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Experimental study of magnetic ordering in single-crystalline U,NiSi;
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Single crystal of ternary uranium-based silicide U,NiSi3, which crystallizes with a disordered hexagonal
AlB,-type structure, was investigated by means of magnetic, resistivity, heat capacity, and neutron-diffraction
measurements. While dc magnetic characteristics and neutron-diffraction measurement give evidence for the
long-range magnetic ordering, ac magnetic susceptibility, isothermal remanent magnetization, resistivity, and
heat capacity data are consistent with spin-glass behavior. The obtained results suggest the formation in
U,NiSij of rather unusual state in which long-range magnetic ordering coexists with spin-glass freezing.
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I. INTRODUCTION

Ternary uranium silicides with general formula U,7Sis,
where T stands for a d-electron transition element, have at-
tracted much attention owing to wide variety of their intrigu-
ing magnetic behaviors, such as spin-glass freezing or ferro-
magnetic cluster-glass state.!~3 Most of these compounds (an
exception is, e.g., U,CuSis; Ref. 1) crystallize with the dis-
ordered hexagonal AlB,-type structure or its more or less
ordered derivatives. In the AlB,-type unit cell, U atoms form
triangles of nearest neighbors, while 7" and Si atoms are ran-
domly distributed into trigonal prisms of a primitive hexago-
nal array. The structure consists of such U and 7-Si layers
alternating along the hexagonal ¢ axis. The magnetic proper-
ties of the U,TSi; phases are thus governed not only by the
topological frustration in the triangular magnetic sublattice
of the U atoms but also by atomic disorder within the 7-Si
positions. The latter effect may introduce some frustration of
the interactions between the U atoms, as the hybridization
between 5f and d electronic states plays an important role in
the magnetic coupling.*

The compound U,NiSi; was characterized in the first lit-
erature report as a re-entrant spin-glass system, which under-
goes a ferromagnetic transition at a temperature of 25 K and
then shows spin-glass freezing effects below about 22 K
(Ref. 1). Later on, the ferromagnetic ordering below 26 K
was confirmed in an independent study of the magnetization
in polycrystalline sample of U,NiSi; (Ref. 2) and by means
of polarized neutron-diffraction measurements performed on
a single crystal.’ The latter study yielded the Curie tempera-
ture 7c=30 K and the value of the uranium magnetic mo-
ments of 0.6(1)uy, which are oriented in the ferromagnetic
state perpendicular to the ¢ axis. On the contrary to all the
previous results, the most recent work on U,NiSis, reported
in Ref. 6, led to the claim that below the freezing tempera-
ture 7;=22 K the compound is a simple nonmagnetic atom-
disorder spin-glass (NMAD SG) system with no hint at any
long-range magnetic order. That striking result motivated us
to reinvestigate a well-defined single crystal of U,NiSi; with
the main aim to clarify the actual nature of the magnetic
ground state in this compound.

II. EXPERIMENTAL DETAILS

Single crystal of U,NiSi; was grown by the Czochralski
pulling method in a tetra-arc furnace under argon atmo-
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sphere. Its crystal structure was proven on a KUMA Diffrac-
tion four-circle diffractometer equipped with a charge-
coupled device camera using Mo Ka radiation to be of the
hexagonal AlB, type. dc magnetic measurements were per-
formed in the temperature range 1.72—400 K and in magnetic
fields up to 5 T using a superconducting quantum interfer-
ence device magnetometer (Quantum Design MPMS-5). The
ac magnetic susceptibility was measured between 10 and 40
K within the frequency range 10-10000 Hz using an Oxford
Instruments ac susceptometer. Heat capacity study was made
within the temperature interval 2-300 K employing a Quan-
tum Design PPMS platform. The electrical resistivity was
measured from 5 to 270 K by a conventional four-point dc
technique. Neutron-diffraction experiments were performed
on the E5 diffractometer installed at BENSC (Helmholtz
Centre Berlin for Materials and Energy). The neutron diffrac-
tion patterns were collected at 6 and 40 K in a wide 20 range.
They were analyzed numerically in terms of Rietveld refine-
ment employing the program FULLPROF.” Furthermore, the
intensities of several Bragg peaks were studied as a function
of temperature from 6 to 30 K.

