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Institute for Materials Research, Tohoku University

(1) Introduction

Ternary uranium compounds U,XSi; (X=transition metal) have attracted much interest in the last
decade because of their remarkable physical properties including spin glass (SG) behavior, paramagnetic
ground state, and ferromagnetic cluster behavior. The considerable changes of magnetic properties in these
systems have been demonstrated to relate with the character of the X atom and the arrangement of
non-magnetic atoms (X and Si) in X-Si network. SG behavior has been observed for the compounds with
X=Pt, Pd and Au, which crystallize in the hexagonal AIB,-type structure with perfectly disordered X and Si
atoms at the B crystallographic sites. In contrast, compounds U,FeSi;, U,RuSi; and U,OsSi; present the
U,RuSis-type structure with a perfect order between X and Si atoms, which show paramagnetic properties
and no spin freezing behavior can be observed. On the other hand, ferromagnetic cluster glass behavior is
characteristic of the compounds with X=Rh and Ir, which crystallize in the disordered derivative of the
AlB,-type structure with partially random arrangement of Rh/Ir and Si atoms at B sites. As for U,CuSis, it is
known as a special and interesting case in the family of compounds U,XSi; relevant to its controversial
magnetic properties and crystal structures. U,CuSi; was first reported to crystallize in the tetragonal
a-ThSi,-type structure exhibiting re-entrant SG behavior, and in the later literature it was considered as a
ferromagnetic material with the hexagonal AlB,-type structure. In order to clarify these controversies and
obtain a complete physical picture on the magnetic ground state of this system, while as a continuation of
our studies on the compounds of U,XSi; family, we have systematically measured the basic physical
properties of U,CuSi; including the temperature dependence of ac and dc susceptibility at different
frequency and pressure. Here, we report the experimental results.

(2) Experimental

The polycrystalline sample of U,CuSi; was synthesized by arc melting appropriate amounts of the
constituent elements in a purified argon atmosphere and then annealed at 800 °C for 240 h. Quality of the
annealed sample was checked by x-ray powder diffraction at room temperature with Cu-K,, radiation. The
annealed sample was confirmed to be almost single phase with the tetragonal o~ThSi,-type structure as
consistent with the result reported by Kaczorowski. The ac susceptibility, dc magnetization and magnetic
relaxation were measured using a Quantum Design superconducting quantum interference device (SQUID)
magnetometer. High-field magnetization in a steady magnetic field up to 230 kOe was measured at 4.2 K
with an induction method. The adiabatic heat pulse method and a standard four-terminal dc method were
employed for specific heat and electrical resistivity measurements, respectively.

(3) Results

The temperature dependence of magnetization M(7T) of U,CuSi; was measured in various applied
magnetic field (H) employing both the zero-field cooling (ZFC) and field-cooling (FC) conditions. Figure 1
presents the low temperature dc susceptibility (y=M/H) data measured in a field of A=100 Oe. With
decreasing temperature, the yzr(T) curve shows a sharp peak near 7~18.9 K, suggesting a certain kind of
magnetic phase transition at this temperature. However, different from the traditional antiferromagnetic
ordering, no peak is observed in the yrc curve and evident magnetic irreversibility manifesting as the
bifurcation between the yzrc and yrc curves appears below a temperature 7. It is interesting to note that the
characteristic temperature T}, clearly larger that 7} (the peak position in yzzc curve) in low fields, and both
T} and Ty shift to low temperatures with increasing / (not shown here) similar to that usually observed in
SG materials. In order to confirm whether or not a long-range magnetic order occurs around 7} the
temperature dependences of specific heat C(7) and the electrical resistivity p(7T) were measured in this study.
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It is clear from the inset of Fig. 1 that both C(T) and p(T)
curves don’t show any indication of a magnetic phase I
transition into a long-range order around 7; (~18.9 K). 0.016 -
These results suggest the absence of long-range spatial
magnetic order in the vicinity of 7. It seems that the
observed sharp peak in the yz7«(T) curve at Tyas well as the
thermomagnetic irreversibility below 7} for U,CuSi; could
be considered to originate from the random spin freezing in
an SG state. I

In order to confirm the SG effect, we performed an ac 0.000
susceptibility measurement on the U,CuSi; sample at
frequency range 0.1 Hz < @/2n < 1000 Hz. Figure 2 shows

the in-phase y! (T,®) as well as the out-of-phase
"(T,w) components of the ac susceptibility versus FIG.1.  Temperamre  dependences o
Haclds p p Y field-cooled (©) and zero-field-cooled (o) dc

temperature between, 16 and 23 K. It is clear from this  gsceptibility (7=M/H) of U,CuSis in an applied
figure that both ¥, and y! exhibit a characteristic  field of 100 Oe. The insets (a) and (b) show the
pronounced maximum with amplitude and position temperature dependences of specific heat and
depending on the frequency @ of the applied ac magnetic ~ clectrical  resistivity, respectively, for the
field. As @ increases, both peak positions in y/ and " ~ UxCuSisample

0.020

0.012

M/H (emu/g)

