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Single-crystalline UAu,Si, has been grown by a floating-zone melting method, and its magnetic, thermal, and
transport properties have been investigated through measurements of magnetization, specific heat, and electrical

resistivity to reveal its peculiar magnetism. It is shown that UAu,Si, undergoes a second-order phase transition
at T;, = 19 K, which had been believed to be ferromagnetic ordering in the literature, from a paramagnetic phase
to an uncompensated antiferromagnetic phase with spontaneous magnetization along the tetragonal ¢ axis (the
easy magnetization direction). The magnetic entropy analysis points to the itinerant character of 5f electrons
in the magnetic ordered state of UAu,Si, with large enhancement of the electronic specific heat coefficient of
y ~ 150 mJ/K?mol at 2 K. It also reveals the relatively isotropic crystalline electric field effect of this compound,
with contrast to the other relative isostructural compounds. The observed magnetization curves strongly suggest
that there is a parasitic ferromagnetic component developing below ~50 K in high coercivity with the easy axis
along the tetragonal ¢ axis. The results are discussed in the context of evolution of magnetism within the entire

family of isostructural U7, Si, compounds.
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I. INTRODUCTION

Materials containing U elements have been studied inten-
sively for several decades, revealing various exotic physical
properties such as variety of magnetic structures, heavy
electrons and their superconductivity, coexistence between
magnetism and superconductivity, higher-order multipole or-
derings, hidden order, and so on. In these materials, the 5 f
electrons of U atoms play a key role in the emergence of these
interesting phenomena. However, a comprehensive framework
for understanding the electronic and magnetic properties of
5f electron systems has not yet been formed. To solve it,
there is the unavoidable problem rooted in the nature of
5f electrons themselves: “How can we describe the dual
nature of 5 f electrons?” The localized/itinerant character of
5f electrons lies in between that of 3d and 4f electrons,
which makes it difficult to set a proper model to approach
experimental observations for 5 f-electron systems. In order
to contribute to this problem from the experimental aspect, it is
valuable to provide a set of reliable data of well-characterized
physical properties of various 5 f-electron compounds. In
particular, systematic studies of isostructural compounds are
useful to simplify the problems and highlight the nature of
phenomena.

The UT, X, compounds of uranium, with transition-metal
atoms at the T sites and silicon or germanium atoms at
the X sites, provide good opportunities for such systematic
studies. Above all, those with silicon atoms at the X sites
have been investigated since the early period of research of
actinide intermetallics. The U7, Si, compounds form a variety
of transition-metal elements which can occupy the T sites; it
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has been confirmed that there are thirteen stable compounds
which contain each transition metal from Cr to Cu, from Ru to
Pd, and from Os to Au in the 3d, 4d, and 5d rows, respectively.
Most of them except for systems of Fe, Os, and Ru (systems of
Cr [1], Mn [2], Co [3], Ni [3.,4], Cu [3,5,6], Rh [7,8], Pd [7,9],
Ir [8,10,11], Pt [8,12,13], and Au [8,14]) order magnetically at
transition temperatures ranging from ~5 K to ~100 K. Those
of Fe and Os are no-ordering states with moderately enhanced
Pauli paramagnetism [2,8]. The remaining one, URu,Si,, is
well known to show the hidden order transition at 17.5 K
[15-17]; its order parameter is still unidentified and has been
studied intensively to this day.

In contrast to piles of papers on URu,Si,, very few reports
have been provided for UAu,Si,. There have been only five
reports about this compound since its discovery in 1986 by
Palstra et al. until the latest one in 1997 given by Lin et al.
[8,14,18-20]. All of them are about studies of polycrystalline
samples; that is, no reference of single crystal growth has ever
appeared, leaving low-temperature properties of the ordered
state of this compound rather unclear. According to most of
the previous reports, UAu,Si; crystallizes in the ThCr,Si;
type body-centered tetragonal (/4/mmm) structure adopted
by most other UT, X, compounds.

So far strong sample dependence of physical properties
of UAu,Si; can be deduced from the existing literature,
which makes things more complicated. Lin et al. investigated
the annealing effects on this compound and pointed out
differences in annealing conditions as the reason for the
sample dependences [14]. They observed that as-cast samples
exhibit ferromagnetic (FM) phase transitions at about 82 and
20 K. On the other hand, well annealed samples do not show
any anomaly around 82 K in physical properties such as
magnetization, specific heat, and electrical resistivity. Instead,
another FM feature in magnetization appears at around 50
K followed by the 20-K transition, similar to that in as-cast
samples. Specific heat measurements, however, reveal only the
second-order phase transition at 20 K.

©2016 American Physical Society
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FIG. 1. X-ray powder diftraction (XRPD) patterns of as-cast
(top) and annealed (bottom) polycrystals of UAu,Si,, displayed with
simulated patterns assuming the ThCr,Si, structure and CaBe,Ge,
structure. In the XRPD pattern of the as-cast sample, peaks that cannot
be explained by either structures are indicated by arrows.

Besides the consensus about the 20-K magnetic phase
transition, other characteristics of magnetism in UAu;Si,
including magnetic anisotropy remained unexplored. In the
present work, we succeeded in growing single crystals of
UAu,Si, by the floating-zone melting method. The crystals
were investigated by detailed x-ray diffraction (XRD), specific
heat, magnetization, and electrical resistivity measurements,
which revealed features of peculiar anisotropic magnetism in
this compound.

