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ThAsSe diamagnet:

Evidence for a Kondo effect derived from structural two-level systems
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We report a study of an anomalous scattering mechanism in the structurally disordered diamagnet ThAsSe.
Below 20 K, its electrical resistance displays a logarithmic correction over one decade in temperature, which
is affected by neither strong magnetic fields (B=<17 T) nor high hydrostatic pressures (p=1.88 GPa). Dy-
namic disorder in the ThAsSe single crystals is reflected by, e.g., a quasilinear-in-7' term of nonelectronic
origin in the specific heat at 7<1.7 K. The In T dependence of the resistance is interpreted as being due to the
interaction of the conduction electrons with movable structural defects.
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I. INTRODUCTION

Within the broad spectrum of properties of amorphous
and disordered solids, phenomena related to quantum tunnel-
ing take a special position. This is due to the fact that these
processes may determine the low-energy physics of matter
with some kind of disorder.! The simplest realization of a
tunneling center is believed to be an atom that tunnels be-
tween two metastable states of the double-well potential. An
ensemble of them, called two-level systems (TLS), typically
displays a broad distribution in terms of the energy splitting
and/or the tunneling probability. One of the fascinating as-
pects of the TLS is the appearance of an exotic Kondo effect;
the Hamiltonian of the TLS interacting with a degenerate
Fermi gas can be mapped to the Hamiltonian of the spin-3
Kondo problem.”™* At the strong-coupling fixed point, the
spin of the electrons acts as a “flavor” variable and reflects
the channel index in the two-channel Kondo effect. Thus, in
this particular case, it is expected that the system would have
a non-Fermi-liquid (nFL) ground state below the Kondo tem-
perature Ty and above the Kondo temperature, a logarithmic
temperature dependence of the electrical resistance, R(7T),
should be observed.* ® The recent studies have shown that
considerable 7y can be achieved only outside the tunneling
regime, i.e., when the first excited state is above the barrier.’
In such a case, however, the splitting is significantly larger
and hence the nFL region is harder to reach.® In the TLS
model the In 7 singularity has its origin in the nonmagnetic
interaction of the itinerant electrons with the defect centers.
As a consequence, due to the electron-assisted hops, a mov-
able particle cannot be localized in one of the two metastable
states. This resembles the quenching of a magnetic moment
of a single impurity by the conduction electrons in the clas-
sical spin Kondo problem. It is worth mentioning that Kondo
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himself investigated theoretically an interaction of conduc-
tion electrons with an atom jumping between two equivalent
positions.’

The interest in two-level systems dates back to the early
1970s, when their influence on the low-temperature thermal
properties in disordered solids was discovered.!” Recently
performed point-contact spectroscopy measurements on Cu
nanoconstrictions revealed the anomalous zero-bias response
that points to a coupling of the tunneling centers to the con-
duction electrons.'*'? To date, however, there exists no con-
vincing example for this electron-TLS interaction on a mac-
roscopic scale. Experimental evidence for such a scattering
mechanism in a bulk material might verify some of the as-
pects of the TLS Kondo model and open a new route to the
nFL problem.

Historically, Cochrane et al.'* were the first who raised
the question whether structural disorder can lead to the exis-
tence of a low-energy degree of freedom to which the con-
duction electrons can couple. For the paramagnetic Ni;sP,s
alloy, they have found a In 7 increase in R(7) upon cooling
that is unaltered by a magnetic field of 4.5 T. However, fur-
ther studies on this and other related alloys, showed that their
low-T properties are not equivalent to the ones expected for
the TLS Kondo effect.'*!> Two systems, the degenerate
Pb, _,Ge,Te semiconductor and Ni,Nb, _, metallic glasses,
are among the most interesting materials to investigate the
TLS Kondo problem. In the former system the density of
defect centers can be precisely controlled by the Ge
concentration.'® In the latter one, point-contact spectroscopy
measurements have hinted at a nonmagnetic Kondo-type
scattering.!” Unfortunately, in both the cases, low-lying
phase transitions interfere with the low-temperature R(7)
singularity, and hence prevent one from studying the TLS
Kondo problem in more detail.
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Our interest in the diamagnetic compound ThAsSe origi-
nates in recent studies on its U-based homologue. It has been
shown that uncommon transport properties of the structurally
disordered ferromagnet UAsSe may be consistently inter-
preted in terms of a TLS approach. This concerns, e.g., the
disorder-dependent low-T" upturn in R(7) far below the fer-
romagnetic transition at around 110 K,'® as well as changes
in the thermoelectric power introduced by tiny variations of
Se excess (less than 6%)." Thus, if the electron-TLS inter-
action is realized in UAsSe, some indication for it should be
also observed in ThAsSe owing to the structural disorder in
the anionic sublattice, as suggested by means of x-ray and
scanning-electron-microscopy studies as well as ’Se
nuclear-magnetic-resonance measurements.”’">> Moreover,
the high-resolution transmission-electron-microscopy experi-
ments point to the perfect occupation of the cationic sublat-
tice of both systems without any hints at a disordered
structure.?’