0.008

0.004

shift to higher temperatures. Such a feature can be

considered as the most striking evidence for SG state §° Y A
UzCUSi3. mg 3r i{gé{}z{z ]
AC susceptibility is very important for the ‘g 2t %%Egg&l
investigation of SG behavior, which could offer a good K .
criterion for distinguishing a canonical SG from a SG-like @ ,
material by comparing the initial frequency shift of 7, using go 4 T
the expression oT, = AT, /(T,Alogw) . In the present case of g 3¢ meahe Ay
U,CuSis, 87, is determined to be 0.009, which is Te 2 oo ]
comparable to the typical values (from a few thousandths to vg = ]
a few hundredths) reported for canonical SG systems h 0g 3 ®) 5 5
CuMn and AuFe and nonmagnetic atom disorder SG T (K)

systems URh,Ge,, R,Agln; (R=Ce, Nd), U,XSi; (X=Pd, Pt, FIG2. Real (3) and imaginary (b)
Au) and R,PdSi; (R=Tb, Dy). components of the ac susceptibility of U,CuSi;

The formation of SG state in U,CuSi; is further vs. temperature at various frequencies
confirmed by the characteristic remanence effect and the
long-time magnetic relaxation behavior. As illustrated in Fig. 3, the magnetization M(H) measured at 4.2 K
does not saturate up to 230 kOe, reaching a value of 14.5 emu/g at 230 kOe. When H is returned from 230
kOe hysteresis effect appears at about 60 kOe, and a remanent magnetization of about 3.8 emu/g is detected
at zero field. From a careful measurement of the hysteresis loop using a SQUID magnetometer, we
determine the coercive field H¢ of U,CuSi; to be 6.9 kOe at 4.2 K. The insets (a) and (b) of Fig. 3 illustrate
the results of magnetic relaxation measurements at 12 K (<7}) in field of /#=0 and 100 Oe, respectively. For
the former, the sample was first cooled from 100 K to 12 K in a field of 100 Oe, then the magnetic field was
switched off and the measurement started at /=0. For the later, we cooled the sample firstly in zero field
from 100 K to 12 K, then a magnetic field of 100 Oe was applied and the recording started immediately just
as the field stabilized (#=0). In both cases, M(¢) decays slowly as a function of time ¢. It is clear that after
waiting for one hour, M(?) is still far from stability for both cases. These long-time magnetic relaxation
behaviors are also characteristic of spin glass state.

It should be emphasized that Kaczorowski et a/ and Pechev et al have reported the a-ThSi,-type and
AlB,-type crystal structure for their U,CuSi; sample with the re-entrant SG behavior and simple
ferromagnetic properties, respectively. In this work, our U,CuSi; sample annealed at 800 °C for 10 days was
confirmed to crystallize in the a-ThSi,-type structure in agreement with Kaczorowski’s result. However,
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only the SG behavior was observed for this sample and no
long-range ferromagnetic order can be detected. It is well known
that “randomness” and “frustration” are the necessary conditions for
SG state. To understand the existence of frustrated magnetic
interactions in U,CuSi;, we considered that statistical arrangement
of nonmagnetic Cu and Si atoms on the anion position of
a-ThSir-type  structure could destroy long-range magnetic
correlation between U atoms in U,CuSi; and lead to the formation
of individual spins or finite-size granules with net magnetic
moments (magnetic clusters). These clusters should also randomly 0 > (kOel)S 0003
distribute in the sample and interact on each other at low
temperatures causing the formation of frustrated magnetic moments. g 3. High-field magnetization M(H)
Below a freezing temperature 7 these frustrated magnetic moments  up to 230 kOe for U,CuSi; measured at
could be frozen-in along random directions to form a spin glass 42 K. The insets (a) and (b) display the
L. X . . time dependence of magnetization of
state similar to what happen in amorphous or diluted metallic SG  y,cusiy, plotted as M(1)y/M(0) vs. 1,
materials. measured at 12 K in magnetic field of o
AC susceptibility of the U,CuSi; compound was also measured ~ 2nd 100 O, respectively.
under pressure up to P=1 GPa. The evident frequency dependence
of ac susceptibility peak position could also be observed under high pressure. However, comparing with the
results obtained under zero pressure, the peak strength decreases and the position shifts to high temperature
with increasing pressure. Moreover, up to 1 GPa the obtained 7(w) data can also be described by the
standard expression of critical slowing down and by the Vogel-Fulcher law. In addition, the initial frequency
shift of T} calculated using 87y = AT /(T;Alog w) decreases linearly with increasing pressure. We have also
observed the similar behavior for U,PdSi; and U,AuGa;. Based on these experimental results, it is
considered that the SG effect in these compounds becomes weak under high pressure, and the influence of
long-range magnetic interaction gradually increases with pressure. Thus the random degree of the
nonmagnetic atoms in these U compounds seems to decrease with increasing pressure, and strength of f-d
(p) mixing seems to become strong due to the shortening of distance between atoms.
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T 2
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(4) Conclusion

The well-annealed U,CuSi; sample was confirmed to crystallize in the tetragonal «o-ThSi,-type
structure. AC susceptibility, dc magnetization and magnetic relaxation measurements show evident SG
behavior for this sample. Under high pressure the SG effect of U,CuSi; becomes weak, while the strength of
f-d (p) mixing and thus the influence of long-range magnetic interaction seem to be enhanced.
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