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Two nonstoichiometric UAu;_,Sby (x = 0.25, 0.1) single crystals are successfully synthesized using a flux method,
and their physical properties are comprehensively studied by measuring the dc-magnetization and electrical resistivity. Evi-
dence for at least three magnetic phases is found in these samples. In zero field, both samples undergo an antiferromagnetic
transition at a relatively high temperature, and with further cooling they pass through another antiferromagnetic phase,
before reaching a ferromagnetic ground state. Furthermore, the magnetic order can be tuned by varying the site occupation
of Au. Such a tunable magnetic order may provide an opportunity for exploring the potential quantum critical behavior in

this system.

Keywords: tunable magnetic order, metamagenetic transitions, UAu;_,Sby

PACS: 75.30.Mb, 75.20.Hr, 71.27.+a

1. Introduction

In heavy-fermion (HF) systems, the various unusual
physical properties, such as unconventional superconductivity,
non-Fermi liquid behavior, tunable magnetic order, and hidden
order arise from the subtle interplay between the f electrons
and the conduction electrons.!!! The relative strength of the
Kondo effect and Ruderman—Kittel-Kasuya—Yosida (RKKY)
interaction can be easily changed by chemical doping x, pres-
sure P, or magnetic field H, which gives rise to these exotic
properties.[®°1 Uranium-based compounds provide an ideal
platform to study the interplay between 5f orbitals and con-
duction electrons. Among them, the uranium-based ternary
compounds UT'X; (T = transition metal, X = pnictogen) are
excellent target materials for studying these interesting phys-
ical properties, which can be tuned by varying the transition

(10-15] Rich magnetic prop-

metal atom or the site occupation.
erties in this family have been found, where the compounds
with 7 = Co, Cu, Ag, and Au are reported to display fer-
romagnetic order, while those with 7 = Ni, Ru, and Pd are
antiferromagnetic.[1%-11]

One important point to be understood in this system is
the magnetic transition behavior tuned by the site occupation
of the transition metal. Previous studies found that nonstoi-
chiometric U7;_,Sb; single crystals such as UNig 5Sb,,[12:13]
UCog 5Sby, "1 UCu( 9Sb,, 1% and UPdy 6Sb, 1®! show some
significantly different properties from the stoichiometric com-
pounds. The stoichiometric compound USb, undergoes an an-
tiferromagnetic transition at 203 K, with no other magnetic

transitions at lower temperature,!'’! and UAuSb, likely under-
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goes two magnetic transitions, a ferromagnetic one at 7c =
31 K and a possible antiferromagnetic transition at 43 K.[18]
While UAuggSb, shows an antiferromagnetic transition at
71 K, another antiferromagnetic transition at 34 K, and a fer-
romagnetic transition at 10 K.['”1 From these studies, it is ob-
vious that Au doped into USb, has a close relationship with
the magnetic transition behavior. However, these data are still
not enough to obtain the universal laws to understand the rela-
tionship between the chemical doping and magnetic behavior,
and more studies of different nonstoichiometric compounds
UT,_,Sby are needed. Another important goal is to explore
the potential quantum critical behavior in this system. The
UAu,;_,Sb, is a good platform for studying the magnetic tran-
sition and the potential quantum critical behavior due to dra-
matically different magnetic states by varying the composition
of Au. Thus there is still a lot of work to be done on the non-
stoichiometric UAu;_,Sb; single crystals.

In this paper, we successfully synthesize two nonstoichio-
metric UAu;_,Sby (x = 0.25, 0.1) single crystals by using
a flux method and present a detailed study of their physical
properties by measuring the dc-magnetization and electrical
resistivity. At zero field, three magnetic phases are evident by
magnetization and electrical resistivity measurements: a high
temperature antiferromagnetic phase, a phase with both ferro-
magnetic component and antiferromagnetic component at in-
termediate temperatures, and a low temperature ferromagnetic
phase. With an external field applied along the ¢ axis, two
metamagnetic transitions occur. Furthermore, the magnetic or-
der can be tuned by varying the occupation of the Au site. The
AFM transition temperature is significantly increased with the
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occupation of Au site decreasing, while the FM transition tem-
perature is suppressed and vanishes in the stoichiometric USb;
compound, which suggests that there is a possible critical point
between x = 1 and 0.25. Our study on UAu;_,Sb, single crys-
tals may shed new light on understanding the magnetic behav-
iors and exploring the quantum critical point of these uranium-
based ternary compounds.

