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NMR investigations of U,Ru,Sn: A possible Kondo insulator
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NMR measurements on various samples of U,Ru,Sn, a tetragonal Kondo insulating system, are presented.
We observed anisotropic Knight shifts in all the samples. The anisotropy increases at low temperatures. The
Knight shifts as well as the spin-lattice relaxation rates show signatures of gap opening at low temperatures.
The hyperfine coupling exhibits an anomalous temperature dependence near the Kondo temperature. The

results are discussed in the light of a low-temperature gap with residual density of states in this system.
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I. INTRODUCTION

A subset of Kondo lattice systems, in which the lattice of
magnetic ions (f and d elements) interact with conduction
electrons giving rise to exotic low-temperature properties,
falls into the category of Kondo insulators (or heavy fermion
semiconductors!). In addition, the magnetic elements are va-
lence fluctuating.> This set of compounds has the common
property of a high-temperature paramagnetic phase and a
low-temperature nonmagnetic (or at least partially moment
compensated) phase. However, unlike the better studied
heavy fermion metals, the low-temperature phase is insulat-
ing or at least semimetallic, indicating a presence of an en-
ergy gap in the excitation spectrum of electrons at low tem-
peratures.

After the first reported compound SmBg,? a series of Ce
based, U based, and Yb based compounds have been
discovered! to belong to this class of materials in which, at
high temperatures, the magnetic susceptibility follows Curie-
Weiss (CW) behavior with the effective moment of the free
ion, goes through a deviation from CW behavior and a maxi-
mum in the susceptibility in the intermediate temperatures,
and decreases to a value that corresponds to only a fraction
of the moment expected from the CW behavior. The resistiv-
ity at high temperature has a —log 7 behavior; however, at
low temperature the exponential increase with decreasing
temperature, associated with the presence of gap in the spec-
trum, is often masked by a saturation indicative of in-gap
states or impurity states which contribute to conductivity. An
extensive compilation of properties of Kondo insulators has
been made by Riseborough'. The high-temperature Curie-
Weiss susceptibility and logarithmic temperature dependence
of resistivity are consistent with scattering of conduction
electrons by independent magnetic moments. At low tem-
peratures, the electrically insulating state (and an energy gap)
is a result of f-electron correlations.

Two different characteristic temperatures have been iden-
tified with the Kondo insulators. One is the magnitude of the
gap at low temperature and the other is the temperature be-
low which the gap opens. The temperature dependence of the
gap has been studied in FeSi (Ref. 4) and in Ce;Bi Pt; (Ref.
5). Moreover, the gap value depends on the physical property
from which it is extracted. A compilation of gap opening
temperatures for selected Ce based Kondo insulators is given
by Takabatake et al.® Recently, Adroja et al.” have made a
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compilation of data showing the universal relation between
the susceptibility maximum (7,,,,) to the spin gap value A,
which is T,,,,=3Tk. However, the temperature dependence
of the gap has not been studied so extensively as to have a
clear understanding.

Nuclear magnetic resonance (NMR) is a very useful tool
for determining the gap at the Fermi surface. The spin-lattice
relaxation rate TLI is sensitive to excitations of quasiparticles
across the gap structure. The study of temperature depen-
dence of relaxation rate has given a wealth of information
and has been a method of extracting the gap value for vari-
ous Kondo insulators.®~19 Unlike the magnetic susceptibility,
which contains contributions from extrinsic impurities,
Knight shift that arises due to the hyperfine interaction of
nuclear spin with the electronic spin susceptibility is less
influenced by impurities and not influenced at all by other
phases and hence is an ideal tool for studying the spin com-
pensation and opening of spin energy gap.