II. EXPERIMENTAL PROCEDURE

First, polycrystalline samples of UAu,Si, and its non-5 f
counterpart ThAu,Si, were synthesized by arc-melting in
Ar atmosphere, with stoichiometric amounts of the starting
materials of U(99.9%), Au(99.99%), and Si(99.999%). X-ray
powder diffraction (XRPD) patterns of the as-cast samples
have some peaks which cannot be explained by either the
ThCr,Si, type structure or the CaBe,Ge; type one, as shown
in Fig. 1. The intensity of the strongest unidentified peak is
~10% of the main UAu,Si, peak. After annealing in vacuum
at a temperature of 900 °C for 1 week, the unidentified peaks
all vanished from XRPD patterns, and all remaining peaks
were explained by the ThCr,Si, type body-centered tetragonal
structure. The diffraction patterns measured at 293 and 8 K
were almost the same except for differences in peak positions
corresponding to thermal expansion of the crystal lattice. The
refined lattice parameters are listed in Table I. Note that the

TABLE 1. Lattice parameters and the atomic position of Si
atoms of annealed polycrystalline UAu,Si, obtained by x-ray powder
diffraction with Reitveld analyses using software REITAN-FP [21]. The
typical reliability factors are Ry, = 12%, Rp = 3.8%, S = 1.8.

T (K) a (A) c(A) Zsi
293 4.223(1) 10.290(1) 0.391(1)
8 4.207(1) 10.280(1) 0.390(1)
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FIG. 2. Temperature dependence of the specific heat of single-
crystalline UAu,Si,. The inset shows the low-temperature-specific
heat, C, divided by temperature, T, as a function of T2.

thermal expansion of UAu,Si, between 300 and 8 K is strongly
anisotropic: the a axis shrinks four times as much as the ¢
axis. We also prepared polycrystalline ThAu,Si, samples in
the same manner as above, and observed similar annealing
effects.

The single crystals of UAu,Si, were grown by the floating
zone melting method using an optical furnace by Crystal
Systems Corporation, applied on the precursor polycrystalline
rod annealed at 1000°C for three days. The rod after the
zone melting procedure was composed of many macroscopic
crystallites of single crystal, which have different orientations
from each other. The size of the crystallites was about
1 mm. For the obtained crystallites, a tetragonal structure
with the lattice parameters a = 4.213 A, c=1031 A at
room temperature was confirmed by single crystal XRD, and
fourfold rotational symmetric Laue patterns were observed.
We also performed energy dispersive x-ray spectrometry
(EDX) analyses and confirmed that the stoichiometry ratio
is approximately 1:2: 2.

The magnetization was measured by a superconducting
quantum interference device (SQUID) magnetometer of mag-
netic property measurement system (MPMS) 7 T in the temper-
ature range from 2 to 350 K. Where needed the magnetization
measurements were extended to the higher magnetic fields up
to 14 T by using the vibration sample magnetometer option of
physical property measurement system (PPMS) 14 T. Specific
heat was measured by the thermal relaxation technique in the
temperature range from 5 to 200 K in magnetic fields up to
9 T by PPMS 9 T. Electrical resistivity was measured by the
conventional four-probe method in the temperature range from
2 to 350 K in magnetic fields of 0 and 9 T by using the PPMS
9 T. The MPMS 7 T and both the PPMS apparatuses were
from Quantum Design Inc.

III. RESULTS
A. Specific heat

Figure 2 shows the temperature dependence of the specific
heat. A distinct lambda anomaly was observed at 19 K,
indicating an occurrence of second-order phase transition.
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FIG. 3. Temperature dependence of the specific heat of single-
crystalline UAu,Si, measured in magnetic fields along two crystal-
lographic axes, [001] (upper panel) and [100] (lower panel).

Now we label the transition temperature as 7T,,. The phase
transition is due to 5 f electrons of uranium ions, because no
anomaly was observed in the specific heat of polycrystalline
ThAu,Si, with no 5 f electron, as shown in the later section.
The electronic specific-heat coefficient y estimated from linear
extrapolation to T = 0 of a C/T versus T2 plot (the inset of
Fig. 2) shows a significantly large value of ~150 mJ/K?*mol.

In magnetic fields, the specific heat around 7, behaves
rather differently depending on the direction of the applied
field as shown in Fig. 3. Its temperature dependence shows a
more pronounced peak anomaly at Ty, by increasing the field
along [001]; the peak becomes sharper and larger, meaning
that more entropy is released due to the phase transition. This
is considerably different from the behavior that is expected
for usual ferromagnetic systems, where a specific-heat peak
associated with the FM transition becomes broader by applying
magnetic fields. In contrast, it does not show any significant
change by applying the field along [100]. This result suggests
that the order below T;, becomes more stable by applying a
magnetic field only along the [001] axis, implying strongly
anisotropic magnetic interactions in UAu,Si,. Figure 4 shows
the magnetic-field dependence of the y values estimated from
the linear extrapolation of the C/T versus T2 datato T = 0
for each field below 7 K. The y value is reduced by increasing
the field along [001]; it decreases about 20 percent in the field
of 9 T, corresponding to the simultaneous enhancement of the
entropy release at the transition temperature.
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FIG. 4. Magnetic-field dependence of the electronic specific heat
coefficient y deduced from the linear extrapolation of the C/ T versus
T? data to T = 0 for each field for single-crystalline UAu,Si,. The
solid curves are guides to the eye.

