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We report the study of a low temperature cluster glass state in 5% Mn-doped UGaz heavy fermion compound. This
compound transforms from a paramagnetic state to a spin-cluster glass state, which is confirmed by measuring the dc
susceptibility and magnetization. The ac susceptibility exhibits a frequency-dependent peak around 7;, which provides
direct evidence of the cluster glass state. By analyzing the field-dependent magnetization and frequency-dependent ac
susceptibility in detail, we deduce that this compound forms a spin-cluster glass state below 7.
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1. Introduction

The uranium compounds of the UX3 series (X: a group-
IITA or IVA element in the periodic table) present various
interesting magnetic behaviors from an enhanced, Pauli-like
paramagnetism (UAl3, USis, and UGes), through local spin
fluctuations (USn3), to a local-moment ordering (UPbs). A
great variety of magnetic properties in the UX3 series are
commonly attributed to a hybridization effect between the 5f-
electron states of uranium and the s, p, d electronic states of
neighboring atoms. The antiferromagnetic compound UGa3
(Tx = 67 K),['731 crystallizing in the AuCus structure, locates
a special position at the onset of magnetic order among the
UXj3 phase. The substitution of the group-IITA (or group-IVA)
element for Ga atoms in UGas exhibits interesting magnetic
properties through the changes of the hybridization between
the uranium 5f electronic states and the conduction electronic
states of gallium. For example, with increasing Sn concentra-
tion, the f electrons in the UGasz_,Sn, system undergo a tran-
sition from the itinerant antiferromagnetic state to a typical
spin fluctuation state, and finally localize for x ~ 1.[*] While
in UGa3_,Ge,, the substitution of Ge atoms gradually sup-
presses the long range magnetic order, and reaches the quan-
tum critical point at x ~ 0.6, which presents non-Fermi liquid
behavior.!

Similarly, the hybridization effect would be changed by
the substitution of UGas in the transition metal for Ga atoms
since it not only changes the order degree of the occupied
atom, but also prominently changes the exchange interactions
through changes of environment (the valence electrons and the
U-U distance). This concept motivated us to investigate the

DOI: 10.1088/1674-1056/25/4/047502

properties of Mn-doped UGagz, which present the spin-cluster
glass (SCG) state at a low temperature. This compound plays
an important role in better understanding the f-electron contri-
butions to the magnetism in uranium compounds.

2. Experiment

Single crystals of U(Gagg9sMng os5)3 were grown by the
Ga self-flux method.!®7! The raw materials of U (99.8%), Mn
(99.999%), and Ga (99.9999%) were mixed together accord-
ing to the ratio of U:Mn:Ga=1:(0.5~2):10. The feed, placed
in an alumina crucible and sealed in an evacuated quartz tube,
was heated in a resistance furnace up to 1200 °C, held at this
temperature for 24 h and then slowly cooled down to 600 °C
at a rate of 1 K/h. Then, the single crystals were separated
from the flux by means of centrifuging at 600 °C. The ob-
tained crystals were a cube shape with a maximum dimension
of 2 mmx2 mmx3 mm.

The actual compositions of the obtained crystals were
determined by utilizing energy dispersive x-ray (EDX) mi-
croanalysis. All the single crystals prepared by different ra-
tios present the same atomic ratio of U:Ga:Mn, which is
1:2.85:0.15. X-ray diffraction (XRD) was performed on the
single crystals and their crushed powder by a diffractometer
in a range from 10° to 90°. The frequency-dependent ac-
susceptibility and low-field magnetization were measured by
using a quantum design physical properties measurement sys-
tem (PPMS). Specific heat experiments were performed in a
temperature range of 2 K-200 K on the PPMS using the relax-
ation method.
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3. Results and discussion

Figure 1(a) shows the powder and single crystal XRD pat-
terns for both U(Gag 9sMny o5 )3 and UGas samples, which can
be indexed on the basis of AuCuj type structure (Fig. 1(b)).
All the powder diffraction peaks of U(GagogsMngs)3 shift
to a high angle compared with UGa; due to the small
ionic radius of Mn3*. The calculated lattice parameters of
U(Gag gsMng g5)3 and UGa;z are 4.2354 A and 4.2560 A, re-
spectively.
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Fig. 1. (color online) (a) Room temperature XRD patterns of the pow-
der of UGasz and U(Gag 9sMng gs)3 single crystals after grinding. The
inset shows the XRD pattern of the corresponding single crystal, show-
ing mainly the c-axis orientation featured with very sharp peaks. (b)
Schematic diagram of UGajz unit cell.