U,Ru,Sn was initially identified as a weak paramagnet'!
in the class of U,T,Sn, and later classified as the first tetrag-
onal Kondo insulating system.'> The magnetic susceptibility
and thermal and electrical transport properties were exten-
sively investigated'® in both polycrystallites'* and single
crystals.!> The magnetic susceptibility is anisotropic and
shows a maximum around 180 K and decreases at low tem-
perature. At temperatures above 300 K, the susceptibility fol-
lows CW behavior with nearly free ion moment. The resis-
tivity at high temperatures shows —log T behavior, which is
attributed to incoherent Kondo scattering. At intermediate
temperatures the resistivity decreases, signaling a coherence
between the 5f moments of the U atoms. Below 25 K the
resistivity increases, indicating a semimetallic state.'®

Like in the other Kondo insulators, the gap values ob-
tained from various physical properties such as specific heat,
resistivity, and NMR are different. A gap value of 150 K was
estimated from specific heat and NMR relaxation rate of a
polycrystalline sample.!” The relaxation rate measurements
confirm the presence of residual density of states and also
provided evidence for the scaling of relaxation rate measure-
ment with CeNiSn.

In this paper, we report our NMR studies on single-
crystal, oriented microcrystalline, and polycrystal samples of
U,Ru,Sn. We compare our results with that of CeNiSn and
Ce;Bi, Pt; to point out the similarities in the behavior of the
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Knight shift and relaxation rates in these systems.

II. EXPERIMENT

The NMR measurements have been carried out using a
field sweep NMR instrument developed in our laboratory,
using the automation software written in LABVIEW, where it
is possible to achieve the field stability of 0.1 G between
different scans.

Polycrystalline U,Ru,Sn was obtained by arc melting the
individual components. The detailed method of preparation
is published elsewhere.!? The single crystal was obtained us-
ing a traveling floating-zone technique. Four different types
of samples were used for this measurement. They are ran-
domly oriented polycrystalline powder (RP), polycrystalline
powder oriented in 7 T field and sealed in epoxy (OP),
pieces of single crystals (OX), and oriented (in 7 T) micro-
crystalline samples obtained by powdering single crystals
and sealed in epoxy (OM).

The oriented samples were obtained by mixing the pow-
der (or microcrystals) in epoxy in a cylindrical shape and
applying a magnetic field perpendicular to the axis of the
cylinder. A near complete orientation is obtained within 9 h
while the epoxy was setting. In this process, the sample ori-
ents with the ¢ axis parallel to the magnetic field. The orien-
tation was verified using the NMR spectrum obtained in the
single crystals at 4.2 K (see Fig. 1).

The magnetic field for orienting the sample was applied in
the direction perpendicular to the axis of the cylinder so that
the same sample can be used for both orientations with the ¢
axis parallel to the field (parallel direction) and the ¢ axis
perpendicular to the field (perpendicular direction) in the
NMR coil by rotating the sample by 90° about the cylindrical
axis. The samples were well characterized using x-ray dif-
fraction and y vs T measurements. The single-crystal sample
was found to have traces of URuSn (less than 400 ppm). The
polycrystalline sample was found to contain traces of pure
Sn (detected by its superconducting transition). However, no
NMR signal could be observed from pure Sn. The signals
from OX samples were obtained below 75 K; however, it
was impossible to obtain signal above 75 K due to the poor
penetration depth of rf in the sample. However, the signal
could be observed, though very weak, once again above
200 K. In order to observe the spectra in the entire tempera-
ture range, we powdered a piece of single crystal and ori-
ented the microcrystallites in a magnetic field of ~7 T while
it is being set in an epoxy. The extent of the orientation could
be verified from the Knight shift values as to how well the ab
axis value coincides with the shift value of the perpendicular
direction in the powder pattern.

The preparation method for the nonmagnetic reference
sample Th,Ru,Sn is described elsewhere.'® The reference
compound has a Knight shift of about 0.1% relative to the
listed Larmor frequency and is temperature independent be-
tween 4.2 and 200 K. The Knight shift values of U,Ru,Sn
are obtained with respect to this reference.