B. Electrical resistivity

The temperature dependences of electrical resistivity for
the [100] and [001] directions of electric currents J are shown
in Fig. 5. The observed behavior is far from the typical
metallic ones, similar to numerous other U intermetallics [22]:
the resistivity at high temperatures increases with decreasing
temperature for both the crystallographic axes [100] and
[001]. The increase of the [100] resistivity with decreasing
temperature terminates around 40 K, which is followed by
gradual decrease with decreasing temperature down to Ty,
whereas the [001] resistivity continues increasing.

At Ty, the resistivity shows an upturn in both directions
of the current. (The upturn in the current along [001] is very
subtle, but it does exist.) It may be associated with the opening
of a gap on the Fermi surface due to the phase transition.
This kind of anomaly in electrical resistivity suggestive of
the reduction of the carrier number is also observed in
other uranium 1-2-2 compounds, such as URu,Si; [23],
UCo,Si; [24], and UNi,Ge; [25]. At lower temperatures the
resistivity finally decreases with decreasing temperature. The
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FIG. 5. Temperature dependence of the electrical resistivity of
UAu,Si, for electric currents along [100] and [001].
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assuming an opening of a gap of A on the Fermi surface.
Such a description has given fairly good agreements with
the data for URu,Si, [23] and UNi,Ge, [25]. Instead, the
data on UAu,Si, simply show the T2 dependence below
7 K as shown in Fig. 6. The best fit using the function
o(T) = py + AT? gives the coefficients A with strongly
enhanced values: A ~ 0.24 uSQ2cm K2 for J || [100] and A ~
0.12 uS2ecm K2 for J || [001]. At the lowest temperature, 2 K,
high residual resistivity is observed, probably reflecting one or
both contributions due to large magnetic scattering and crystal
defects.

C. Magnetization

The considerable differences between the corresponding
[100] and [001] magnetizations at low temperature document
strong magnetocrystalline anisotropy of UAu,Si, as presented
in Fig. 7. The easy axis is the ¢ axis as in most of the
other uranium 1-2-2 systems. As we can see in Fig. 8, in
a higher temperature region above ~60 K the paramagnetic
susceptibility for the both axes follows the modified Curie-
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FIG. 7. Temperature dependence of the magnetization of
UAu,Si, measured in magnetic field of 0.1 T.

FIG. 8. Temperature dependence of the magnetic susceptibility
(top) and inverse susceptibility (bottom) from which the constant
contribution is subtracted by using Eq. (1) described in the text
(bottom). Solid lines indicate the best fits to the data above 60 K using
Eq. (1). In the top panel, the constant susceptibility components are
displayed by broken lines.

Weiss law:

x(T) = + o, ey

T — Ow
where o is a temperature independent term which is consid-
ered to include the contributions of Pauli paramagnetism of
conduction electrons, diamagnetism of core electrons, and a
Van-Vleck term of 5 f electrons. For both the axes, the fitting
analyses give small values of x in the order of 10~ m?/mol.
The effective magnetic moment and the Weiss temperature are
estimated as e = 3.05(10) ug/U and Oy = =52+ 10 K
for H || [100], and ptegr = 2.96(10) up/Uand Ow = =3 £ 10
Kfor H || [001]. The negative ®y values indicate the presence
of antiferromagnetic exchange interactions in UAu,Si;. The
49 K difference between the ®y values for the [100] and
[001] directions is considered to produce a major part of
the magnetic anisotropy in the paramagnetic state, since the
effective g factor is estimated to be nearly isotropic. This
feature is quite a contrast to many of other U7, Si, compounds
which show strong Ising-type uniaxial anisotropy. The derived
values of effective moment per uranium ion of approximately
3 Bohr magnetons for both the principal directions are around
80 percent as large as the U3t and U** free ion values
(3.62up and 3.58 g, respectively). This discrepancy suggests
delocalization of the uranium 5 f electrons.

Atlower temperature below around 50 K, the magnetization
shows strongly anisotropic behaviors, not only of the magni-
tude but also its temperature dependence. Around 50 K, an
upturn was observed along the both crystallographic axes in
the M-T curves measured in very low fields. The magnitude of
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FIG. 9. The magnetization processes in
UAu,Si; at 2 K.

single-crystalline

the upturn is very small and anisotropic; it is around 0.03 up per
uranium ion along [001] and it is much less than 0.01 g along
[100]. We cannot straightforwardly identify this FM anomaly
as an onset of the bulk phase transition because no anomaly is
observed in the specific heat at around 50 K. On the other hand,
the electrical resistivity shows a maximum at around 50 K for
the direction of electric currents along [100]. However, this
anomaly is not sharp, and should certainly be irrelevant to the
development of ferromagnetism. The possible origin of this
FM component will be discussed in Sec. IV A. Another upturn
anomaly at around 20 K is obviously caused by the phase
transition at Tp,, seemingly indicating a ferromagnetically
ordered state below this temperature as reported by previous
studies. The magnetically ordered state is highly anisotropic,
with a small cusp anomaly along the [100] direction at T,.