This paper is organized as follows. In Sec. II, we briefly
report some experimental details. Section III includes results
of the electrical resistance and heat-capacity measurements
performed on single crystalline ThAsSe under different con-
ditions. At the beginning of Sec. IV, we discuss the low-
temperature specific-heat data that provide clear evidence for
a dynamic disorder in ThAsSe. In the main discussion, how-
ever, we analyze such experimental findings that differentiate
the electron-assisted transition from other phenomena lead-
ing to a similar temperature variation of the resistance at
ambient conditions. Section IV ends with an interpretation of
our low-temperature R(7) data for ThAsSe in terms of the
TLS Kondo model. Finally, Sec. V gives our conclusions and
an outlook.

II. EXPERIMENT

Single crystals of diamagnetic ThAsSe were grown by the
chemical vapor transport method. Growing conditions re-
sulted in platelike crystals with typical thickness of less than
1 mm and masses of a few mg. X-ray-diffraction measure-
ments revealed the tetragonal structure (PbFCl-type, space
group P4/nmm) with lattice parameters a=4.084 A and ¢
=8.578 A. The crystallographic unit cell of ThAsSe with
exposed (ThAs,Ses) polyhedrons, formed by the closest an-
ion neighborhood of thorium, is shown in Fig. 1. More de-
tails concerning sample preparation as well as their crystal-
lochemical analysis are described elsewhere.?’

Due to the platelike shape of the crystals, the electrical
resistance has been investigated in the basal plane only. Ex-
periments were performed in zero and applied magnetic
fields up to 17 T at temperatures as low as 0.02 K and under
hydrostatic pressure up to 1.88 GPa. Electrical contacts were
made by spot welding 25 um gold wires to the crystals, by
which self-heating is significantly reduced. To the same aim,
the ac electrical current as low as 100 wA has been applied
in the millikelvin temperature range. High pressure was
achieved in a piston-cylinder cell utilizing fluorinert FC 77
as pressure transmitting medium. From the pressure depen-
dence of the superconducting transition temperature of lead,
measured by ac susceptibility, we estimated the absolute
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FIG. 1. Crystallographic unit cell of ThAsSe with exposed
(ThAs,Ses) polyhedrons formed by the anion nearest neighbors of
thorium.

value of the hydrostatic pressure.

The specific heat, in the temperature range 0.37-300 K,
was determined with the aid of the thermal-relaxation tech-
nique utilizing two different commercial microcalorimeters
(Oxford Instruments and Quantum Design). The dc magnetic
susceptibility in fields applied along and perpendicular to the
¢ axis was measured between 2 and 300 K using a supercon-
ducting quantum interference device magnetometer (Quan-
tum Design).

III. RESULTS

In Fig. 2 we show the temperature dependence of the
resistance normalized to its value at 300 K for several single
crystals of ThAsSe. Whereas the resistivity ratio RR
=R(4 K)/R(300 K) of the crystals investigated by us is
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FIG. 2. The ab-plane electrical resistance normalized to its
value at 300 K, R(T)/R(300 K), for different single crystals of
ThAsSe as a function of temperature.
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FIG. 3. The relative change of the low-7 resistance normalized
to its maximum value at around 65 K, AR(T)/R,,,,, of different
ThAsSe single crystals down to 2 K. The measurements have been
done on the same specimens as in Fig. 2. Inset: The transverse
magnetoresistance along the ab plane for the single crystal of
ThAsSe with RR=1.57 at 18 K in magnetic fields applied along
and perpendicular to the ¢ axis.

much smaller than 2.25 reported in the literature and varies
between 1.38 and 1.57, the overall R(7T) behavior is very
similar.?® (In the following, we will identify the samples by
their RR values.) The negative temperature coefficient of the
resistance holds down to =65 K. Upon further cooling R(7)
levels off. For the specimen with RR=2.25, an ab-plane
room-temperature resistivity close to 220 u{) cm was
found.”