2. Experiment

UAu;_,Sb, single crystals were grown using a self-flux
method.["1 U (99.9%), Au (99.999%), and Sb (99.9999%)
were combined in an appropriate ratio and placed in an alu-
mina crucible. The crucible was sealed in an evacuated silica
tube, heated up to 1150 °C and held at this temperature for
24 h before being cooled down to 1050 °C over 1 h and slowly
cooled down to 700 °C. The excess Sb flux was removed by
centrifuging and plate-like crystals were mechanically sepa-
rated from the crucible. The typical dimensions of the crystals
are about 4 mmx4 mmx2 mm.

The chemical compositions were determined on the
freshly cleaved plane with an energy dispersive x-ray spec-
trometer (EDS). To tune more and less occupation of Au
site in UAu;_,Sby, samples with starting compositions of
U:Au:Sb=1:45:14and U: Au:Sb=1:2:14 are used
to obtain the x = 0.1 and 0.25 UAu,;_,Sb; single crystals, re-
spectively, compared with that of 1: 3.5 : 14 for our previous
study on UAuO,gsbz.[”]

3. Results and discussion

The EDS analysis on the starting composition of
U:Au:Sb=1:4.5:14 (U, 25.3%; Au, 23.1%; Sb, 51.6%)
yields that its chemical composition is around UAug¢Sby,
while UAug 75Sb, is for the other starting composition of
U:Au:Sb=1:2:14 (U, 26.4%; Au, 20.1%; Sb, 53.5%).
Figure 1(a) shows the as-grown UAug ¢9Sb; single crystal sam-
ple. Figure 1(b) shows the scanning electron microscope
(SEM) image of the freshly cleaved UAug9Sb, single crys-
tal, and the corresponding EDS results verify Au doped into
the single crystal as shown in Fig. 1(c).

First, we measure the systematic magnetization and
electrical resistivity on UAugoSb, and construct a field-
temperature phase diagram with the field applied along the
c-axis. Figure 2(a) displays the temperature dependence of
dc-magnetization M(T) of UAugoSby. Above 110 K, M(T)
can be fitted by a modified Curie—Weiss expression

C
= _— 1
X %o-l-T_ep, (D

where C = NuZuZ:/(3kg), giving an effective moment of
Uefr = 3.51 up/U and a Curie-Weiss temperature of 6, =

61.8 K. The ugr values are reduced compared with the ef-
fective magnetic moments of the free U** ions and U3* ions
(Uegr = 3.58 up/U and 3.62 up/U, respectively). The value
of 6, is positive along the c-axis, indicating the presence of
ferromagnetic exchange interactions. The magnetization in-
creases with temperature decreasing, and a broad peak can be
observed at Tn1 = 59 K, which likely corresponds to an an-
tiferromagnetic magnetic transition. A dramatic peak can be
observed at 43 K. With further reducing temperature, splitting
of the zero-field cooled (ZFC) and field-cooled (FC) curves
occurs at 37 K, indicating another antiferromagnetic transi-
tion and the onset of ferromagnetic component. At the low-
est temperature, the increase of the magnetization indicates a
possible ferromagnetic ground state. Figure 2(b) shows the
temperature dependence of the dc-magnetization measured in
the FC modes with different fields applied parallel to the ¢
axis. Below 1.5 T, a kink or a peak feature can be observed
around 59 K, which may correspond to the antiferromagnetic
magnetic transition, and the transition temperature decreases
slightly with field increasing. A sharp increase is found at
lower temperature, which may correspond to a ferromagnetic
transition. At 1.5 T and 1.75 T, the magnetization continues
to increase and reaches a saturation level, which suggests a
ferromagnetic transition.
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Fig. 1. (a) Image of as-grown UAug 9Sb; single crystal, (b) SEM im-
age of freshly cleaved UAug 9Sb, single crystal, and (c) EDS results of
UAug 9Sb; single crystal.