III. RESULTS AND DISCUSSION
A. dc magnetization

Figures 1 and 2 display the magnetization in U,NiSis
measured as a function of the temperature in a constant field
of 0.1 T and as a function of the magnetic-field strength at a
fixed temperature of 1.72 K, respectively. The low-
temperature dependencies of the magnetization were taken in
zero-field-cooled (ZFC) and field-cooled (FC) regimes. Both
figures reveal pronounced magnetocrystalline anisotropy of
the compound with the magnetization component taken
within the ab plane being much larger than that taken along
the ¢ direction. The overall shapes of the o(7T) and o(B)
variations measured in the field applied perpendicular to the
¢ axis are characteristic of strongly anisotropic ferromag-
netism with pronounced magnetic domain effect. The latter
feature clearly manifests itself in the difference between the
ZFC and FC curves below a certain temperature, in a wide
hysteresis loop as well as in a large remanence. In strong
magnetic fields o(B) shows a tendency for saturation. The

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.094423

SZLAWSKA, KACZOROWSKI, AND REEHUIS

Ble U_NiSi
8,\@ 2 3|
S Ooo
0 % B=01T
?D 6k o (\%' i
\: o ooo
]
g 4 o k% ]
L °
b 1 S ]
§ Bjc °
0 YOX YoX 3 D -
0 10 20 30 40
T (K)

FIG. 1. (Color online) Low-temperature variations in the mag-
netization in single-crystalline U,NiSi;, measured with magnetic
field of 0.1 T oriented parallel and perpendicular to the hexagonal ¢
axis. Open symbols denote the data taken with the ZFC mode and
full symbols refer to the data obtained in the FC mode.

magnetic moment measured at 1.72 K in the field of 5 T
amounts to 0.9 up. The latter value is distinctly larger than
that derived from the polarized neutron diffraction data.’
Also the Curie temperature differs from that reported in Ref.
5. The T value defined as the inflection point on the o(7T)
curve for B 1 ¢ is equal to 26 K (see Fig. 1). The o(T) and
o(B) dependencies obtained for the field applied along the ¢
axis are featureless, in line with the magnetic moment con-
finement to the hexagonal basal plane.

B. Neutron diffraction

The neutron-diffraction data, collected on a small single
crystal of U,NiSis, provided an unambiguous evidence for
the long-range magnetic ordering in this compound. Com-
parison of the neutron-diffraction patterns measured at 6 and
40 K revealed the absence of any superstructure reflection,
hence corroborating the ferromagnetic character of the or-
dered state. The uranium ordered magnetic moment derived
in the refinement of the magnetic contribution to the low-
temperature pattern is equal to 1.05(3) ug. This value reason-
ably agrees with the magnitude of the bulk magnetization
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FIG. 2. (Color online) Field dependencies of the magnetization
in single-crystalline U,NiSi3, measured at 7=1.72 K with magnetic
field oriented along the two characteristic directions. Open symbols
denote the data taken with increasing field and full symbols refer to
the data obtained with decreasing field.
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FIG. 3. (Color online) Integrated neutron intensity of the (0 0 1)
(upper panel), (=110), (1 0 0), (0 1 0) (lower panel) Bragg peaks as
a function of temperature.

measured deeply in the ordered state in strong magnetic
fields (see above). The ordered moment was found to lie
within the ab plane of the hexagonal unit cell, also in agree-
ment with the bulk magnetic data.

The temperature dependencies of the intensities of a few
Bragg peaks composed of both magnetic and nuclear contri-
butions are presented in Fig. 3. These results indicate a
gradual suppression of the magnetic component with increas-
ing temperature up to the Curie point of 26 K.