These FM components are also confirmed in a distinct
hysteresis loop of the magnetization process in a magnetic field
along [001], displayed in Fig. 9. It is quite a contrast to the
magnetization along [100], which is simply proportional to the
applied magnetic field at all measurement temperature points
ranging from 2 to 60 K. A striking feature of the hysteresis
loop is its complex shape with steplike structures at 2 K. Here
we define two magnetic-field points for each step, H; and H,,
as the inflection points as shown in Fig. 9. Figure 10 shows
the temperature dependence of the hysteresis observed at
some temperature points from 2 to 60 K. Both H; and
H, decrease with rising temperature. Figure 11 shows the
temperature dependences of H; and H,, which were obtained
from an analysis using two-component fitting described in
Sec. IV A. What should be noted here is the temperature at
which they vanish. H; goes to zero at around 19 K, namely
Tm. This indicates that it is attributed to the magnetic order
occurring below Tp,. On the other hand H, survives even
above Ty, and eventually goes up to zero with increasing
temperature up to 50 K, corresponding to the onset of the
small FM component observed in the M-T curve. The detailed
analyses will be given in Sec. IV A.

The temperature dependence of magnetization shows a
remarkable change by increasing applied magnetic field at
temperatures around T;,, as shown in Fig. 12. We found
that the magnetization along the [001] direction shows a
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FIG. 10. Temperature dependence of the magnetization curves in
single-crystalline UAu,Si, measured in a magnetic field parallel to
the tetragonal c¢ axis. Each curve is shifted vertically.
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at which fields the steplike anomaly is observed in the magnetization
curves.
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FIG. 12. Temperature dependence of magnetization in UAu,Si,
in magnetic fields applied along the [001] (upper panel) and [100]
(lower panel) axis. The closed and open circles are field-cool (FC)
and zero-field-cool (ZFC) data, respectively.

cusp anomaly at 7, in magnetic fields above 5 T while
the magnetization along [100] simply increases by applying
the field. The FM-like upturn is gradually suppressed by
increasing the field above 2 T, resulting in it disappearing
(or just becoming invisible) above 7 T. Simultaneously, the
cusp anomaly is dramatically enhanced. This, together with the
magnetic-field-enhanced anomaly of the specific heat around
T (see Fig. 3), strongly suggests that the magnetically ordered
state of UAu,Si, below T, is not simply FM but includes an
antiferromagnetic (AFM) component in its magnetic structure.

We further investigated the magnetization process by
extending the measured field range up to 14 T in the [001]
direction. The results are shown in Fig. 13. Besides the
H, anomaly, we found that the magnetization curve bends
upwards in a high-field region below Tj,. Although the
overall features of the magnetization curves are unclear in
this field range, particularly at low temperature, we here
simply define H,, as the field at which the magnetization
starts to deviate from a linear field dependence. The roughly
estimated H,, values are indicated by arrows in Fig. 13 and
plotted in the H-T phase diagram (Fig. 15) with error bars

PHYSICAL REVIEW B 94, 214414 (2016)
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FIG. 13. Magnetization processes in UAu,Si, up to 14 T along
the [001] direction. The broken lines are guides to the eye.

representing the ambiguity of estimation. This might be an
implication that the H,, anomaly does not correspond to a
phase transition. Nevertheless, we consider that some sort of
property of the magnetic ordered state gradually changes in
quality roughly above H;,. We suggest that the origin of the
H;, anomaly is intrinsically different from that of H,, because
no hysteresis has been observed around H,, unlike around
H,. Hp, increases by decreasing temperature down to 4 K, at
which Hy, reaches approximately 12 T. The magnetization
does not reach saturation at 14 T. No H,, anomaly was
observed at temperatures above T;, as manifested by the linear
magnetic-field dependence of the magnetization at 24 K in
Fig. 13.

D. Magnetic-field-temperature phase diagram

We constructed a magnetic-field—temperature (H-T) phase
diagram of UAu,Si, for the applied field along the [001]
direction. T;, was determined from the temperature depen-
dences of specific heat and magnetization in magnetic-field
ranges from 0 to 9 T and 9 to 14 T, respectively, in the ways
illustrated in Fig. 14. In the specific heat, T;,, was determined
to be the temperature that balances the entropy released at the
phase transition. In the magnetization, on the other hand, we
determined 7}, more simply to be the temperature at which the
magnetization shows a cusp. The constructed phase diagram
is shown in Fig. 15. T) are also plotted in the phase diagram, as
the intrinsic low-temperature character of the magnetic ordered
state of UAu,Si5.