Figure 2(c) shows the temperature dependence of the
electrical resistivity of UAug ¢Sb; single crystal. The resistiv-
ity increases with decreasing temperature, and reaches a maxi-
mum value at about 65 K, which is slightly higher than the Ty
value derived from M(T). In the paramagnetic state, above
100 K, the resistivity follows a logarithmic behavior

p(T)=p'—cInT, @)

where p’ is a temperature independent term. As displayed in
the inset, this expression can describe the higher temperature
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data, indicating the presence of significant Kondo scattering.
The cooling down and warming up resistivity curves show an
obvious hysteresis from 48 K down to 34 K, revealing a first
order transition at these intermediate temperatures. This is
consistent with the broad peak in the M(T) curves shown in
Fig. 2(a). Figure 2(d) shows the temperature dependence of
the resistivity measured in the FC modes with different fields
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applied parallel to the ¢ axis. At the intermediate tempera-
tures, the resistivity curves each show a sharp decrease, which
is in line with the sharp increase in the magnetization curves
shown in Fig. 2(b). The maximum temperature in the resis-
tivity curve around 7y slightly increases with magnetic field
increasing, which may be due to the increased FM transition
temperature at the intermediate temperatures.
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Fig. 2. Plots of dc-magnetization and electrical resistivity of UAug 9Sb; single crystal, showing (a) temperature dependence of dc-magnetization
M(T) (left-hand scale) and inverse dc-magnetization (right-hand scale) measured in applied magnetic field 0.1 T parallel to c-axis, (b) tem-
perature dependence of dc-magnetization measured in FC modes with different fields applied parallel to c-axis, (c) temperature dependence
of resistivity, with inset showing resistivity on a logarithmic temperature scale, where the solid red line represents fitting to Eq. (1), and (d)
temperature dependence of resistivity measured in FC modes with different fields applied parallel to c-axis.

Figure 3 shows the field dependence of the magnetization
of UAug ¢Sb; for fields applied parallel to the ¢ axis at differ-
ent temperatures. At 50 K, a small plateau with nearly zero
magnetization around zero-field can be seen in both up-sweep
and down-sweep curves, indicating that the system orders anti-
ferromagnetically at this temperature at zero-field. Two sharp
jumps with little hysteresis are observed with magnetic field
increasing, i.e., one at around 0.16 T and the other at 1.25 T.
These two sharp jumps suggest two metamagnetic transitions
appearing. The plateau between 0.16 T and 1.25 T has a mag-
netization of about one-third of the saturated value, suggest-
ing that this corresponds to a field-induced AFM phase along
with an FM component (AFM2). The net magnetization with
one-third of the saturated value suggests a magnetic structure
along the lines of an ‘up—up—down’ spin configuration. Above
1.25 T, the magnetization changes little, indicating a spin-
polarized phase with a saturated moment of around 1.36 ug/U.
At 40 K, around zero-field, the small plateau with nearly zero
magnetization disappears, while the plateau with the one-third
magnetization appears, which suggests that at this temperature
the system corresponds to AFM2 phase at zero-field. With in-

creasing field, a field-induced metamagnetic transition occurs

at 1.1 T with little hysteresis. At 30 K, the hysteresis at the
metamagnetic transition becomes clear and a small hysteresis
develops around zero-field, which is consistent with the split-
ting of the ZFC and FC curves at a slightly higher temperature
in Fig. 2(a). At 20 K, the plateau with the one-third magnetiza-
tion disappears and a number of very small steps appear. This
may either signify an additional change of the magnetic struc-
ture, or the coexistence of the AFM2 state with small regions
of either the AFM or FM phase. At lower temperatures, as
shown for example by the curves at 2 K and 15 K, the magne-
tization remains very near the high-field saturated value upon
sweeping down from high fields to zero-field, thereby giving
strong evidence for a ferromagnetic ground state.