Figure 3 allows for a closer inspection of our low-
temperature R(7) results for ThAsSe. The data were normal-
ized to the maximum resistance R,,, at =65 K. Below
around 20 K, the resistance increases again with decreasing
temperature. We found that samples with almost the same
RR value show considerable deviations in both the size and
the temperature dependence of this low-7 upturn. In the inset
of Fig. 3 we plot the transverse magnetoresistance, MR(B)
=[R(B)-R(0)]/R(0), in fields applied both perpendicular
and parallel to the ¢ direction. The MR(B) data have been
obtained at 18 K for the specimen with RR=1.57. For Bl c,
the resistance change due to an applied magnetic field of 17
T is extremely small, i.e., 0.1%. For B||c, the magnetoresis-
tance is negative and varies almost linearly with increasing
field, reaching almost 1% at 17 T.

Although the low-T resistance is strongly sample depen-
dent, for several specimens a distinct —In 7" behavior was
observed in a wide temperature window. At the lowest tem-
peratures, the resistance is found to saturate. An example is
shown in Fig. 4. There we have plotted the relative change of
the resistance normalized to the corresponding value at 2 K,
AR(T)/R(2 K), for the single crystal of ThAsSe with RR
=1.54. In addition, the influence of the hydrostatic pressure
up to 1.88 GPa is displayed. As already reported in Ref. 24
and presented in the inset of Fig. 4, the overall
R(T)/R(300 K) behavior slightly changes due to applied
pressures. However, the RR ratio is hardly affected by p
<1.88 GPa. (A rapid increase of the ambient-pressure value
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FIG. 4. Effect of hydrostatic pressure on the relative change of
the low-T resistance normalized to the corresponding value at 2 K,
AR(T)/R(2 K), for the ThAsSe single crystal with RR=1.54. The
arrow indicates the temperature of saturation T'g. Inset shows the
ab-plane R(T)/R(300 K) dependence at p<1.88 GPa in the entire
temperature range.

of RR from 1.54 to 1.58 at p=10.56 GPa is, most likely, of an
extrinsic nature, e.g., due to microcracks.) Several important
observations are made at 7<<100 K: The application of pres-
sure shifts the position of R,,,, towards lower temperatures;
simultaneously, its value is significantly reduced. At p
=1.88 GPa, the maximum in R(7) disappears. Obviously,
due to the suppression of the humplike anomaly, the R(7,p)
curves are different at intermediate temperatures. Below
around 20 K, there are no differences between the various
R(T,p) curves as far as the AR(T)/R(2 K) dependence is
concerned. This holds for both the logarithmic rise over one
decade in temperature and the pressure-independent tempera-
ture at which the saturation sets in, 7g=2 K.
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FIG. 5. The ab-plane AR(T)/R(4 K) dependence for the
ThAsSe single crystal with RR=1.42 (No. 1) between 0.02 and 4 K
in zero field and 16 T. The saturation of the resistance upon cooling
is indicated by the arrows. Inset: the transverse magnetoresistance
at 0.2 K. The magnetic field was aligned parallel to the ¢ axis.
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FIG. 6. The dc magnetic susceptibility for the ThAsSe single
crystal with RR=1.42 (No. 2) measured in magnetic fields of 1 and
5 T applied perpendicular (circles) and parallel (diamonds) to the ¢
axis. (a) The same results plotted as xy* vs 1/T, where xy* denotes
the low-T susceptibility, from which the average value of the dia-
magnetic component was subtracted. Note a pronounced saturation
of x(7) below around 8 K in a magnetic field of 5 T. (b) The low-
T upturn for the same specimen shown on a semilogarithmic tem-
perature scale. The results, plotted as AR(T)/R(2 K), were ob-
tained along the ab plane in varying magnetic fields applied along
the ¢ axis. We emphasize that there exists no field effect on the low-
T upturn at B<13.5 T.