It is found that T}, goes up as the magnetic field increases
in a low field range below ~5 T. This provides a remarkable
contrast to the behavior of many other AFM compounds. In
usual AFM compounds, Néel temperature decreases when the
strength of applied magnetic field is increased, as expected
theoretically in the classical molecular field approximation
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FIG. 14. Illustrations of how to determine the phase transition
temperature, Tp,, by using the measured data of specific heat (upper
panel) and magnetization (lower panel). From the specific heat, T,
was determined so that the condition S, = Sy is fulfilled. Here Sy
and Sp are the areas defined by extrapolation (the solid lines) of the
data (the shaded area). From the magnetization, the cusp positions
were used to determine Ty,.

in early research [26,27]. In fact, the isostructural relative
U antiferromagnets UPd,Si, [9], UCr,Si, [1], and UPt,Si,
[28] exhibit monotonic decrease in the Néel temperature with
increasing magnetic fields. On the other hand, a well-known
quasi-two-dimensional heavy fermion compound, CeRhlns,
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FIG. 15. H-T phase diagram of UAu,Si, for magnetic fields
applied along the [001] direction. The full, broken, and dotted lines
are guides to the eye.
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FIG. 16. 5f electronic contribution to the specific heat divided
by temperature of UAu,Si,, derived by subtracting the ThAu,Si, data
(open circles in the inset) from the UAu,Si, data (closed circles in
the inset). The solid line is an extrapolation of the measured specific
heat down to T = 0 for a rough estimation of the y value.

has been reported to exihibit stabilization of AFM order with
increasing magnetic field [29,30]. A two-dimensional Hubbard
model taking into account the quantum fluctuation has been
proposed to explain it [29]. The enhancement of AFM order
in a quasi-two-dimensional antiferromagnet, Cu(pz),(CIOy4),,
has also been investigated in terms of a low-dimensional
frustrated Heisenberg system [31,32]. UAu,Si, shows no
implication of a low-dimensional property, but at least it might
be a frustrated magnetic system, as it shows both FM and AFM
features in the ordered phase. In the high magnetic fields above
5T, T,, decreases as the field is increased. In order to see where
the phase boundary line tends toward, experiments in higher
magnetic fields are necessary.

Since Hp, cannot be identified as a phase boundary at the
present stage, we refer to the two areas in the phase diagram
divided by Hy, as Area I and Area II. The onset of H),, seems
to roughly correspond to the lowest magnetic field where the
cusp anomaly of the ¢ axis magnetization appears. Another
notable feature of the diagram is that the ordered state of Area
I is stabilized by applying a magnetic field, whereas that of
Area Il is destabilized by increasing field. These facts suggest
that the nature of the magnetically ordered state is different
between Areas I and II.

E. Magnetic-entropy analysis

For investigation of the magnetic entropy of 5 f electrons
in UAu,Si,, we measured the specific heat of polycrystalline
samples of ThAu,Si, and UAu,Si,. Figure 16 shows the
temperature dependence of the 5 f-electronic contribution of
the specific heat divided by temperature, Cpag/ T, obtained by
subtracting the specific heat of ThAu,Si,, which is also shown
in the inset of the figure. At higher temperature above T,
Cmag/ T increases monotonically with decreasing temperature,
suggesting that the entropy release of 5 f electrons through c- f
hybridization begins even in the paramagnetic state. Then it
shows a distinct peak anomaly at Cp,e/ T, which indicates a
phase transition caused by 5 f electrons. The extrapolated y
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FIG. 17. 5f electronic contribution to the entropy of UAu,Si,
evaluated by integration of Cy,g/ T, which is shown in Fig. 16. A
constant value estimated by an extrapolation to 7 = 0 is added so
that the entropy goes to zero at 7 = 0.

value is roughly estimated to be 180 mJ/K?mol, which implies
a significant contribution of heavy 5 f electrons.

The magnetic entropy is also evaluated by integrating
Cmag/ T with respect to temperature as depicted in Fig. 17.
It reaches ~RIn2 just above Tp,, which suggests that one
doublet or two singlets lie below the transition temperature. It
is considered that the 5 f electronic configuration of a uranium
ion in a compound is (5f)*> (U*) or (5f)% (U3*), whose
corresponding ground J multiplets are J = 4 or 9/2 with 9 or
10 degeneracy, respectively. In the local picture, these ground
J multiplets split into 5 singlets and two doublets (5 £2), or five
doublets (5 f3) in the tetragonal crystalline electric field (CEF).
The observed entropy release of about RIn6 below room
temperature is thus considered to be caused by the combination
of the CEF splitting, the hybridization effects between the CEF
and the conduction states, and the phase transition at 7,,. The
isotropic feature of the effective moments deduced from the
magnetization data also supports the smallness of the energy
scale of the CEF splitting of this compound.

IV. DISCUSSIONS
A. Decomposition of magnetization curves

Here, we demonstrate that the nature of the weak FM
component arising at ~50 K can be understood efficiently
by analyzing the M-H curves. As shown in Sec. III C, the
M-H curves for fields along the [001] direction have two
steplike anomalies at the fields defined as H; and H,. These
complex-shaped curves can be described by summation of
two different FM components. A phenomenological model
based on the hyperbolic function [33] successfully works in
decomposition of the hysteresis loops. Namely, curve fittings
using a function

Myi(H) = Mitanh[uoki(HFH})]
+Mstanh[poko(HF H>)]
—+ 0 x1in H + constant 2)
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FIG. 18. Typical results of the fitting analysis of the magnetiza-
tion curves of UAu,Si, along the [001] axis. The fitting function is
Eq. (2), which is described in the text.

give a reasonable solution with two separated spontaneous-
magnetization components. Here M (H) and M_(H) repre-
sent the ascending and descending magnetization processes,
respectively. Figure 18 shows that the measured magnetization
is well fitted by Eq. (2). The first term and the second term of
Eq. (2) are FM components with saturation magnetizations of
M, and M,, and coercive fields of puoH; and poH,, respec-
tively. The parameters k; and k; are called sheering parameters,
representing the widths of magnetization switching. The third
term is a linear component added from a phenomenological
perspective. The fitting analysis allows us to separate the
magnetization curve into three parts (except for the constant
term with a small value) as displayed in Fig. 19.