The values of the dc susceptibility ¥y (x = M/H) of
U(Gag 9sMng g5)3 measured in the zero-field-cooled (ZFC)
and field-cooled (FC) modes under various applied magnetic
fields are shown in Fig. 2. At low fields (e.g., 100 Oe,
1 0e=79.5775 A-m~!), the magnetic susceptibility exhibits
a sharp increase below 60 K, and an irreversibility behav-
ior is manifested by the bifurcation between the Yzrc(T) and
xrc(T) curves below 41.7 K. Those phenomena, together with
results of ac susceptibility, suggest the formation of the SCG
state in the U(Gag 9sMng ¢s)3 sample below T;;. By increas-
ing the magnetic fields, the cusp in the yzgrc(T) curve at T,
loses its intensity and broadens, and both 7, and 7j; shift to a
lower temperature. These phenomena are typical of spin glass
behaviors. In canonical spin glass (SG) systems, the cusp in
xzrc(T) is governed by SG dynamic transition and the mag-
netic irreversibility generally starts at the temperature slightly
lower than 7,.18°1 The obvious difference between T, and 7,
in U(Gap 9sMng o5 )3 suggests the existence of short-range in-
teractional clusters with different sizes. When the system is
cooled down from the high temperature in a zero or nonzero
field, magnetic moments of the different size spin clusters in
U(Gag 9sMng g5)3 may be frozen in the directions energeti-
cally favored by the strong Ruderman—Kittel-Kasuya—Yosida
(RKKY) action or by the external field. There would be a
competition between the RKKY action and the external field
acting on the spin moment. The RKKY action is predomi-
nant at 7 < T, and the external field is predominant at 7 > T,.
Thus, the broad cusp at T, marks a crossover region where the

RKKY action energy and the energy caused by the external
field are comparable to each other.

Above 60 K, the reciprocal susceptibility curve can be
well fitted by the Curie-Weiss law y = C/(T — 6,) (inset of
Fig. 2), where C is the Curie constant and 6, is the paramag-
netic Curie temperature. From this fit, the effective magnetic
moment and the paramagnetic Curie temperature are deter-
mined to be et = 1.54up /U, and 6, = 43.7 K, respectively.
The obtained Us value is much smaller than that of a free U
ion with 2 (Ler ~ 3.58us/U) or f3 (legr ~ 3.62up/U) elec-
tronic configuration, suggesting the itinerant behavior of 5f
electrons and/or Kondo effect in this compound. The positive
sign of 6, suggests that the ferromagnetic exchange interaction

is dominant.
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Fig. 2.  (color online) DC susceptibility x (y = M/H) data for

U(Gag 9sMny o5 )3 measured in the FC (closed symbols) mode and the ZFC
(open symbols) mode in various magnetic fields. 7, is denoted by the tem-
perature where Yzpc(T) reaches a maximum and 7j; is the temperature
where yrc(T) and yzpc(T) start to separate from each other. Ty, is de-
fined as the temperature where the susceptibility sharply increases. The
inset displays the temperature dependence of the inverse molar magnetic
susceptibility.

Figure 3(a) shows the dc isothermal magnetizations for
U(Gag 9sMny s )3 at various temperatures. The dependence of
magnetization on the applied magnetic field at 80 K presents a
characteristic linear behavior of the paramagnetic state. How-
ever, the magnetization below 60 K exhibits a sharp jump at
very low field (H < 500 Oe) followed by a monotonic increase
in the high field range without reaching saturation up to 9 T,
which provides strong evidence of the existence of the SCG
state. By increasing the applied field, the frozen net moment
part tends to be saturated, whereas the cluster glass part in-
creases linearly and results in the unsaturation of magnetiza-
tion. In addition, the small magnetic hysteresis loop (S-type
curve) below 60 K shown in Fig. 3(b) also indicates the exis-

tence of a frozen net moment in the U(Gag 9sMng o5 )3 sample.
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Fig. 3. (color online) (a) Magnetizations up to 9 T and (b) the hys-
teresis curves measured at various temperatures for U(Gag 9sMng o5 )3
single crystal.