III. RESULTS

Figure 1 shows the compilation of field sweep
198n-NMR spectra at various temperatures. The spectra in
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FIG. 1. (Color online) NMR spectra obtained by sweeping field
at fixed frequency of 33 MHz in U,Ru,Sn. The top and bottom
panels are the lines obtained in OX samples and the middle panel
shows the polycrystalline unoriented powder sample. The dotted
line is a guide for the eyes.

the middle panel are obtained from RP samples. The spectra
below ~100 K show powder pattern due to axially symmet-
ric Knight shift. The development of the increased aniso-
tropy below 100 K is evident. Above 100 K, the line fits to a
Gaussian line shape and the anisotropy is not resolved at any
higher temperature. In order to investigate the anisotropic
Knight shift directly, we carried out field sweep NMR mea-
surements on pieces of single crystals oriented in parallel and
perpendicular directions. The top and bottom panels show
the spectra obtained in oriented single crystal at 10 and
200 K, respectively. From this figure, one can see that the K|,
and K, directions correspond to parallel and perpendicular
directions, respectively, indicating that the axis of the aniso-
tropy coincides with the ¢ axis.

A. Knight shift

The Knight shift in the reference compound Th,Ru,Sn is
isotropic and temperature independent (~0.1%). The tem-
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FIG. 2. Knight shift as a function of temperature in the parallel
and perpendicular directions in U,Ru,Sn.

perature dependence of the Knight shift values for both the
directions in U,Ru,Sn from 350 to 4.2 K is given in Fig. 2.
The Knight shift is positive and anisotropic in the entire
temperature range of measurement. However, below
~150 K, the Knight shift in the parallel direction exhibits a
rapid decrease as indicated by the AK plot.

The temperature dependence of the Knight shift in the
parallel direction is qualitatively similar to the magnetic sus-
ceptibility, where a drop in the susceptibility is observed be-
low 150 K. The drop in the susceptibility following a broad
maximum at 150 K is a characteristic feature of Kondo sys-
tem and is related to the Kondo temperature (Tg). The
Knight shift in the perpendicular direction, however, does
not show such remarkable change near 150 K. This is a clear
indication of an anisotropic energy gap arising due to the
anisotropic interaction of the 5f electrons with the conduc-
tion band. The anisotropic residual Knight shifts at the low-
est temperature could also be associated with various other
reasons. For instance, the partial compensation of U mo-
ments, which is evident from the low-temperature suscepti-
bility, could result in an anisotropic residual 5f moments. It
could also be because of the anisotropy in the residual den-
sity of states in the gap.

It is important at this point to compare our results with
those of other Kondo insulators in order to show that the
results are not entirely anomalous. A similar behavior of dif-
ferent temperature dependence in different crystallographic
directions is observed in orthorhombic Kondo insulator
CeNiSn.? Though Ce;Bi Pt; is cubic, the **Bi Knight shift
is anisotropic.® This shows that our observations in U,Ru,Sn
are typical of Kondo insulating system and the observed
anomaly at 150 K is signature of the gap opening.

B. Relaxation rate

19Sn NMR relaxation rate in the reference sample
Th,Ru,Sn exhibits linear temperature dependence, following
the Korringa relation (Fig. 3) indicating that the relaxation is
dominated by free conduction electron. In U,Ru,Sn, near
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FIG. 3. The relaxation rate of U,Ru,Sn in parallel (open) and
perpendicular (filled) directions. The relaxation rate of Th,Ru,Sn
follows the Korringa law (filled square with solid line). The solid
curves show the straight energy gap of 230 K. The dashed line is
the best fit for V-shaped gap fitting well with the low-temperature
residual relaxation rate as well.

200 K, the relaxation rates are much higher than those in
Th,Ru,Sn. However, the relaxation rate drops rapidly below
this temperature, signaling opening of the energy gap, and
decreases to a value less than that in Th,Ru,Sn. Below 80 K,
the relaxation rate is linear. In U,Ru,Sn, one can consider
that there are two contributions to the relaxation process
which can be written as

1 1 1
— = + )
Ty Ti_ce T\

(1)

The first term is the contribution to the relaxation from the
conduction electrons due to contact interaction and the sec-
ond is the transferred hyperfine term from the f electrons of
U. One can consider that the conduction-electron contribu-
tion in U,Ru,Sn will be similar to that in Th,Ru,Sn. It is
clear that at high temperatures, both the contributions are

present and hence the L in U,Ru,Sn is higher than that of

T,
Th,Ru,Sn. However, below 80 K, the TLI decreases below
that of Th,Ru,Sn, indicating that both contributions are de-
creasing. Below 80 K, the relaxation rate exhibits a Korringa
behavior indicating, the presence of residual density of
states. We do not observe an anisotropy as clearly in the
relaxation rate as in the Knight shift.