C. ac magnetic susceptibility

The temperature dependencies of the real and imaginary
components of the ac magnetic susceptibility of U,NiSis,
measured in a small oscillatory field applied perpendicular to
the ¢ axis, are displayed in Fig. 4. Both components form
pronounced peaks below T, which systematically shift to-
ward higher temperatures with increasing frequency of the
alternating field. Such a behavior is characteristic of spin
glasses. The freezing temperature T}, defined as a maximum
on the x) (7) curve, amounts to 26 K at w/27=10 Hz, ie.,
it coincides with the Curie temperature 7. A useful param-
eter describing the dynamics in various spin-glass systems is
S8Ty=AT;/ (TA In w). For U,NiSi; this parameter is equal to
0.013 (for the frequency difference 10 Hz-10 kHz), and
hence it is similar to ST reported for isostructural (or struc-
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FIG. 4. (Color online) Low-temperature variations in the real
and imaginary components of the ac magnetic susceptibility of
single-crystalline U,NiSi; measured between 10 and 40 K in a field
of 1 mT oscillating in the frequency range 10 Hz=w/27
=10 kHz that was applied perpendicular to the ¢ axis.

turally very closely related) U-based spin glasses, like e.g.,
U,PdSi; (6T:=0.020, Ref. 8) or U,RhSi; (87;=0.008, Ref.
6).

For many spin glasses the frequency dependence of the
freezing temperature 77 can be properly represented by the

empirical Vogel-Fulcher law:%10

= W exp[_ Ea/(Tf_ TO):|5 (1)

which contains three fitting parameters: the characteristic fre-
quency w, the activation energy E, and the so-called Vogel-
Fulcher temperature 7|, that may be related to the strength of
interactions between the magnetic clusters in a spin glass.!!
The observed relation between w and 7} in U,NiSiy is pre-
sented in Fig. 5. The dashed line through the experimental
points is the curve given by Eq. (1) with the parameters:
wy/2m=10° Hz, E,=32 K, and T,=23.7 K. The character-
istic frequency is of the order of magnitude typical of metal-
lic spin glasses.'> The activation energy is close to T, while
T, is only slightly smaller than T}, again in line with the
predictions for spin-glass systems.'?
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FIG. 5. (Color online) Correlations between the freezing tem-
perature and the relaxation time (left-hand side axis) and the fre-
quency of alternating magnetic field (right-hand side axis) derived
from the ac magnetic susceptibility data of U,NiSiz. Solid and
dashed lines represent the fits discussed in the text.
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FIG. 6. (Color online) Time dependencies of the reduced iso-
thermal remanent magnetization of single-crystalline U,NiSi; mea-
sured at 1.9 and 15 K upon prior applying magnetic field of 2 T
perpendicular to the ¢ axis for 5 min and subsequent switching it off
at r=0. Solid lines are the fits discussed in the text.

The spin dynamics in spin glasses exhibits critical slow-
ing down in the vicinity of the transition temperature T, that
represents a steady limit (i.e., dc) value of Ty The critical
relaxation time 7 is related to the correlation length & as 7
« &, and § diverges with temperature as §x[T/(T-T,)]". In
these relations z and v are the critical exponents. The maxi-
mum relaxation time in a spin system is expected to occur at
the freezing temperature 7}. According to Ref. 10, 7., can
be expressed as

-V

Tmax = To<ug> > (2)
Ty

where 7, is the microscopic relaxation time corresponding to
the characteristic frequency wy/2. Figure 5 presents the
variation in 7,,, as a function of T}, derived from the ac
susceptibility data for U,NiSi5. The solid line is the least-
square fit of Eq. (2) to the experimental data obtained with
fixed 7,=10", as estimated above from the Vogel-Fulcher
law. Interestingly, the so-determined parameter 7,=25 K is
close to T¢c=26 K determined in the dc magnetization study.
In turn, the product zv is found to be equal to 4.3, i.e., it is
within the range 4-12 observed for various spin-glass
systems,®!® while for phase transitions into long-range
ordered states zv is usually close to 2 (see Ref. 10).