The significant variation of Ty in ThAsSe is highlighted
by the results presented in Fig. 5. There we show the
AR(T)/R(4 K) dependence for the single crystal with RR
=1.42 (No. 1), obtained between 0.02 and 4 K in B=0 and
16 T. For this specimen, the resistance increases to around
0.2 K and saturates at the lowest temperatures. The
AR(T)/R(4 K) value slightly increases with B at T
=0.2 K. Furthermore, we state that the temperature T is
somewhat lower for the B=16 T data than for zero-field
ones. We believe that the self-heating effects are not respon-
sible for the saturation of the resistance at temperatures as
low as 0.2 K for the following reasons. First, no detectable
change of T's was found for the current being reduced by one
order of magnitude. Second, if the saturation would be due to
overheating or radioactivity, 7¢ should not be altered by
magnetic fields.

In the inset of Fig. 5 we show the isothermal MR data
(T'=0.2 K) obtained in fields applied parallel to the ¢ axis,
with the current perpendicular to the field direction. Simi-
larly to the MR(B) results at 18 K, the linear decrease of the
resistance with increasing B does not exceed 1% in 16 T.

The dc magnetic susceptibility x(7) of another single
crystal with RR=1.42 (No. 2), measured in magnetic fields
of 1 and 5 T, is plotted in Fig. 6. The y(7) data are
temperature-independent and negative in a wide temperature
range as expected for a diamagnetic material. However, upon
cooling to below 50 K, the susceptibility increases as 1/T
[Fig. 6(a)] and then saturates below around 8 K in a mag-
netic field of 5 T. A saturation of y(7) at 1 T seems to
develop below 7=2.5 K, too. This strongly field-dependent
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FIG. 7. (a) The low-T specific heat, as C(T)/T vs T?, of a
diamagnetic ThAsSe between 0.37 and 5 K. The measure-
ments have been done on a few single crystals giving a total mass
of 30 mg. The solid line shows the yT+ BT> dependence with
B=3X1944/ Hi) in units of J/K* mol. Fitting parameters were de-
termined from the temperature range 1.7-5 K. (b) Molar heat ca-
pacity for ThAsSe up to 300 K. The solid line is the Debye approxi-
mation with 6,=254 K and the dotted line denotes the Dulong and
Petit value. (¢) The low-temperature C(7) data on a double-
logarithmic scale. The solid line represents a fit with the function
yT+ BT3, the dashed line indicates a linear temperature depen-
dence of C(T).

paramagnetic contribution is most probably due to a very
small amount of magnetic impurities carrying around 5.4
X 10™* up/fu. Assuming that this is due to U contamina-
tion, we estimate 0.09 mg of uranium per gram of ThAsSe,
i.e., less than 0.01%. There are no significant distinctions
between the x,,(7) and x.(7T) data taken in the same field.

In Fig. 6(b) we show the relative change of the ab-plane
resistance normalized to the corresponding 2 K value,
AR(T)/R(2 K), obtained on the same specimen in different
magnetic fields. Note that there are no distinctions between
the AR(T)/R(2 K) dependencies upon applied fields B
=<13.5 T. This holds for both the size and the In 7" behavior
of the low-temperature increase.

In a first attempt, no linear-in-7 contribution to the spe-
cific heat could be resolved for any of the ThAsSe specimens
investigated. Therefore, in spite of the strongly sample-
dependent resistance, we decided to enlarge the total mass
(up to 30 mg) by putting a few single crystals together into
the cryostat. In Fig. 7(a) we show our specific-heat data, as
C(T)/T vs T?, obtained between 0.37 and 5 K for such a
quasi-single-crystalline sample of ThAsSe. The Sommerfeld
coefficient y close to 0.3 mJ/K? mol as well as the Debye
temperature 6, equal to 254 K were determined from the
data in the range 1.7<7<35 K. The very small electronic
term allowed us to detect an additional contribution to C(7)
upon cooling below 1.7 K. This quasilinear-in-7 term domi-
nates the low-temperature heat capacity of ThAsSe, as dis-
played in Fig. 7(c) in a double-logarithmic plot.