The temperature dependence of saturation moments M
and M5, and coercive fields H; and H,, are shown in Figs. 20
and 11, respectively. M, was fixed to zero at the curve fitting
of the data at temperature above Ty, for better convergence,
because it makes no significant change on the goodness of fit
when compared with the case with no constraint. Below Ty,
on the other hand, M, was fixed to a mean value of those
obtained at 24, 34, and 40 K for the same reason. M, increases
continuously from zero just below the transition temperature
T, as is expected for an order parameter at a second-order
phase transition. The coercive field of the small FM component
o H> shows a dramatic increase as the temperature is lowered.
Since its magnetization M, is already saturated around 40 K,
this rapid increase is considered to come from the enhancement
of magnetocrystalline anisotropy. A striking feature would be
that o H, reaches approximately 4 T at 2 K, which is extremely
large if compared with the behavior of typical ferromagnets.
For example, it is comparable to ~4.3 T (at 4.2 K) reported
for commercial permanent magnet CosSm [34]. The largest
coercive field among hard magnets ever known is 5.2 T at
6 K of a metal-radical polymer, Co(hfac),-BPNN [35], to the
best of our knowledge. This indicates that a considerably large
magnetic anisotropy is generated in the small FM ordered state,
for some reason. We should also emphasize that H, varies
smoothly and M, does not change near T,,, indicating that
the small FM component is unaffected by the phase transition
occurring at Tp,.
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FIG. 19. (a) The large FM component given by the first term
of Eq. (2) using refined parameters through the curve fitting to the
experimental data measured at 2 K (Fig. 18). (b) The small FM
component given by the second term of Eq. (2) extracted in the same
manner with (a). (c) The linear component expressed by the third
term of Eq. (2), also extracted by the curve fitting.

The simplest explanation of the origin of this small 50-K
FM component is some extrinsic FM impurities or a second
phase with different chemical component from UAu,Sis,
because no anomaly was observed around 50 K in the specific
heat. This speculation seems to be consistent with the fact that
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FIG. 20. Temperature dependence of the saturation magnetiza-
tion of two separated FM components, M, and M,, which are derived
by fitting the observed magnetization loops with Eq. (2). The coercive
fields, H, and H,, are plotted in Fig. 11. The dotted lines are guide
to the eye.
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the magnitude of the FM components shows a large sample
dependence when compared with the previous reports [14,19].
As described above, however, no detectable sign of impurities
or second phases has been observed in the present XRD or
EDX measurements. Furthermore, it is quite unlikely that
a typical ferromagnetic impurity has such a huge coercive
field and semi-uniaxial anisotropy in which most of the FM
component is aligned along the [001] direction. Considering
all these clues together, the emergence of the 50-K FM
component seems to be an independent phenomenon from bulk
properties of UAu, Si,, but not just impurities or second phases.
Hence we can make one hypothesis that it originates from a
portion of uranium ions whose circumstances are somehow
different from those of the majority of uranium ions which
cause the order at T,,. This invokes the case of URu,Si,,
where an AFM transition occurs by applying uniaxial stress
[36]. This AFM phase is known to exist at ambient pressure
with a small volume fraction, as a metastable state under
the majority phase of this system, called hidden order. It is
considered that such a competition of magnetic ordering can
be driven by a tiny change in the lattice parameters, which
is hardly detected by usual x-ray diffraction techniques. It is
also known that some crystals of URu,Si, exhibit unusual
FM behavior with three different onset temperatures [37].
Another example in the uranium 1-2-2 system would be
UNi,Ge,, whose magnetization shows FM anomalies with
a large uniaxial anisotropy, without any anomalies in other
bulk properties [25]. In order to clarify the origin of the 50-K
FM component, further investigation of sample dependence
and measurements of other physical properties, particularly
microscopic techniques such as neutron diffraction, SR, and
NMR, are necessary.

B. Possible type of magnetic order for 7' < T,

As we have presented above, the magnetic moments in
UAu,Si, are likely to order antiferromagnetically, rather than
ferromagnetically, below Ti,. Then what is the origin of the FM
component observed along the [001] axis in the ordered state?
We consider a case that an uncompensated AFM (UAFM)
order is realized. The M-H curve along the [001] direction
in the ordered state can be regarded as the sum of the FM
component with saturated magnetization and a component
which is increasing linearly with the magnetic field, expressed
by the parameters M; and yji,, respectively, as demonstrated
in Sec. IVA. This FM component can be explained by
uncompensated magnetic moments along the [001] axis,
based on the UAFM order model of localized U magnetic
moments.

