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Magnetization, resistivity, and specific-heat measurements have been performed on a high-
quality single crystal of (tetragonal) Ulr;Si,. In all physical quantities anomalies are found relat-
ed to an antiferromagnetic transition at Ty =4.9 K. No superconductivity was observed down to
40 mK. The magnetization and resistivity are strongly anisotropic. Below 4.9 K a metamagnetic
transition occurs along the ¢ axis at a field of 2.2 T. For T > T the specific heat yields an elec-
tronic constant y of 105 mJ/mol K2, whereas below Tn a much higher value (290 mJ/molK?) is
found. The magnetic entropy related to the transition is too small to be explained by an ordering
of localized moments. A crystal-electric-field level scheme involving three singlets and a doublet
is used in an attempt to interpret the data, but clearly effects of the heavy electrons and their hy-

bridization must be considered.

Although magnetism is more common than supercon-
ductivity in U-based, intermetallic compounds,' there
nevertheless remains much interesting and topical physics
concerning the nature of the magnetic ordering. For ex-
ample, the following questions arise: (i) How should one
describe the (anti)ferromagnetic order, with (reduced) lo-
cal moments or as being itinerant? (ii) How is the
correlated-electron state affected by the ordering? And
(iii) do crystal-electric-field (CEF) effects play a role?
Here we report macroscopic experiments on a new ‘‘light”
heavy-fermion system Ulr,Si,, which exhibits a reduced-
moment antiferromagnetic transition at Ty =49 K, a
metamagnetic transition below T around 2.2 T, and an
increase in the y value of the specific heat below 7. The
two former properties are typical for the magnetic heavy-
fermion systems while the latter is not; usually y de-
creases.” We also illustrate the usefulness of a CEF
scheme for qualitatively explaining the data. The purpose
of this Rapid Communication is to introduce the Ulr,Si,
material and hopefully stimulate additional theoretical
and experimental efforts on CEF effects in strongly corre-
lated electron systems along with more microscopic mea-
surements such as neutron scattering, muon spin reso-
nance, and optical reflectivity.

Among the existing UT,Si, compounds (where T is a
transition metal), only those with 7 =Ir or Pt crystallize
in the CaBe,Ge; structure. All others have the ThCr,Si,
structure. This may be the reason why UlIr;Si; has been
rather neglected in the study of new heavy-fermion ma-
terials.>™> In our preliminary study on polycrystalline ma-
terial, an antiferromagnetic transition was observed near
5.5 K.> We now present the results of magnetization,
resistivity, and specific-heat measurements performed on
a high-quality, single-crystalline sample of Ulr,Si, which
show that this system possesses some unusual properties
and to be a good test for CEF-like effects.

The single crystal was grown employing a “‘tri-arc”
Czochralski method.® The quality was demonstrated by
x-ray analysis, electron probe microanalysis, and optical
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microscopy, i.e., no second phases were detected. The lat-
tice parameters are @ =4.0867 A and ¢ =9.8291 A. Mea-
surements of the magnetization were performed via a vi-
brating sample magnetometer up to 5 T and extended to
35 T with an induction method and a pulsed magnet. For
the resistivity, use was made of a four-point dc technique
for temperatures from 40 mK to room temperature. The
specific heat was determined between 1.92 and 30 K by an
adiabatic pulse method.

The temperature-dependent susceptibility y(7") =(a/
B), measured in a field of 1 T, is shown in Fig. 1(a) for
fields applied along the a and ¢ axes. It is highly aniso-
tropic, with the maximum in y along the ¢ axis greatly
exceeding that along the g axis. These maxima occur at
slightly different temperatures (7., =4.8 K; T, =5.3
K). As will be discussed below, this discrepancy has a
physical significance within the model proposed to quali-
tatively describe the data. The temperature dependence
of the susceptibility in both directions suggests the oc-
currence of a transition to an antiferromagnetic state.
xz(T) along the ¢ axis approaches a constant value at the
lowest measurement temperature of 1.7 K [see inset of
Fig. 1(a)], whereas along the a axis it still decreases.