D. Remanent magnetization

Figure 6 shows the isothermal remanent magnetization in
U,NiSijy as a function of time. The measurements were made
at two different temperatures in the ordered state. First, the
sample was cooled in zero magnetic field from the tempera-
ture much higher than 7 and then a magnetic field of 2 T
was applied perpendicular to the ¢ axis for 5 min. Subse-
quently, the field was switched off and the time dependence
of the magnetization was monitored. As apparent from Fig.
6, both Mzy isotherms can be well approximated by the
expression
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FIG. 7. (Color online) Temperature variations (note the log;q
scale) in the electrical resistivity of single-crystalline U,NiSi; mea-
sured with the electrical current flowing parallel and perpendicular
to the hexagonal ¢ axis. Arrows mark the magnetic phase transition.

Mipm(t) = My + a In(r) + B exp(—t/7), (3)

that is often used for metallic spin glasses.'*"'® The least-
square fitting of the above equation to the experimental data
yielded the following parameters: My=11.9 emu/g,
a=-0.006 emu/g, B=-0.004 emu/g, 7=2872 s for T
=19 K and My=4.19 emu/g, a=-0.02 emu/g,
B=-0.01 emu/g, 7=3454 s for T=15 K. The so-obtained
characteristics of the spin dynamics in U,NiSi; are compa-
rable with those reported for other NMAD spin-glass
systems.!4-16

E. Electrical resistivity

The temperature dependencies of the electrical resistivity
of the U,NiSi; single crystal, measured with current flowing
parallel and perpendicular to the hexagonal c axis, is dis-
played in Fig. 7. Both resistivity components are quite large
at room temperature (about 390 ©() cm for j L ¢ and about
165 pQ cm for jlic) and moreover they hardly change in
their magnitudes over the entire temperature range studied
(the residual resistivity ratio is very close to one for both
current directions). Most likely, it is because of the atomic
disorder on the Ni-Si sites in the crystallographic unit cell.

With decreasing temperature the resistivity decreases in a
metallic manner down to about 50 K where the two p(7)
curves exhibit shallow minima. Similar behavior of the re-
sistivity with T, ~27; was reported for a few other mem-
bers of the U,TSi; family (R=Pd,Pt,Au),® and attributed to
Kondo effect. However, based on the magnetic and thermo-
dynamic properties of U,NiSis, discussed in this paper, we
rather associate the minima with the spin-glass freezing be-
low T;=26 K (cf. Ref. 10). The magnetic phase transition at
T manifests itself only as a small kink on the p(7) curve
measured with j L ¢ and as a tiny maximum on p(7) taken
with jllc. In the ordered region, both components of the re-
sistivity exhibit some upturn being more pronounced for the
current flowing within the easy magnetic plane. Such behav-
ior is quite unusual for ferromagnetic metals in the ordered
state, but fully compatible with the crystallographic disorder
in the measured compound.'”
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FIG. 8. (Color online) Temperature dependence of the specific
heat of single-crystalline U,NiSi;. The magnetic phase transition
temperature is indicated by arrow. Solid line represents the fit de-
scribed in the text. Inset: the low-temperature specific heat in the
form C/T vs T?. Dashed line emphasizes a straight-line behavior
below 10 K.

F. Heat capacity

Figure 8 displays the temperature dependence of the spe-
cific heat of U,NiSi;. In the paramagnetic region, C(7T) can
be well described by the formula

CHT = Cel + Cph,D + Cph,E’ (4)

where the first term Cg=7,T is the electronic contribution,
while the other two terms account for the phonon contribu-
tion represented by the Debye model and the Einstein model,
respectively. Assuming that in the compound studied the De-
bye approach properly describes vibrations of the Ni and Si
atoms, while the Einstein model is appropriate for the U
atoms, one obtains from the least-square fit of Eq. (4) to the
experimental data above 70 K the following set of param-
eters: ¥,=28 mJ mol™' K™, ®,=230 K, and ®=530 K,
where Op and O are the Debye and Einstein temperatures,
respectively. These latter values are similar to those derived
recently within the same approach for the compound
Ce,RhSi; with a closely related crystal structure.'8

