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We present the results of ac and dc susceptibilities, high-field magnetization, magnetic relaxation and
electrical resistivity measurements for a ternary intermetallic compound Dy, AuSi; with a hexagonal phase
dominant crystal structure derived from the AIB,-type. Both the ac and dc susceptibilities show a field
and frequency dependent peak around T¢ ~ 12.5K, while evident irreversible magnetism and long-time

magnetic relaxation behavior can be observed below T¢. These metastable magnetic properties suggest
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that an extended short-range ferromagnetic order occurs near Tg, i.e. the formation of ferromagnetic
cluster state. This is further confirmed by the magnetization and electrical resistivity measurements and
by a dynamic analysis of the ac susceptibility data. According to the extended short-range ferromagnetic
order model, ferromagnetic clusters in Dy,AuSis; could exist with larger geometric dimensions, interact

magnetically with each other and result in the observed cluster-glass behavior at low temperatures.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The ternary intermetallic compounds with the general formula
Ry;MX3 (R=rare earth or uranium, M = transition metal, X =Si, Ge,
Ga, In) form a large family of compounds, and have been a focus
of interest for over 15 years [1,2]. Many of the R,TX3 compounds
crystallize in an AlB,-derived hexagonal structure (space group
P6/mmm), which consist of R and M-X layers alternating along
the c-axis, and the possible crystallographic disorder within M-X
positions. These intermetallics exhibit a variety of interesting mag-
netic properties such as ferromagnetic (FM) ordering in Nd,PdSi;
[3], antiferromagnetic (AFM) ordering in Tb,RhSi3 [4], spin-glass
(SG) behavior in U,PdSi3 [5] and Ce;Aglns [6], and coexistence of
SG state and long-range magnetic order in Dy, PdSis [7], Tb,PdSi;
[3,7] and Tb,Culns [8]. A common feature observed for these com-
pounds is the presence of metastable magnetic ground state even
for the long-range FM or AFM ordering systems characterized pre-
dominantly with the evident difference between field cooling (FC)
and zero-field cooling (ZFC) dc susceptibility and long time mag-
netic relaxation behavior. The formation of SG state in some R,TX3
compounds was attributed to the statistical distribution of the non-
magnetic atoms and the latent geometric frustration. Thus these
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compounds are also called non-magnetic atom disorder (NMAD)
spin glasses.

As a continuation of our studies on the 2:1:3 compounds, we
have prepared a polycrystalline Dy, AuSi3 sample and undertaken
a systemic measurement on its magnetic properties. In this paper,
we present the detailed experimental results including ac suscep-
tibility yac(T) at different frequencies (w), high-field magnetization
M(H) up to 110kOe, FC and ZFC dc susceptibility x (=M(T)/H) in
different applied fields H, magnetic relaxation M(t) at different
temperatures, and electrical resistivity o(T) down to 1.6K on a
well-annealed Dy,AuSi; sample. To the best of our knowledge,
research works on compounds of the Ry AuSi3 family with respect
to their physical properties were reported only for U,AuSis3 [9] and
Ce,AuSis [10] up to date.

2. Experimental

The polycrystalline sample of Dy, AuSi; was prepared by melting stoichiometric
amounts of the constituent materials in an electric arc furnace under argon atmo-
sphere using four tungsten electrodes and a water-cooled copper hearth. The purities
of the materials are Dy: 3N, Au: 4N and Si: 6N. To ensure homogeneity the ingot was
remelted several times and annealed at 800°C for one week in an evacuated quartz
tube. X-ray-diffraction measurement was carried out at room temperature with Cu
Ko radiation to check the purity of the sample. The diffraction patterns reveal that
the annealed sample seems to crystallize in a hexagonal phase dominant structure
derived from AlB,-type with a small amount of a tetragonal impurity phase similar
to the compound Ce;AusSis after annealing at high temperature [10]. Detailed struc-
tural analysis is in progress and will be published elsewhere. The ac susceptibility,
dc magnetization and magnetic relaxation were measured using a Quantum Design
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superconducting quantum interference device (SQUID) magnetometer. High-field
magnetization experiments at 5K were carried out using an Oxford Instruments
VSM 12 T magnetometer in magnetic fields up to 110 kOe, and the absolute value
of the magnetization was calibrated using the data measured by a SQUID. Electrical
resistivity measurement was performed over temperature range 1.6-280K using a
standard four-terminal method.