The relaxation rate in the temperature range of 80—200 K
can be fitted to the form TLl~e‘A/kBT with A=230 K. This
value is higher than what was obtained in the polycrystalline
randomly oriented powder,!” indicating a sample depen-
dence.

The features of TLI observed in U,Ru,Sn are common in
many of the Kondo insulating systems especially CeNiSn.!”
There are different models for the shape of the density of
states near the Fermi surface in order to explain the observed
temperature dependence of relaxation rate. Considering the
linear temperature dependence at low temperatures, a
V-shaped energy gap was proposed by Nakamura et al.,?
which was found to fit the temperature dependence of relax-
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ation rate of CeNiSn. Nakamura et al. approximated the gen-
eral expression?! for the temperature dependence of relax-
ation rate by assuming a ¢ independent spin fluctuation and ¢
averaged hyperfine interaction to get

1 If(E)
T o« A3 T f Nﬁff(E){— &—E}dE. (2)

The expression given below for the V-shaped gap is similar
to that used by Nakamura er al. in their calculations:

_ ¢
D 2

(3
2

_|E-E[ C

2
=

A
when |E| < 5 and N(E) > a,

A
N(E) = when |E| > 5

A
N(E)=a when |E| < 5 and N(E) < a.

The first two expressions represent a V-shaped gap (A) in
a finite band with a width D. The third expression ensures
that the minimum value of N(E), inside the V-shaped gap, is
the residual density of states (). The finite bandwidth helps
explain the saturation of the relaxation rate at high tempera-
tures. N(E) as well as the integral in the Eq. (2) are evaluated
numerically. The solid line through the data points is the best
fit of the model, which agrees well with the data with the
values of KAB=23015 K and KQB=2300150 K. The value of «
corresponds to 0.3% of the high-temperature (T> KAR) density
of states. The value of gap is much smaller than that pre-
dicted by the universal relation connecting the 7, to Tk
described by the work of Adroja et al” Further work is
needed to find out the reason for such a deviation. In order to
see the coupling of the electron to probe nuclei ('”Sn), we
need to look at the hyperfine interaction.

C. Hyperfine interaction

The relation between spin susceptibility and Knight shift
can be written as

HF

K (1) = ), 3)

AMB

where Ay is the hyperfine coupling constant, and N, and ug
are Avogadro’s number and the Bohr magneton, respectively.
The plot of K(T) against the corresponding value of magnetic
susceptibility x(7) is given in Fig. 4 and the slope is the
value of Ayp. In the parallel direction, the low-T and the
high-T" regimes are independent straight lines connected
through a turnover regime which corresponds to the maxi-
mum of the susceptibility. In the perpendicular direction, the
low-T data could be fitted to a straight line. The individual
slope values are given in Fig. 4. The intercept values are
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FIG. 4. The K(T) vs x(T) shows marked difference in the two
directions. The solid lines produced by fitting the data with a
seventh-order polynomial serve as a guide for the eyes. The dotted
straight lines are linear fits to the data in that range and the corre-
sponding values of Ay are indicated.

—0.006, 0.0002, and —0.001 in the low T, high T of parallel
direction, and low T of perpendicular direction, respectively.
In the perpendicular direction, the high-temperature regime
has a temperature independent Knight shift though the mag-
netic susceptibility shows a weak temperature dependence.

Such a turnover in the K vs x plot is observed in
Ce;Bi Pt; and CeNiSn. In both the cases, the axial Knight
shift exhibits the turnover. In the case of Ce;Bi Pt; the iso-
tropic part is nearly linear, whereas in CeNiSn the K vs y
behavior is much more complicated in the other crystallo-
graphic directions. The turnover temperature has been attrib-
uted to the Kondo temperature in these materials. Kim and
Cox?? have worked out the K vs y relation for single param-
eter Kondo system and predict a turnover at the characteristic
temperature T,,. Moreover, Ohama et al.'® identify a devia-
tion from linearity of K vs y near 200 K. However, such a
temperature could not be identified within the range of our
measurements on U,Ru,Sn.