At odds with common behavior of the heat capacity in the
vicinity of ferromagnetic phase transition in intermetallics,
there occurs only a small kink at 26 K on the C(T) curve of
U,NiSi3. The observed anomaly is rather reminiscent of the
behavior known for ferromagnetic cluster glasses,!'® while
for simple spin glasses the heat capacity is frequently
featureless.'>~!> Subtracting from the total heat capacity the
phonon contribution estimated along Eq. (4), one obtains the

magnetic contribution Cy,,,, which yields the magnetic en-
tropy released by T, Syqe= gC%dT, to be about 0.6 In 2

per U atom. This value is stronglyTreduced as compared with
the magnetic entropy expected at the Curie temperature for a
regular ferromagnet. In turn, considerable reduction in the
entropy is a typical feature of spin glasses.'%!%20 Hence, both
the shape and the magnitude of the anomaly in C(T), as well
as the entropy consideration hint at the formation in U,NiSis
of a spin-glass state. As shown in the inset to Fig. 8, at the
lowest temperatures, the specific heat of this compound can
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be described as C(T)=y(0)T+ BT, yielding a strongly en-
hanced value (0) of about 140 mJ mol™' K~2. Such an en-
hancement of the linear contribution to the specific heat with
respect to the value of the electronic term 7, is another char-
acteristic manifestation of spin-glass freezing.'”

IV. SUMMARY

The Czochralski grown single crystal of U,NiSi; was
found to undergo the magnetic phase transition at 26 K. The
neutron-diffraction measurements gave direct evidence of the
ferromagnetic character of the transition. In the ordered state,
the uranium magnetic moments of 1.05(3)ug are oriented
perpendicular to the hexagonal ¢ axis. This scenario is sup-
ported by the dc magnetic characteristics and is in agreement
with the bulk magnetization and polarized neutron diffrac-
tion results presented in Refs. 2 and 5, respectively.

However, the low-temperature behavior of U,NiSi; exhib-
its also features that may be considered as clear evidences of
the spin-glasslike freezing in the compound, in accordance
with Refs. 1 and 3. The observed shift toward higher tem-
peratures of the peak in the ac magnetic susceptibility with
increasing the frequency of the oscillatory magnetic field is a
characteristic property of spin glasses.!“?! Also the fre-
quency dependence of the position of this peak corresponds
to the function derived for spin-glass systems.!® Further-
more, the isothermal remanent magnetization decay follows
the time dependence that is usually applied for spin
glasses.'*~10 The heat capacity and resistivity data of U,NiSis
seem support the spin-glass scenario. At T, there are hardly
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any anomalies on the C(7T) and p(T) curves, and the linear
contribution to the specific heat is strongly enhanced, in line
with the behavior expected for spin glasses.®!3-5 In general,
the low-temperature magnetic, electrical transport, and ther-
modynamic characteristics of U,NiSi; are quite similar to
those reported for other U,7Si; compounds, which are be-
lieved to have spin- or cluster-glass ground states. 268141519

In conclusion, the data obtained for single-crystalline
U,NiSis indicate some form of coexistence at low tempera-
tures of the ferromagnetic ordering with the spin-glasslike
state. In this respect, the compound resembles the alloy sys-
tem CeNi;_,Cu,, for which so-called cluster-glass percolative
mechanism has recently been developed?? in order to explain
several puzzling experimental results, which pointed out to
both spin-glass freezing and long-range magnetic order.
Similarly to the advanced studies of the latter system (see
Ref. 23, and referenced cited therein) combined use of vari-
ous macroscopic and microscopic techniques is required to
shed more light on the intriguing behavior of U,NiSis that
belongs to the class of ferromagnets with intrinsic disorder
effects.
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