This UAFM order with a ferromagnetic component also
gives a rough sketch of the temperature dependence of
magnetization along [001], M.(T). The cusp anomaly, which
emerges in higher fields above 5 T, can be well accounted for by
staggered components of the AFM configuration of magnetic
moments. The absence of the cusp in the lower magnetic fields
may be because the upturn of the FM component conceals the
subtle cusp. To see this we assumed that the upturn below
T\, behaves similarly to the temperature dependence of M,
as depicted in Fig. 21, and then subtracted it from M (T).
The subtracted M.(T), displayed by dashed lines in the upper
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FIG. 21. (Upper panel) The temperature dependence of magneti-
zation of UAu,Si, in magnetic fields of 2 T, 4 T, 6 T, and 7 T, applied
along the [001], M. (closed circles) and [100], M, (open circles) axes.
The dashed lines are remaining magnetization after subtraction of the
assumed FM component, which is shown in the lower panel. (Lower
panel) The temperature dependence of the FM component associated
with the phase transition at 7},,, assumed to follow that of M,, which
is obtained by the curve fitting using Eq. (2).

panel of Fig. 21, shows a much larger suppression below Ti,
than that of M,(T), displayed by open circles. This indicates
that there are larger staggered components of magnetic
moments along the [001] axis rather than along the [100]
axis. Hence this analysis suggests the UAFM order whose
ordered magnetic moments are likely to be along the [001]
axis.

Although this simple local-moment model successfully
explains several key features of the magnetization, it is still
insufficient for the actual system, because it cannot account
for the component increasing in the magnetic field. We can
consider that it reflects magnetic-field-induced changes of a
possible noncollinear magnetic structure leading to increasing
projection of the U magnetic moment on the [001] axis. The
noncollinear magnetic structure is also conceivable with the
observed increase of the J || [100] resistivity below Tp,,, which
indicates a gap opening on the Fermi surface due to AF
components developing within the basal plane. For example,
one may consider a cone/umbrella or spiral magnetic structure
having the [001] symmetry axis, with which the observed
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field-induced increase of the [001] magnetization may be
accounted for by the gradual closing of the moments angle
towards [001]. In addition to it, we can also consider the
possibility of paramagnetic components due to the Van-Vleck
paramagnetism and/or the enhanced Pauli paramagnetism.
Particularly the H,, anomaly in high magnetic fields char-
acterized by the gradual change of slope indicates existence
of a noncollinear component in the magnetic structure. It may
be also supported by the moderate anisotropy of the effective
moments. Consequently the ground state of UAu,Si; is more
likely to be complex and/or noncollinear AFM order, not FM
order as previously reported.

UAFM orderings with FM components have been found in
several UT,Si, relatives. UNi,Si, is considered to show such
an UAFM order with ¢ = (0,0,2/3) below 53 K in zero field
[4]. UPd,Si;, is known to order in the same magnetic structure
in a phase which appears at temperatures below ~120 K and in
magnetic field above ~0.7 T [9]. U(Rug 9¢Rhg 04)>Si, also has a
phase in magnetic field where an UAFM ordering is realized.
The recent neutron diffraction experiment in high magnetic
field revealed that the propagating vectoris g = (2/3,0,0) [38].
All of these orders are collinear orders where the magnetic
moments are parallel to [001]. It would be interesting to
compare the low-temperature electronic state of UAu,Si, with
these compounds.

Here we have assumed the local moment model, but
of course we can consider the possibility of an order of
itinerant electrons, such as the spin-density wave. In fact,
the upturn anomaly at T;, in the resistivity resembles the
spin-density-wave (SDW) transition, the so-called “Cr-like be-
havior” with a commonly accepted scenario that an additional
gap opens on the Fermi surface, caused by SDW forming.
This kind of behavior of resistivity was observed also for
UNi,Ge; [25], UCo,Si, [24], and URu,Si, [15-17]. Future
calculations of the band structure are necessary to clarify this
point.

C. 5 f-electronic properties

The experimental facts we have presented above indicate
that the 5 f-electronic properties which govern the magne-
tocrystalline anisotropy in UAu,Si, significantly differ from
those of the other UT,Si, compounds. We observed moderate
anisotropy in the paramagnetic state (®, — ®. =49 K) and the
magnetic entropy that reaches ~R1n6 at room temperature.
These features are in remarkable contrast to those of the
other UT;Si,, which mostly exhibit stronger uniaxial magnetic
anisotropy. URu,Si, and UPd,Si, are typical examples: their
magnetic susceptibility along the [001] axis clearly shows
the Curie-Weiss behavior in the temperature range near room
temperature, whereas only weak temperature variations are
observed in fields along [100] [15,39]. Correspondingly, their
magnetic entropy at room temperature is relatively small.
It is estimated to be approximately RIn3 for these two
compounds [39]. The other UT,Si, compounds exhibiting
magnetic ordering also show similar very strong uniaxial mag-
netocrystalline anisotropy in the paramagnetic state (except for
UCU2Si2).

There are two principal microscopic mechanisms of magne-
tocrystalline anisotropy. The first one is the crystalline electric
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field (CEF) interaction, which is the single-ion mechanism
born in the electrostatic interaction between the anisotropic
crystalline electric field (potential created at the magnetic ion
site by the electric charge distribution in the rest of the crystal)
and the aspherical charge cloud of the magnetic electrons. The
single-ion anisotropy is most often encountered in compounds
based on rare-earth elements, which have well-localized 4 f -
electron states [40].