The Debye temperature for ThAsSe is very close to 6
=252 K estimated for a UAsSe single crystal with the Curie
temperature 7-=101.5 K that displays the most pronounced
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upturn in R(T) far below the ferromagnetic transition.?® This
clearly points to a far-reaching analogy in collective vibra-
tions of the crystallographic structure of both systems. The
temperature dependence of the heat capacity of ThAsSe up
to 300 K is presented in Fig. 7(b). The high-temperature
C(T) data are well described by the Debye formula taking a
single empirical parameter, i.e., 6,=254 K, only. At T
>6p, the Dulong and Petit value is reached. No phase-
transition anomaly has been detected in the entire tempera-
ture range.

IV. DISCUSSION

So far, very little is known on the diamagnetic compound
ThAsSe.?**%*” From optical reflectivity measurements at 300
K, an electron density n=3.6X10%* cm * was estimated.”®
On the other hand, Hall-effect results interpreted in the one-
band approximation point to 7(300 K)=8.4Xx10?! cm™3 as
well as a linear decrease of n(7T') upon lowering the tempera-
ture down to around 100 K.2 At 7<100 K, the electron
density of ThAsSe approaches a constant value of 1.1
% 10?" cm™3. Although the one-band approach to ThAsSe
can be questioned (ThAsSe seems to be a compensated metal
with multiband structure because its primitive cell includes
two formula units), the statement of Ref. 23 concerning the
temperature-independent carrier density below around 100 K
remains unchanged.

Even though the anomalous behavior of R(T') above 65 K
has been attributed to the effect of charge suppression, no
evidence for a change of the electronic structure could be
found.?* Thus, the negative temperature coefficient of the
resistance in ThAsSe at 65 K<7<300 K remains unclear.
Nevertheless, the strong sample-dependent RR ratio should
be related to a variation of the As-Se composition, since the
Th sublattice of the ThAsSe crystals investigated is free of
structural defects.® Consequently, the high-temperature
R(T) data provide additional evidence for disorder in the
As-Se sublattice. Note that a detailed crystallochemical
analysis did not reveal any difference in the As-Se composi-
tion between various specimens.?’

In the following, we will focus only on the low-7" prop-
erties of ThAsSe, i.e., on the features observed at tempera-
tures where the electron density is constant.”* We start with
our low-T7 specific-heat results, which carry the key informa-
tion on the nature of the disorder in ThAsSe: The nuclear
magnetic heat capacity, C, as the cause for the additional
contribution to C(7T) found below 1.7 K can be safely ig-
nored. In fact, the temperature at which the C(7') data start
to deviate from the yT+ BT> dependence would be much
higher than in any other nonmagnetic system displaying a
nuclear-magnetic Schottky anomaly.”® Furthermore, the de-
viations due to a nuclear Schottky anomaly in magnetically
ordered USe and UAs are detectable only below 0.25 and 0.3
K, respectively, i.e., well below the low-temperature limit of
our specific-heat measurements.”” Finally, the nuclear-
quadrupole specific heat is negligible in ThAsSe as well,
despite a noncubic environment of all the nuclei. This is
because of the very small nuclear electric quadrupole mo-
ment of the "°As isotope (0.29X 107* cm?), the only com-
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ponent that possesses a nuclear spin larger than 1/2. A de-
tailed analysis of the low-7" dependence of C(T") for ThAsSe
requires more experimental work. Especially, specific heat
and ultrasonic measurements on one sufficiently large single-
crystalline specimen are needed. However, we do not expect
to find, in these future experiments, significant deviations
from our present results, concerning (i) the temperature be-
low which the additional term occurs, 7=1.7 K, as well as
(ii) the size (=1 wJ/gK at 0.5 K) and (iii) the quasilinear 7'
dependence of the additional term. By the negligible Cy
term, all these features should to be ascribed to dynamic
disorder derived from two-level systems. Indeed, the results
from Fig. 7(c) reveal striking similarity to the heat-capacity
data for, e.g., vitreous SiO, — the textbook example of the
TLS material. !

Next we turn to our low-temperature electrical resistance
results, which reveal upon cooling an anomalous upturn in
all the ThAsSe single crystals measured. The question that
naturally arises here is: how far are the transport properties
of ThAsSe modified by dynamic disorder? In other words,
does the low-T upturn originate from the electron-TLS inter-
action or is it indicative of another phenomenon? To resolve
the low-lying excitations in a ThAsSe electron system, we
discuss different scattering mechanisms and interaction phe-
nomena showing a similar temperature variation of the resis-
tance. A pronounced — In 7 dependence observed for several
ThAsSe single crystals allows us to confine the discussion to
only a few of such mechanisms.