Neither susceptibilities obey a Curie-Weiss law in any
temperature regime, as can be seen in Fig. 1(b). The sus-
ceptibility along the ¢ axis, however, can be reasonably
well described in terms of a temperature-independent
(enhanced) Pauli susceptibility yo plus a Curie-Weiss con-
tribution ycw from 300 K down to 7 K, with p.g=1.03,
Ocw=1.84 K, and 70=1.76 10 ~3 emu/mol [solid line in
Fig. 1(a)]l. A similar description of the susceptibility
[dashed line in Fig. 1(a)] along the g axis is not as suc-
cessful over such a wide temperature range. A best-fit
procedure above 100 K yields parameters comparable to
the ones obtained above. Therefore, at the highest tem-
peratures, the moment is only weakly anisotropic and the
interactions are practically negligible. The Pauli
paramagnetic contributions are quite comparable to those
found for several other 1:2:2 uranium germanides.”"!°
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Ulr;Si;. The solid (¢ axis) and dashed (a axis) lines represent
the two-contribution fit; see text. In the inset the susceptibility
along the ¢ axis is shown in detail near its maximum. (b) The
inverse susceptibility vs temperature.

The small positive Curie-Weiss temperature and the devi-
ations observed along the a axis below 100 K might be
caused by a (weak) temperature dependence of yo.

The most salient feature in the field dependence of the
magnetization at 7=1.66 K, shown in Fig. 2, is the sharp
metamagnetic transition at By, =2.2 T which is observed
only along the ¢ axis. Thus, in Ulr,Si, the metamagnetic
transition occurs at a field value which facilitates investi-
gation of the metamagnetic state. In comparison, for
URu,Si, the metamagnetic transition occurs in a field of
34 T."'" The steps which were observed at the metamag-
netic transition of URu,Si; (Ref. 11) are absent here,
even when the field intervals in our measurement are
greatly reduced. Such a transition clearly shows that the
material has an antiferromagnetically ordered low-field
ground state. In contrast, along the a axis a smooth

0_25;— uunngnnnunuu
o
o<
0.2 | s & o 7
—_ 04+ 2% .
So015 o L e ’
~ . o 0.2 Mo ot
2 0'1 | [ ax]: 8 »U"".oo l B A(Tl
ot %10 20 _30, .
0.05 - e TR
Q +
0 Qnprssrr T I = L
1 2 3 4 5
B (T)

FIG. 2. Magnetization vs magnetic field for UIr,Si; at
T=1.66 K. Note the fully reversible metamagnetic transition
at 2.2 T along the c axis. In the inset the measurement is shown
over the entire field range.

proximately 0.5up5.

The resistivities measured along the two crystallograph-
ic directions are given in Fig. 3. They differ both in mag-
nitude and in temperature dependence. Along the c axis,
the resistivity increases with decreasing temperature be-
tween 300 and 105 K. At the latter temperature, a broad
maximum is found with a very high value of 450 uQcm.
The decrease observed below this temperature is not
monotonic, but exhibits a knee at around 6 K correspond-
ing to a maximum in dp/dT at 4.8 K (see inset in Fig. 3).
Along the a axis there is no increase in the resistivity with
decreasing temperatures downwards from 300 K. Also
here, an anomaly at 6 K and a dp/dT maximum at 4.8 K
are found. As in URh;Ge; (Refs. 7 and 8), the resistivity
is larger along the ¢ axis than along the g axis. This is in
agreement with the expectation that the conduction is best
within the Ir (or d-element) layer, but differs from the re-
sults on UFe;Ge; (Refs. 7, 9, and 10) and URu,Si,.!?
Further considerations of the anisotropic resistivity behav-
ior for such 1:2:2 compounds may be found in Ref. 13.
When continuing the resistivity measurements down to 40
mK, no superconductivity was observed.

