientR0 resulting
from the Lorentz motion of carriers and the extraordina
one originating from magnetic scattering of these carri
RH5R01Re . According to Fert and Levy22 the Hall coeffi-
cient for heavy-fermion compounds in the incoherent sta
calculated under the assumption of dominating skew sca
ing, is given by

RH5R01g1x̃rm , ~3!

sis- FIG. 7. Temperature dependence of the Hall coefficient
U2Ru2Sn and Th2Ru2Sn obtained in a field of 13 T. Inset: the high
temperature part of the Hall coefficient of U2Ru2Sn ~sample 1! as a
function ofrmagx/C. The solid line in both the main figure and th
inset is a fit~see text!.
1-4
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whererm is the magnetic resistivity,x̃5x/C, andC is the
Curie constant. The coefficientg1, related to the phase shi
d2, takes the form

g152
5

7
gmBkB

21 sind2 cosd2 . ~4!

Though for Kondo insulators a temperature-independ
R0 is not, a priori, anticipated we shall assume thatR0 is
essentially constant between 200 and 400 K for this analy
In this temperature range, the experimental data of the H
coefficient can be described by Eqs.~3! and ~4! with R0
525310210 m3/C andg150.38 K/T. The result of the fit
is shown in Fig. 7 as a solid line, as well as in the inset. T
good quality of the fit suggests that, indeed, the tempera
dependence ofRH is mainly due to incoherent skew scatte
ing by the U 5f moments at high temperatures. The carr
concentration estimated fromR0 in a one-band model isne
51.231028 m23, corresponding to 1.2 electrons p
U2Ru2Sn formula unit. As coherence sets in, the incoher
skew scattering in U2Ru2Sn will no longer be dominant, an
a sign reversal of the Hall coefficient is expected and ind
observed near 50 K. Interestingly, a sign change inRH(T)
has also been observed for CeNiSn~Ref. 8!. In the case of
U2Ru2Sn, below 50 K,rH is no longer linear in field. The
origin of this behavior is not clear at present. At 2 K and 13
T, RH(T) of sample 1 reaches a value of21.45
31028 m3/C. In a one-band model, this corresponds to
electron concentration of 4.331026 m23 or to 0.04 electrons
per U2Ru2Sn formula unit. The fact thatRH(2 K) of sample
2 differs considerably from that of sample 1 may be attr
uted to differences in the sample quality~e.g., different
amount of foreign phase!, leading to different residua
charge-carrier concentrations. In Fig. 8 we show the te
perature dependence of the Hall mobility,mH5RH /r. Keep-
ing in mind that we believeRH to be dominated by the ex
traordinary contribution at high temperatures,mH obtained in
this way is relevant only below the temperature whe
RH(T)5R0, i.e., below 50 K.mH of both U2Ru2Sn samples
increases strongly with decreasing temperature reachin

FIG. 8. Temperature dependence of the Hall mobility calcula
as the ratioRH /r.
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cm2/(V s! for sample I at 2 K. As for CeNiSn and CeRhS
~Ref. 8!, mH of U2Ru2Sn follows approximately a lnT law
between 15 and 50 K.

The temperature dependence of the thermoelectric po
S(T), is shown in Fig. 9. In both samples of U2Ru2Sn, S(T)
is positive in the investigated temperature range. The m
remarkable features are a maximum at approximately 12
with a relatively large value of 30 to 35mV/K and a smaller
anomaly at 10–20 K. Such a two-peak structure ofS(T) has
already been observed for CeNiSn~Ref. 3! and CeRhSb
~Ref. 23!. The large value ofS(T) cannot be explained by a
diffusion contribution only. Taking the above-determine
Hall coefficientR0 we estimate the diffusion thermopower
be 11mV/K, which is 2 times smaller than the experiment
value. Instead, we associate the occurrence of the h
temperature maximum with the formation of the energy g
as was done for Ce3Bi4Pt3 in Ref. 24. For a semiconducto
the thermoelectric power is given by25

S~T!5
kB

e S D

2kBT
1

5

2
1r D , ~5!

where r is a constant ande the electronic charge including
sign. The inset of Fig. 9 illustrates that an inverse tempe
ture behavior is valid for theS(T) curves in a temperature
range 45–75 K. The fit of Eq.~5! to these curves yields a ga
of about 40 K, which is distinctly smaller than the valu
estimated from theCp(T) and NMR data. This may be re
lated to the presence of a residual density of states within
gap. The origin of the low-temperatureS(T) anomaly is not
clear at present. Usually, one considers similar anomalie
be due to a phonon-drag mechanism, where such a kin
maximum occurs in the temperature range (0.1–0.2)3QD .
For U2Ru2Sn, QD;210 K and the anomaly would be ex
pected in the temperature range between 20 and 40
slightly higher than observed experimentally.

The temperature dependence of the thermal conductiv
k(T), of two samples of U2Ru2Sn is shown in Fig. 10. We

d FIG. 9. Temperature dependence of the thermoelectric powe
U2Ru2Sn. The inset showsS vs 1/T. The lines represent fits of Eq
~5! to these data.
1-5
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V. H. TRAN et al. PHYSICAL REVIEW B 67, 075111 ~2003!
see that the absolute value ofk(T) is distinctly different for
the two samples. As in the case ofr(T) ~cf. Fig. 5!, we
suspect that the smallerk(T) values of sample 2 are due t
an uncertainty in the geometric factor. It can be seen
k(T) decreases smoothly between 200 and 50 K, wher
suddenly increases and then passes over a maximum a
proximately 30 K. The latter feature is more pronounced
sample 1. In the inset of Fig. 10 we show the reduced Lor
numberL(T)/L0, whereL(T)5r(T)k(T)/T and L052.45
31028 (V/K) 2. In the entire temperature range,L(T)/L0

*Present address: Trzebiatowski Institute of Low Temperature
Structure Research, Polish Academy of Sciences, 50–
Wrocław, Poland.
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the data above 160 K.
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has a large value, indicating thatk(T) is dominated by
phonons. A more pronounced increase ofL(T)/L0 sets in
below approximately 160 K. This enhancement ofL(T)/L0
is similar to that found for CeNiSn and CeRhSb where it w
ascribed to an increase of the relaxation time of the phon
as a result of the decrease of the concentration of cha
carriers, which are the dominant phonon scatterers.26,27 In
other words, the enhancement ofL(T)/L0 is related to the
opening of the gap at the Fermi level.

IV. CONCLUSION

We have reported bulk and microscopic measurements
polycrystalline samples of the tetragonal compou
U2Ru2Sn. The magnetic susceptibility, specific heat, NM
electrical resistivity, Hall coefficient, thermoelectric powe
and thermal conductivity results show many similarities
the behavior observed in other HF semiconductors. The
ergy gap in U2Ru2Sn estimated from the specific heat a
NMR measurements is approximately ofkB3160 K. A first
hint for a non-negligible anisotropy of U2Ru2Sn comes from
magnetic susceptibility measurements on oriented pow
Whether the anisotropic susceptibility is due to an anisotro
of the energy gap remains to be revealed by future exp
ments on U2Ru2Sn single crystals.
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