Frequently, electron scattering on magnetic impurities,
i.e., the magnetic Kondo effect, is the main reason for the
—In T dependence. Its irrelevance to the ThAsSe specimens
investigated is already suggested by the extremely small
number of magnetic impurities, as inferred from the dc mag-
netic susceptibility data. Nevertheless, in order to completely
exclude the magnetic Kondo effect, we studied the influence
of strong magnetic fields on the resistance of ThAsSe (cf. the
insets of Figs. 3 and 5). Both isothermal MR(B) curves mea-
sured in fields parallel to the ¢ direction exhibit very similar
behaviors, although the temperature of the measurements
differs by almost two orders of magnitude. Note that the
MR(B) data were obtained near the maximum and the mini-
mum of the low-7 singularity. This clearly points at a non-
magnetic origin of the additional scattering. However, the
most convincing proof that magnetic impurities are no cause
of the low-T upturn in the electrical resistivity of ThAsSe is
reflected by the x(7) and R(T) results on the same speci-
men, as presented in Fig. 6(a) and (b), respectively. While
the dc magnetic susceptibility saturates already below 8 K in
B=5 T, the —InT divergence in R(T) is unchanged for
B=<13.5 T. This fact proves that the applied magnetic field
was sufficient to polarize the magnetic moments of impuri-
ties and hence to destroy a possible antiferromagnetic inter-
action of an isolated impurity spin with the surrounding con-
duction electrons. Therefore, a lack of the response of the
—In T correction to B=<13.5 T unambiguously excludes the
magnetic Kondo effect in ThAsSe.

In spite of the layered PbFCl-type crystal structure of
ThAsSe, there is no evidence for a strong anisotropy so far,
as suggested by the dc magnetic susceptibility data (cf. Fig.
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6). However, even if the quasi-two-dimensionality of the
electron gas in ThAsSe would be important, the electron lo-
calization and the electron-electron interaction should be
ruled out as a source of the logarithmic correction to the
resistance for the following reasons.

(i) Since a magnetic field suppresses the localization ef-
fect, its magnetotransport response should be significant al-
ready in fields much smaller than the ones applied in our
experiments.**?! Therefore, the slope of the — In T singular-
ity should distinctly vary with B, if it was due to quantum
interference. This is in striking contrast to the behavior ob-
served for ThAsSe; since its scattering cross section is un-
changed by magnetic fields, as mentioned above.

(ii) A very small (0.05% per tesla) and linear decrease of
the resistance upon increasing the magnetic field (B
<17 T) cannot be explained either by the quantum interfer-
ence or by electron-electron interactions. In fact, because
these are additive effects, a complex MR(B) behavior is ex-
pected. While in small fields the resistance decreases as B>
due to the electron localization, in the high field limit the
interaction effect dominates, leading to a positive magnetore-
sistance.

(iii) Additional proof of the irrelevance of the electron-
electron interaction in ThAsSe is provided by the R(T) re-
sults for two different samples presented in Figs. 4 and 5.
Though for these two samples, 75 is varying by more than
one order of magnitude, R(7) is almost invariant for both
strong magnetic field and high hydrostatic pressure. Indeed,
the saturation of the resistance upon cooling is in striking
disagreement with the theoretical models for electron-
electron interaction, which predict a —In 7 dependence also
in the limit 7—0.>%!

The R(T,p) results allow to neglect Fermi surface effects
as a cause for the low-T singularity in ThAsSe. While ap-
plied pressure does not alter the —In 7 behavior, the hump-
like anomaly at 7=65 K (ambient pressure) is completely
suppressed at p=1.88 GPa. The way, in which p influences
R,,4x» 1.€., by shifting it to lower temperatures accompanied
by a uniform reduction of its size, hints at a relation to the
electronic structure. Furthermore, the different response to
pressure of both singularities, in spite of their similar energy
scales, indicates that they are of different origin. In particu-
lar, the pressure-independent low-7" upturn in R(7) cannot
be related to either charge-density wave formation or struc-
tural rearrangement.* This is supported by the lack of non-
linearities of the voltage-current characteristics, as reported
in Ref. 23. We wish to point out that no phase-transition
anomaly has been resolved in our specific-heat measure-
ments.