The specific heat, presented as cp/T vs T2, is shown in
Fig. 4. Near the Néel temperature determined from sus-
ceptibility and resistivity, an anomaly is observed in the
specific heat as a distinct maximum at 4.9 K. Above this
anomaly the specific heat is not simply composed of an
electronic (yT') contribution and a phonon contribution as
given by the low-temperature approximation of the Debye
expression (BT3), for such behavior would result in a
linear dependence in the expanded T scale of Fig. 4(b).
However, when the full Debye expression is used, a
reasonably good description of the specific heat [see Fig.
4(b)] is obtained with y =105 mJ/mol K2 and 6p =254 K,
which results in a low-temperature coefficient 8=5.90
x10 "% J/molK* For T < Ty, the specific heat may be
fitted by a linear and a cubic temperature variation at
least down to 1.92 K [see Fig. 4(a)]. In contradistinction
to most antiferromagnetic heavy-fermion systems,? the y
value below the Néel temperature has remarkably in-
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FIG. 4. (a) The specific heat divided by the temperature vs
the temperature squared for Ulr,Si>. O, B=0T; +, B=2 T;
and X, B=5 T. (b) The zero-field measurement over an ex-
panded temperature range. The solid line represents the high-
temperature fit to the data mentioned in the text.

creased to 290 mJ/mol K2, Also f=6.56x10 ~3 J/mol K*
is very large compared to that deduced from the high-
temperature fit (see below). We further note that both
the magnitude of the anomaly and the entropy related to
the transition, estimated by extrapolating the contribu-
tions mentioned above to 0 K are very small, AS =1.65
J/molK =0.20 R, further suggesting the reduced-moment
behavior. The specific heat in the vicinity of the anomaly
is found to be particularly sensitive to an applied magnetic
field along the ¢ axis. Between 0 and 2 T the maximum in
the specific heat shifts downward and decreases in magni-
tude [see Fig. 4(a)]l, but at the lowest temperatures no
marked decrease of the specific heat is observed, illustrat-
ing y to be almost field independent in the antiferromag-
netically ordered phase. Nevertheless, a very strong
reduction of the anomaly is seen in 5 T > By, yielding a
broad specific-heat maximum which resembles a Schottky
anomaly. Also, the low-temperature value of c,,/ T is seen
to be greatly diminished by the field. This implies that the
y value below T significantly decreases when the antifer-
romagnetically ordered state is destroyed by the meta-
magnetic transition.

An attempt has been made to describe the magnetic
and thermal properties of Ulr;Si; in terms of
Nieuwenhuys’ singlet-ground-state model, which has pre-
viously been applied to URu,Si; and UPt,Si,.'* This
model is a simple application of crystal-field!> and
induced-moment '® theory used earlier to describe Pr3*
and other rare-earth ions with integral J, when the CEF
produces a singlet ground state. In its extension to U, the
U** (J =4) manifold is split by the CEF with tetragonal
symmetry into five singlets and two doublets. Of these
states a subset consisting of three symmetry-related sing-

lets and the lowest doublet are taken into account. If a
singlet is the ground state, the magnetism is of van Vleck
type, oriented along the ¢ axis due to a magnetic-
field-induced coupling between the singlets, and along the
a axis via the ground state and the doublet. Since at low
temperature the ¢ axis is experimentally the magnetic
easy axis, the ground state and the first excited state are
inferred to be singlets. In the model, magnetic interac-
tions between the U ions are included by a molecular-field
approach. If the molecular-field parameter is large
enough, below a critical temperature an internal magnetic
field will arise, increasing the splitting between the
lowest-lying singlets and causing an ordering of the mag-
netic moments.

Such a model has various merits. (i) The susceptibility
at low temperatures, near the magnetic ordering, can be
small, even though at high temperatures a good (CW)
effective moment is observed. (ii) The susceptibility can
be strongly anisotropic (y**> y**) while exhibiting
anomalous behavior due to the transition along both a and
c axes. (iii) Since the temperature dependence of the
magnetic susceptibility is mainly determined by the CEF,
maxima are not necessarily related to the magnetic order-
ing and therefore may be found at different temperatures
for measurements with fields along different crystal axes.
Specifically, if the doublet lies sufficiently above the first
excited singlet, the susceptibility maximum along the a
axis occurs at a higher temperature than that along the ¢
axis. (iv) The transition can give rise to an anomaly in the
specific heat that is much smaller than that arising from a
doublet ground-state ordering.