The second one is the hybridization effect between mag-
netic electrons and surrounding ligand electrons. The 5 f wave
functions of uranium are considerably extended in space.
Consequently the 5 f-electron states hybridize with ligand
valence-electron states (5 f-ligand hybridization [41]). The
strong interaction of the U 5f orbitals with surrounding
ligands in the crystal caused by their large space extension
implies an essentially different mechanism of magnetocrys-
talline anisotropy based on a two-ion (U-U) interaction. A
relatively simple model which leads to qualitatively realistic
results has been worked out by Cooper and co-workers [42] on
the basis of the Cogblin-Schrieffer approach to the mixing of
ionic f states and conduction-electron states [43]. The theory
has been further extended so that each partially delocalized
f-electron ion is coupled by anisotropic two-ion interaction,
giving anisotropic magnetic ordering [44].

One important factor which directly correlates with the
5 f-ligand hybridization is the distance between the f ions
and the non- f ligands, which can be tuned by the lattice
parameters: the a and ¢ parameters in the case of the tetrag-
onal structure. The smaller distance makes the hybridization
stronger. Another factor is the number of d electrons of the
transition-metal ions. It is commonly believed that the increase
of the d-band filling weakens the d- f hybridization, because
the energy of the d-band is considered to be pulled down,
away from the Fermi level, by increasing the filling, resulting
in a smaller overlap of the d and f bands [45,46]. Since
UAu,Si; has the largest lattice parameter of a ~ 10.3 A and
the largest d-band filling in the 5d systems of UT7,Si,, the
weakest 5 f-d hybridization within the U7, Si; compounds can
be expected. This consideration is consistent with the present
results just mentioned above. Note that UCu,Si,, which is
characterized by the highest d-band filling of the 3d transition
metals leading to the minimized 5f-3d hybridization [46]
and exhibits large magnetic entropy at room temperature of
~R1In9 [5], represents a somewhat intermediate case (®, —
®. ~ 180 K) between the moderate anisotropy in UAu,Si, and
the very strong anisotropy of other U7;Si, compounds having
amagnetically ordered ground state. The fact that UAu,Si, and
UCu;Si, exhibit moderate anisotropy is considered to be due to
a dramatically reduced energy scale of the two-ion interaction
reflecting the minimized 5 f-d hybridization as a consequence
of their large lattice parameters and characteristics of high
d-band filling.

A local character of the 5f electrons in UAu,Si, can be
deduced from the magnetic susceptibility, which follows the
Curie-Weiss law at high temperatures above ~60 K. Moreover,
the electrical resistivity shows roughly the —In7 behavior
from room temperature down to ~ 60 K. If this is due to
the Kondo effect, this also means the existence of local 5 f
electron magnetic moments. On the other hand, at lower
temperature the 5 f electrons behave like itinerant electrons,
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as seen in the large y and A values, with which we can put
UAu,Si; on the Kadowaki-Woods plot for the typical heavy
fermion compounds, A/y? =1 x 107>4Q cm(Kmol/mJ)%.
Although these values should be interpreted carefully, be-
cause they are deduced from the data from the magneti-
cally ordered state, these experimental facts strongly sug-
gest that the low-temperature state of this compound is
described by the Fermi-liquid theory with heavy 5 f itinerant
electrons.

V. CONCLUSIONS

We have succeeded in growing a single-crystalline sample
of a uranium intermetallic compound UAu,Si;, and we
have made a characterization of it through measurements
of specific heat, electrical resistivity, and magnetization. We
have confirmed that a second-order phase transition occurs
at 19 K, with a spontaneous magnetization only along [001]
direction. This order is considered to be spin-uncompensated
and/or noncollinear AFM order, not FM order as believed in
the previous reports. The magnetic field-temperature phase
diagram with the applied field along the [001] direction
suggests an existence of another magnetically ordered phase
in magnetic fields above ~8 T; UAu,Si, might have multiple
magnetic phases with different magnetic structures like some
other 1-2-2 relatives such as UPd,Si, and URu,Si,. Weak one-
ion magnetic anisotropy in the paramagnetic range and large
magnetic entropy at room temperature have been revealed.
These experimental facts suggest that the relatively low energy
of the 5f-ligand hybridization as well as the CEF effects
induce the interaction responsible for the magnetic anisotropy
in UAu,Si,. This is a vivid contrast to the cases of most other
UT,Si; compounds.

The origin of a weak FM component arising at about
50 K is still an open issue. Its peculiar properties, such as
semi-uniaxial anisotropy along the crystalline [001]-axis and
the giant coercive field, imply that it is not just an impurity
or second phase contribution. Meanwhile, the absence of the
specific-heat anomaly and separability of the magnetization
curve suggests that it is an independent phenomenon from
the bulk phase transition at 19 K. This incompatibility should
be resolved through more detailed experiments in future. Im-
provement of the quality of the single-crystalline samples and
microscopic experiments to determine the magnetic structure
will shed light on the nature of the peculiar magnetism of
UAU2Si2.
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