Figure 4 displays the in-phase /. and the out-of-phase
Xa. components of the ac susceptibility for U(Gag gsMng ¢s5)3
at various frequencies f = @/2x. Both .. and x.. curves
exhibit the characteristic pronounced maxima whose ampli-
tudes and positions strongly depend on the applied mag-
netic field frequency. These features further confirm an SG
state in U(GagosMnggs)s below T;. Here, Tt is defined as
the temperature corresponding to the peak position in the
X curve. The frequency shift rate 67y = ATy/(TiAlgw) =
0.019 for U(Gag.95sMng g5 )3 falls in a range between canonical
spin glasses (e.g., 8T; ~ 0.005 for CuMn alloy)!'”) and non-
interacting ideal superparamagnetic systems (87 ~ 0.1).[!1]
This value is comparable to those of a nonmagnetic atom-
disorder SG system, such as U,PdSi3 (87; = 0.020),1%13]
URh,Ge, (87 = 0.025),['* and U AuGas (§T; = 0.01).115!

The dynamical parameter, relaxation time 7, follows
the conventional power-law divergence of critical slowing

down, 891
Ti—Tsg\
r:m( - ) , (1)

where 7 is the dynamical fluctuation time corresponding to
the measured frequency (t = 1/(2xf)), 1o is the spin flipping
time of the relaxing entity, z is the dynamic scaling exponent,
v is the critical exponent, T; corresponds to the peak in the ..
curve at a given measuring frequency, and 7sg represents the

infinitely slow cooling dc (equilibrium) value of 7; (f — 0).
The value of Ty is obtained by extrapolating the plot of 7 ver-
sus f to f =0, which gives Tsg = 40.9 K. We rewrite Eq. (1)
as

T; — T
In(7)= lnTo—zvln< fTSGSG) . 2)

The In-In plot of relaxation time 7 versus [(Tf —
Tsg)/Tsg] is shown in Fig. 5(a). The solid line in Fig. 5(a)
represents the best fitting result of Eq. (2). The slope and in-
tercept of the plot yield zv = 4.6(2) and 19 = 1.5 x 10710 s.
Many experimental results give the typical value of zv be-
tween 4 and 12 for various spin glass systems, '®! while zv is
usually around 2 for conventional phase transitions.!”) More-
over, the value of 7y is much larger than that of canonical spin
glass (10713 s),[%16] which means a slow spin flip process in
U(Gag 9sMny 5)3 caused by the strongly interacting clusters
~ 41.7 K (the maxi-
mum in .. at 11 Hz) can be defined as a cluster spin freezing

rather than individual spins. Hence, T¢

temperature below which the clusters will be randomly frozen.
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Fig. 4. (color online) In-phase (x.) and out-of-phase ()..) components
of the ac susceptibility versus temperature in an applied ac field of 10 Oe
at various frequencies for U(Gag.9sMng g5 )3.

The frequency dependence of freezing temperature 7; can

be obtained using the empirical Vogel-Fulcher law:[16-20]
E, )
O =mpex - ) (3)
p(kﬂn—%)

where @y is the characteristic attempt frequency, Ty is the
Vogel-Fulcher temperature (representing the inter-cluster in-
teraction strength), and E, is the average activation energy, and
kp is the Boltzmann constant. We rewrite Eq. (3) as

1 E,
=—— —+T. 4
(/@) & @
A plot of T; versus 100/ [In(ap/®)] is shown in Fig. 5(b).
The solid line in Fig. 5(b) represents the fit to Eq. (4). Here, we

have used the value of attempt frequency @y = 1/7p. The de-

T;

termination of characteristic time constant 7y = 1.5 x 10710 s,
has been discussed before. The slope and intercept of the plot
yield To = 380 K and E, /kg =~ 68.5 K (E, ~ 1.7kgT;) for our
U(Gag 9sMny gs5)3 sample. The nonzero value of T, arising