For the evaluation of the magnetization along the ¢ axis
three parameters must be determined, viz., the splitting
between the ground state and the two excited singlets (A
and A') and the molecular-field parameter (A). The tem-
perature of the transition 7Tn =4.9 K, the field of the
metamagnetic transition By =2.2 T, and the ratio be-
tween the maximum and the lowest-temperature value of
the susceptibility were taken as the determining criteria.
Accordingly, A was established to be 15 K, A'tobe 110 K,
and A=1.12. For the calculation of the magnetization
along the a axis two additional parameters have to be
evaluated, viz., the splitting A" and the matrix element of
Jx between the ground state and the doublet. In order to
obtain a proper adjustment of these two variables, the ra-
tios between the susceptibilities along the two crystallo-
graphic directions at the maxima and at 300 K were used.
These requirements yield values for A" and the J, matrix
element of 70 K and 1.85. In accordance with experi-
ment, the calculated magnetic-field dependence of the
magnetization along the a axis does not show any anoma-
lous behavior near 2.2 T.

With this set of CEF parameters the main features of
the experimental magnetization and susceptibility are pre-
dicted. In addition, the field dependence of the anomaly
in the specific heat can be described, i.e., the calculations
show the characteristic decrease in magnitude and shift
towards lower temperature for fields below 2.2 T, whereas
at 5 T indeed a Schottky-like anomaly is found with a
maximum at a temperature above that of the zero-field
anomaly.
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Despite these qualitative agreements, quantitatively
large deviations from the experiments are found. The sus-
ceptibility along the ¢ axis at the maximum is overes-
timated by the CEF model by a factor of 4, the magnetic-
field dependence of the magnetization is much too weak
along the c axis in the neighborhood of the metamagnetic
transition, and the magnetization is driven too easily into
saturation. Besides this, the magnetic part of the specific
heat is strongly overestimated in the region around and
above Ty.

Such deviations are attributable to correlations and hy-
bridization effects that broaden the levels and reduce the
moments. As the energy difference between the lowest
singlets is very small (15 K) the effect of the broadening
of the 5f states is expected to be more serious for UIr;Si;
than for URu,Si; or UPt,Si; where the splitting between
the lowest states is at least twice as large.'* In addition,
the strong change in the electronic specific-heat coefficient
(7) that is observed at the transition cannot be explained
in this CEF framework. It is noteworthy that the cubic
term in the specific heat has also increased significantly
below the transition (see above). This increase can origi-
nate from an increased lattice contribution (decreased 8p
due to magnetostrictive effects), as well as from spin
waves in the antiferromagnetically ordered material. It is
especially the enlarged value of the electronic specific heat
for T < Ty that makes this material so interesting. Until
now the coefficients y of U-based heavy-fermion systems
have been found to decrease when the materials order
magnetically. This usually has been attributed to an
opening of an energy gap at the Fermi surface causing a
lessening in the electron density of states N(Er).!” How-
ever, another factor influencing y is the effective mass. If

the mass of the heavy quasiparticles is renormalized up-
wards in the magnetic transition, then, even when a gap
opens, its effects on N(Er) could be overcompensated by
a corresponding mass enhancement. Indeed such a cou-
pling between the electronic and the magnetic states offers
a possible explanation for the observed temperature and
field dependence of the electronic specific heat.

Clearly much more is needed to describe our experi-
ments on UlIr,Si, than a simple CEF-level scheme with in-
duced moment ordering. The large y values signal a high-
ly correlated many-body electron system. Effects such as
hybridization and CEF-level broadening must be included
a priori along with a self-consistent band-structure calcu-
lation in any complete theoretical model. Some recent
theoretical advances along both of these lines may be
found in Refs. 18-22. Another theoretical approach?
based upon CEF is that quadrupolar fluctuations, caused
by the strong hybridization, lead to a Kondo-like quench-
ing of the quadrupole degrees of freedom and thereby pro-
duce the heavy-electron behavior. Such considerations
have not yet been applied to our singlet ground-state sys-
tem, where indeed a small quadrupole moment exists.

Another puzzle with Ulr,Si; is the absence of supercon-
ductivity. A very delicate balance must exist between the
magnetism and a superconducting pairing mechanism
which leads to superconductivity in URu,Si,, but which in
the present case is unfavorable.

We wish to acknowledge S.A.M. Mentink, C. E. Snel,
T. J. Gortenmulder, and M. Besselink for technical assis-
tance. This work is part of the research program of the
Nederlandse Stichting voor Fundamenteel Onderzoek der
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