Figure 4 shows the field dependence of the in-plane re-
sistivity of UAug ¢9Sb; for the applied field along the ¢ axis at
different temperatures. The data at 50 K display two sharp
drops of the resistivity with increasing field, which is in agree-
ment with the magnetization measurements. At40 K, only one
sharp drop of the resistivity can be observed from zero-field to
high field. The resistivity remains nearly the same with the
reversed field being around zero-field, indicating that the re-
orientation of the moment is very fast. At 30 K, an obvious
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hysteresis around zero-field in the magnetoresistance devel-
ops and the hysteresis at the metamagnetic transition signifi-
cantly increases, which is in agreement with the magnetization
data. At lower temperatures, the hysteresis at the metamag-
netic transition in the magnetoresistance can be observed over

a broader field range, and disappears only when the moments
align in the field-induced FM state. At 2 K, only one drop of
the resistivity can be seen in the upsweep curves (from O to
+9 T) without any other change with reversed field, indicating
a very fast reorientation of the moment in the FM state.
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Fig. 3. Plots of magnetization of UAu 9Sb, single crystal versus applied magnetic field parallel to the ¢ axis at different temperatures.
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Fig. 4. Plots of in-plane resistivity of UAug ¢Sb, single crystal versus applied magnetic field along c axis at different temperatures.

Figure 5 shows the field—temperature phase diagram of
UAug 9Sb; single crystal derived from the resistivity and mag-
netization data, with an external field applied along the c axis.
While those in the upsweep curves (from O to £9 T) may
arise from the alignment of magnetic domains, the locations of

the transitions are determined from the down-sweep measure-

ments from high fields in this phase diagram. Upon cooling
down in zero field, the system undergoes an antiferromagnetic
transition to a phase labeled AFM 1. Meanwhile, upon increas-
ing the field along the ¢ axis, a metamagnetic transition occurs
and the system changes into another antiferromagnetic phase

marked as AFM2, which has both antiferromagnetic and fer-
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romagnetic components. With further increasing the field, the
system transfers into a field induced ferromagnetic state. At
lower temperatures, the AFMI1 phase is suppressed and the
system is in the AFM2 state in zero field, where nearly one-
third of the saturated magnetization remains. Upon cooling
further, the ground state becomes ferromagnetic, as evidenced
by the ferromagnetic-like hysteresis loop in the magnetization.
To understand the nature of the magnetic phases and deter-
mine the magnetic structure, low temperature neutron diffrac-
tion measurements are highly desirable.

80 . ; .
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Fig. 5. Field—temperature phase diagram of UAug¢Sb; single crystal
derived from the resistivity and magnetization data, with an external
field applied parallel to the ¢ axis.

Having clearly characterized the physical properties of
UAugoSby, we further study the physical properties of
UAuy 75Sb, by measuring the magnetization and electrical re-
sistivity. Figure 6(a) displays the temperature dependence of
dc-magnetization M(T) of UAug75Sb, single crystal. The
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magnetization curves each still show three features with tem-
perature decreasing: the first feature is a peak feature cen-
tered at 95 K which likely corresponds to an antiferromag-
netic transition, the second one is a small peak at 47 K which
may correspond to another antiferromagnetic magnetic transi-
tion, and the third one is the increasing of the magnetization
and the splitting of the ZFC and FC curves at lower temper-
ature. Figure 6(b) shows the temperature dependence of the
dc-magnetization measured in the FC modes with different
fields along the ¢ axis. When increasing the magnetic field, the
possible antiferromagnetic transition is gradually suppressed
and the ferromagnetic transition temperature increases. The
electrical resistivity of UAug75Sb, single crystal displays a
maximum value and a Kondo scattering at high temperature
as shown in Fig. 6(c). The resistivity at a certain field shows
a sudden decrease which is consistent with its magnetization
curve from Fig. 6(b). As shown in Figs. 2 and 6, both the
magnetization and resistivity of UAug 75Sb, disply similar be-
havior to those of UAug¢Sb,, while the magnetic transition
temperatures are different. A lager composition of Au in
UAu;_,Sb, can suppress the AFM1 transition temperature.
Figure 7 shows the field dependence of the magnetization
of UAug 75Sb, single crystal for fields applied parallel to the
c axis at different temperatures. Its behavior similar to that
of UAug 9Sb; single crystal can also be detected, such as two
metamagnetic transitions at 50 K and 60 K, a small hysteresis
developing around zero-field at 25 K, and a ferromagnetic-like
hysteresis loop at 2 K. Also some differences can be found
between UAug 75Sb, and UAug9Sby. One difference is the
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Fig. 6. Plots of dc-magnetization and electrical resistivity of UAug 75Sb, single crystal, showing (a) temperature dependence of dc-
magnetization M(T) measured in applied magnetic field 0.1 T parallel to c-axis, (b) temperature dependence of dc-magnetization
measured in FC modes with different fields applied parallel to c-axis, (c) temperature dependence of resistivity, and (d) temperature
dependence of resistivity measured in FC modes with different fields applied parallel to c-axis.
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ferromagnetic transition temperature. The onset temperature
of UAuy 75Sb; is around 4 K, where the magnetization remains
the high-field saturated value upon sweeping down from high
fields to zero-field, and it is around 15 K for UAug ¢9Sb,. Thus
a lager composition of Au in UAu;_,Sb; can increase the FM
transition temperature. The other difference is the position of
the metamagnetic transition. At the same temperature, a lager
external field is needed for UAug 75Sb, to induce the metam-
agnetic transitions.