047502-3



Chin. Phys. B  Vol. 25, No. 4 (2016) 047502

from the interaction between spins, suggests a cluster spin-
glass behavior in the U(Gag.9sMng os5)3 compounds. Further-
more, the result that Ty is very close to T¢ suggests that the
RKKY interaction is relatively strong in the compound. Ac-
cording to the Tholence criterion, 6Ty, = (T; — T') /T;, we ob-
tain 6 T, = 0.088 for U(Gag.95Mng 5)3, which is comparable
to that of the RKKY spin-glass system (e.g., 8 Tt = 0.07 for
CuMn system).[!”) Therefore, these phenomena indicate that
U(Gag.95Mng o5 )3 has an RKKY spinglass behavior, similar to
PrRhSn3.2!1
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Fig. 5. (color online) (a) Relaxation time of freezing temperature plot-
ted as In(t) versus In[T; — Tsg]/Tsg]. The solid line represents the fit
to the power-law divergence. (b) The frequency dependence of freezing
temperature plotted as T; versus 100/In(@wy/@). The solid line repre-
sents the fit to Vogel-Fulcher law.
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Fig. 6. (color online) Temperature dependences of the specific heat
C(T) for U(Gag.9sMnq g5)3 and UGaj. Inset shows C/T versus T2 plot.

Figure 6 shows the temperature dependences of the spe-
cific heat for U(Gap.9sMnyg o5 )3 and UGaz below 200 K. A A-

type anomaly for UGaj is found to be at 67 K correspond-
ing to the antiferromagnetic transition. However, no anomaly
was observed in specific heat of U(GaggsMngs)3 around
T;. This indicates that no long-range magnetic order exists
in this SCG system. The specific-heats of U(Gag9sMng o5 )3
and UGa;z in a temperature range of 2 K-10 K follow the
Cp(T) = YT + BT? as shown in the plot of C,/T versus T2
(see the inset of Fig. 6). By fitting the experimental data, the
electron specific heat coefficient ¥ of U(Gag.9sMng o5)3 is ob-
tained to be 90 mJ/mol-K—2, which indicates that its electron
effective mass is much larger than that of UGas. The enhance-
ment of electron effective mass for U(Gag.9sMnyg g5 )3 is caused
by the spin-cluster glass state resulting from the presence of
atomic disorder, as for other nonmagnetic atom-disorder spin
glass compounds Ce;CuGes *?! and Ce,CuSis.[?!

It is generally accepted that both randomness and frus-
tration of magnetic moments are essential to produce the spin
glass state.[”! As for U(Gag 9sMnyg o5 )3, the magnetic U atoms
form a fully periodic lattice, the 3d half-filled Mn atom and
non-magnetic Ga atom randomly occupy the ligand site. The
disorders of Mn and Ga atoms in the lattice can destroy the
long-range magnetic correlation between U atoms and intro-
duce individual spins or spin clusters with net magnetic mo-
ments by the local RKKY interaction. In addition, the Mn
atom may have a local magnetic moment which has not been
completely screened by the conduction electrons in this com-
pound. Within one layer, U atoms and Mn atoms may form
triangles of the nearest neighbors and no single configura-
tion of the spins is extraordinarily favored. Therefore, the
combination of the site randomness of Ga/Mn ions and frus-
tration of magnetic moments resulting from the competing
ferromagnetic and antiferromagnetic interactions between U
ions easily leads to the randomly distributed spin-clusters in
U(Gag.95Mng 05 )3.

4. Conclusions

The ac and dc magnetic susceptibilities, isothermal mag-
netization, and specific-heat data of U(GaggsMngs)3 sin-
gle crystal provide conclusive evidence of SCG behavior
below the characteristic freezing temperature 7y = 41.7 K.
Irreversible magnetism behaviors in ZFC and FC, and a
frequency-dependent anomaly in the ac susceptibility reveal
a spin-glass behavior with a freezing temperature 7t. The
sharp increase in dc susceptibility, a small jump at the very
small field in the isothermal magnetization below T, and no
anomaly in the specific heat support the presence of clusters
with frozen moments. We deem that the disorders of Mn and
Ga atoms in the crystal lattice and frustration of magnetic mo-
ments lead to the random distribution of spin-clusters below
T;.
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