Finally, we mention that for none of the uranium dipnic-
tides (the PbFCl-type structure) has a low-temperature sin-
gularity in the resistivity been reported so far, although in all
these highly anisotropic antiferromagnets the cylindrical
Fermi surfaces have been observed in magnetic quantum
oscillations.*® By contrast, all of these systems display an
R(T)*xaT?*(a>0) relation as expected for regular antiferro-
magnets without an anisotropy gap in their magnon spectra.
The case of UBI, is of particular interest because the Bril-
louin zone in this system is not altered by the magnetic
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structure.>® These same holds apparently true when we com-
pare with UAsSe and ThAsSe. Since the p./p,; ratio ~3 for
UAsSe is approximately two orders of magnitude smaller
than in UBi,(p./p,,~500), the quasi-two-dimensionality as
a cause of the pronounced low-T upturn can be discarded for
UAsSe and, obviously also for the nonmagnetic ThAsSe.*

As discussed above, a logarithmic correction to the elec-
trical resistance in ThAsSe due to the spin Kondo effect as
well as electron localization and electron-electron interaction
can be ruled out. Taking into account dynamic disorder high-
lighted by our low-T" heat-capacity results and further sug-
gested by the crystallochemical analysis, the low-
temperature resistance in ThAsSe is apparently dominated by
the electron-TLS interaction. Though some details of the up-
turn were found to be strongly sample dependent, for several
single crystals of ThAsSe the —In 7 correction found over
one decade in temperature appeared to be rather robust. A
logarithmic singularity in the electrical resistance due to the
structural two-level systems, Ry;q(7), was predicted, al-
though this interaction may lead to a rather complex tem-
perature dependence of R(T).>* Remarkably, the TLS
Kondo state develops when the Kondo temperature 7T ex-
ceeds the TLS splitting Ay;g. For the Kondo effect with
dominant scattering on the TLS with larger splittings, the
logarithmic resistance signature transforms into the Fermi-
liquid saturation Ry, (7)1 —aT? at T<Ay; 5. Most prob-
ably, such a case is realized in the ThAsSe single crystal with
RR=1.54 (cf. Fig. 4), for which the saturation holds already
at =2 K. On the other hand, if A;;¢<Ty, the saturation
will be prevented by an Ry (7)1 —aT"? relation, i.e., a
two-channel Kondo effect and the resultant nFL behavior. At
present, no signature for Ry s(T)<1—aT"? was found.
Even though a search for the nFL properties in ThAsSe is
outside the scope of this work, we suggest that the square-
root temperature dependence may be realized in the speci-
mens with a very low value of 7Tg. We note that the energy
scale of the —In 7 behavior fits well with the other experi-
mental results on the mesoscopic samples (7Tx~3 —5 K),***
although no satisfactory theory exists.”®

V. SUMMARY

In this paper we have discussed the low-temperature prop-
erties of the structurally disordered diamagnetic compound
ThAsSe, for which anomalous low-lying excitations have
been observed. A very small value of the electronic specific
heat allowed us to detect a quasilinear-in-7" term of nonelec-
tronic origin in its low-7 heat capacity. This experimental
finding clearly proves the existence of the TLS centers in the
ThAsSe single crystals investigated. By applying magnetic
fields or hydrostatic pressure, we were able to discriminate
between different mechanisms which could lead to a similar
variation of the electrical resistance at ambient conditions.
We propose that an unusual, low-temperature scattering in
ThAsSe, being unchanged by either strong magnetic fields or
high hydrostatic pressures, originates in the TLS interacting
with conduction electrons. Furthermore, the pronounced
—InT dependence in R(7T) of ThAsSe suggests a macro-
scopic realization of the Kondo effect derived from structural
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two-level systems with a characteristic energy scale of the
order of a few K for the Kondo temperature.

ThAsSe appears to be highly suited to study the interac-
tion between the TLS and the conduction electrons for the
following reasons: (i) the concentration of the dynamical
scattering centers can be controlled by the As-Se chemical
composition, (ii) its ground state is not affected by low-lying
phase transitions, and (iii) high-quality single crystals can be
studied, opening the possibility to determine a directional
dependence of the electron-assisted hops. Additionally, the
comparative experiments on diamagnetic ThAsSe and its fer-
romagnetic U-based homologue should reflect a dependence
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of the interaction between the conduction electrons and the
TLS on the character of the former ones.
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