The striking feature is that the magnetic susceptibility in
the perpendicular direction is less than that in the parallel
direction, whereas K exhibits a trend that is reverse. Though
this feature is more prominent at low temperatures, it is so in
the entire temperature range, indicating that the hyperfine
coupling is much stronger in the ab plane than in the ¢ di-
rection. Moreover, in the low-temperature region, after the
gap opening and the moment compensation take place, both
contributing to the decrease of hyperfine coupling constant,
one observes an enhanced hyperfine coupling constant in the
parallel direction and probably in the perpendicular direction
as well. In the case of Ce;BisPt;, K, shows very similar
behavior.®

In order to understand the results, one must consider vari-
ous contributions to the Knight shift from the susceptibility
by estimating a possible value for each one of them. In sys-
tems such as U,Ru,Sn, which has both conduction electrons
and localized spins, the Knight shift can be written as K(7)
=K+K{T). The temperature independent part K, contains
the direct Fermi contact term and the dipolar contribution
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coming from the non-s-nature of the conduction electron and
can be written as Ky=Kg+K,,;,- The temperature dependent
part, Kf(T), arises from the interaction of f electrons and the
probe nuclei through the conduction-electron polarization
otherwise called the transferred hyperfine coupling of the f
electrons. In uniform conduction-electron polarization
model,? the temperature dependence of the total susceptibil-
ity can be written as

_ (DXL -S)
Kl =Keg “gfgquNJ(H ]

Here, the x; is the f-electron susceptibility, N is Avogadro’s
number, and (I') is the spatial average of the exchange cou-
pling between the f electron and the conduction electron.
(J-S) is the average projected spin. According to this equa-
tion for uranium in 5f2 configuration corresponding to a J
=L-S=4, where S-J is negative, a positive Knight shift (in
the entire temperature range) and a positive hyperfine cou-
pling, as in the present case, indicate an antiferromagnetic
exchange? (I') between the conduction-electron spins and
the U 5f spins, which is according to the expectations in a
Kondo system. This shows that the exchange coupling is
stronger in the low-temperature regime where the gap is
open. It is also possible that the exchange could be very
anisotropic and the simple picture of uniform polarization
may not be valid at all. It is clear from the anisotropy and
temperature dependence of A, that the effects we observe
are due to the correlations set up by opening of the energy

gap.
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Kim and Cox?? had discussed in detail the Knight shift in
a Kondo system describing the hyperfine interaction in heavy
fermion systems such as CeSns. They describe two different
contributions to the Knight shift coming from two different
types of polarization of the conduction electrons surrounding
the f atom. One is the oscillatory Ruderman-Kittel-Kasuya-
Yourda (RKKY)-type interaction and the other is the Kondo
interaction (which results in the singlet) which are present at
the same time. Such a picture of two components resulted in
a turnover in the K-y plot at a temperature related to the
Kondo temperature (7,). This picture is valid for a heavy
fermion system where the ground state is metallic. In the
case of U,Ru,Sn, the ground state is insulating. Neverthe-
less, one can consider that the turnover in K-y graph is due
to the interplay of RKKY and Kondo interactions.

IV. CONCLUSIONS

We have observed Knight shift and spin-lattice relaxation
in U,Ru,Sn between 4.2 and 325 K. The Knight shift is an-
isotropic over the entire temperature range and below 150 K
the anisotropy increases, indicating the opening of a gap. The
temperature dependence of relaxation rate also indicates the
opening of a gap. At high temperatures, the contribution to
relaxation rate is predominantly from the 5f electrons of U,
and at low temperature the same is from the residual density
of states. A model of a V-shaped density of states fits the
relaxation data well. From the Knight shift and relaxation
data, one could conclude that U,Ru,Sn can be classified as a
Kondo insulator along with CePt;Bi,, CeNiSn, etc.