We now combine the magnetic properties of different
compositions of Au in UAu;_,Sb, to discuss the variation of
its magnetic properties and the potential quantum critical be-
havior in this system. The magnetic transition temperatures
for different compositions are summarized in Table 1, and fig-
ure 8 shows the phase diagram of UAu;_,Sb, derived from
the resistivity and magnetization data, with an external field

applied parallel to the c axis. This phase diagram can give a
direct insight into the mechanism of the complex magnetism
in this system. The USb, undergoes only one AFM transi-
tion at 203 K['7 and UAu;_,Sb, undergoes both AFM and
FM transitions. Meanwhile, with the increasing of compo-
sition of Au, the AFM transition temperature is significantly
suppressed and the FM transition temperature increases. This
suggests that the magnetic order of UAu;_,Sb, can be tuned
by varying the composition of Au. More occupation of Au
site can suppress the antiferromagnetic interactions, reducing
TN, but induces a ferromagnetic transition at lower tempera-
ture and lager Tc. Such a complex magnetic order emerging
in these compounds may be governed by an interplay between
Kondo effect and RKKY exchange modified by crystal-field
effects and f-s, f—p, and f—d hybridizations of U with Au and
Sb.
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Fig. 7. Plots of in-plane resistivity of UAug 75Sb, single crystal versus applied magnetic field along the ¢ axis at different temperatures.

Table 1. Magnetic data for UAu;_,Sb, compounds.

Usz UAUO,75 sz UAI]().g Sb2 UALI(),g Sb2 UAUsz
Tn/K - 2030171 95 71191 59 430181
Tc/K - 4 100191 15 31181

Full occupation of Au site suppresses the AFM transition
temperature to 43 K in UAuSb,.!!'8] With reducing the occu-
pation of Au site, the FM transition temperature decreases and
reaches 4 K in UAug75Sb; and disappears in USb;, which
suggests a potential quantum critical point existing between
the compositions. Thus reducing the occupations of Au site is
possible to suppress the FM transition temperature to zero and
a potential quantum critical point may emerge in UAu;_,Sb,.
Therefore it is of great interest to study more nonstoichiomet-
ric UAu;_,Sb, compounds between x = 1 and 0.25 to examine
the potential quantum critical behavior in this system.

Fig. 8. Phase diagram of UAu;_,Sb; derived from resistivity and mag-
netization data, with an external field applied parallel to the ¢ axis.
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4. Conclusions

We have successfully synthesized two nonstoichiometric
UAu,_,Sb, single crystals and performed a detailed investi-
gation of their physical properties. Three magnetic phases are
evidenced by magnetization and electrical resistivity measure-
ments: a high temperature antiferromagnetic phase, a phase
with both ferromagnetic and antiferromagnetic components at
intermediate temperatures, and a low temperature ferromag-
netic phase. Two metamagnetic transitions are found with
an external field applied parallel to the ¢ axis in this system.
The magnetic order can be tuned by varying the occupation of
Au site. With increasing the occupation of Au site, the AFM
transition temperature is significantly suppressed and the FM
transition temperature increases. A potential quantum critical
point is possible for less occupation of Au site and more fur-
ther work is needed to examine the potential quantum critical
behavior in this system.
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