*Electronic addresses:

akrajarajan @ gmail.com

IP. S. Riseborough, Adv. Phys. 49, 257 (2000).

27. Fisk, J. L. Sarrao, S. L. Cooper, P. Nyhus, G. S. Boebinger, A.
Passner, and P. C. Canfield, Physica B 223&224, 409 (1996).

3 A. Menth, E. Beuhler, and T. H. Geballe, Phys. Rev. Lett. 22, 295
(1969).

4M. Fith, J. Aarts, A. A. Menovsky, G. J. Nieuwenhuys, and J. A.
Mydosh, Phys. Rev. B 58, 15483 (1998).

M. E Hundley, J. D. Thompson, P. C. Canfield, and Z. Fisk,
Physica B 199-200, 443 (1994).

OT. Takabatake, T. Sasakawa, J. Kitagawa, T. Suemitsu, Y.
Echizen, K. Umeo, M. Sera, and Y. Bando, Physica B 328, 53
(2003).

D.T. Adroja, J.-G. Park, E. A. Goremychkin, K. A. McEwen, N.
Takeda, B. D. Rainford, K. S. Knight, J. W. Taylor, J. Park, H.
C. Walker, R. Osborn, and P. S. Riseborough, Phys. Rev. B 75,
014418 (2007).

SA.P. Reyes, R. H. Heftner, P. C. Canfield, J. D. Thompson, and
Z. Fisk, Phys. Rev. B 49, 16321 (1994).

M. Kyogaku, Y. Kitaoka, H. Nakamura, K. Asayama, T. Taka-
batake, F. Teshima, and H. Fujii, J. Phys. Soc. Jpn. 59, 1728
(1990).

10K, 1. Nakamura, Y. Kitaoka, K. Asayama, T. Takabatake, H.
Tanaka, and H. Fujii, J. Phys. Soc. Ipn. 63, 433 (1994).

L. Havela, V. Sechovsky, P. Svoboda, H. Nakotte, K. Prokes, F.
R. de Boer, A. Seret, J. M. Winand, J. Rebizant, J. C. Spirlet et

rajuak @barc.gov.in and

al., J. Magn. Magn. Mater. 140-144, 1367 (1998).

12, Menon, P. V. du Plessis, and A. Strydom, Solid State Commun.
106, 519 (1998).

13V, H. Tran, S. Paschen, A. Rabis, N. Senthilkumaran, M. Baenitz,
F. Steglich, P. de V. du Plessis, and A. M. Strydom, Phys. Rev. B
67, 075111 (2003).

145, Paschen, M. Baenitz, V. H. Tran, A. Rabis, F. Steglich, W.
Carrillo-Cabrera, Y. Grin, A. M. Strydom, and P. de V. du
Plessis, J. Phys. Chem. Solids 63, 1183 (2002).

135S, Paschen, V. H. Tran, N. Senthilkumaran, M. Baenitz, F. Steg-
lich, A. M. Strydom, P. de V. du Plessis, G. Motoyama, and N.
K. Sato, Physica B 329-333, 549 (2003).

1A, M. Strydom and R. Tro¢, Solid State Commun. 126, 207
(2003).

7M. Baenitz, A. Rabis, S. Paschen, N. Senthilkumaran, F. Steglich,
V. H. Tran, P. de V. du Plessis, and A. M. Strydom, Physica B
329-333, 545 (2003).

18P de V du Plessis, A. M. Strydom, R. Tro¢, and L. Menon, J.
Phys.: Condens. Matter 13, 8375 (2001).

19T. Ohama, H. Yasuoka, and Y. Isikawa, J. Phys. Soc. Jpn. 64,
4566 (1995).

20K Nakamura, Y. Kitaoka, K. Asayama, T. Takabatake, G. Naka-
moto, H. Tanaka, and H. Fujii, Phys. Rev. B 53, 6385 (1996).

2I'T. Moriya, J. Phys. Soc. Jpn. 18, 516 (1963).

22E. Kim and D. L. Cox, Phys. Rev. B 58, 3313 (1998).

23V, Jaccarino, Phys. Rev. Lett. 5, 251 (1960).

024424-5