3. Results and discussion

Fig. 1 shows the temperature dependence of the ZFC dc suscepti-
bility (x = M/H) and inverse susceptibility of Dy, AuSi3 measured in
an applied field of 100 Oe and in the temperature range 2-300 K. It is
clear that the data above 25K could be nicely fitted using a Curie-
Weiss law x =C/(T—60p) (dashed line in Fig. 1, right-hand scale),
where C is the Curie constant and 6p is the paramagnetic Curie
temperature. The best fitting result yields the values of parameter
C=4.66 x 10~2 emuK/g and Op=—3.6 K. From the C value, an effec-
tive magnetic moment pef = 10.63 wp/Dy is obtained, which is very
close to the theoretical value expected for a free Dy3* ion in the
Hund’s rule ground state (ptefr=guslJ(J+ 1)]1% =10.65 1) indicat-
ing the 4f electrons are almost localized within the Dy atoms. The
small negative value of 6p indicates the existence of AFM interac-
tions in the sample. This feature is usually observed in typical AFM
system and in some magnetic compounds with competitive FM and
AFM exchange interactions such as in SG or cluster-glass system.
At low temperatures, the susceptibility curve shows a steep rise
near Tc =12.5K followed by a sharp peak with the peak tempera-
ture T, = 11 K indicating the occurrence of some kind of magnetic
phase transition in the Dy,AuSi3 sample.

In order to get more physical information on the nature of the
observed magnetic phase transition around the dc susceptibility
peak, ZFC susceptibility is further measured in various applied
fields around the transition temperature. As illustrated in Fig. 2,
in field strengths up to H=3000e the maximum of the xzrc(T)
curve increases with rising H, while the peak position Ty, remains
almost unchanged in this field range. With a further increase of
applied field the peak of the xzrc(T) curve becomes broader and
its height decreases, while the Ty, shifts towards lower tempera-
tures. At H=10kOe no peak can be observed down to 2K. These
behaviors are characteristic for ferromagnet with domain wall pin-
ing effect [11] or for SG system. Note that although increase of the
field strength has an evident influence on the peak position Ty,
in fields H>300 Oe, the kink point T¢ (=12.5K) of the xzrc curve
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Fig. 1. Temperature dependence of the zero-field cooling dc magnetic susceptibility
of Dy,AuSis in a field of 100 Oe, and reciprocal magnetic susceptibility where the
solid line represents the fitting result using the Curie-Weiss law in the temperature
range between 25 and 300K.
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Fig. 2. Temperature dependence of the zero-field cooling dc magnetic susceptibil-
ity of Dy,AuSi; measured in various applied magnetic fields. The inset shows the
difference between the field cooling and zero-field cooling magnetic susceptibilities
measured in magnetic field of 100 Oe around the transition temperature.

determined by the minimum of the derivative dxzpc/dT, is almost
unchanged even rising H up to 10 kOe. It is interesting to note that
the low field (<10 Oe) xzgc curve reveals negative magnetic moment
at low temperatures. This is because the sample is cooled under a
small negative residual field in the superconducting solenoid of the
SQUID. This phenomenon can be usually observed for a ferromag-
net with high anisotropy and large coercive field [11].

In the inset of Fig. 2, we compare the temperature dependences
of FC and ZFC susceptibility measured in a field of 100 Oe for the
Dy, AuSi3 sample. It is clear from this figure that there is no dif-
ference between the FC and ZFC curves in the paramagnetic state.
With decreasing temperature the magnetic transition peak can be
observed only in the yzgc(T) curve, while xgc(T) shows a more rapid
rise near the inflection point Tc and saturation at lower tempera-
tures. This leads to the evident irreversible magnetism manifesting
as the bifurcation between the FC and ZFC curves. Note that the
irreversibility temperature T;; (defined as the temperature below
which the xgc(T) and xzgc(T) curve separate from each other) deter-
mined at H=100 Oe is clearly larger than the peak temperature Tp,
in xzrc(T) curve. This phenomenon is different from that observed
for standard SG materials, and can be considered as a character-
istic feature for ferromagnet with high magnetic anisotropy or
short-range FM order (FM cluster) system. In fact, thermomagnetic
irreversibility is a common feature of all magnetic systems with
metstable magnetic ground state such as SG, cluster glass and FM
materials. In a low field, however, such irreversible magnetism can
be observed usually beginning at the peak point T, for standard SG
and beginning at the inflection temperature T¢ (>T ) for FM cluster
or long-range FM ordering system.

Thermodynamically, the observed irreversible magnetism can
be directly related to nonequilibrium characters of the low tem-
perature magnetic states, and thus a remanence in hysteresis loop
and long time magnetic relaxation effect are also expected at low
temperatures for the Dy, AuSi3 sample. Fig. 3 shows the M-H curve
measured at 5K (<T¢) up to 110kOe for Dy,AuSi3. Though M(H)
shows a tendency to attain the full moment value at high fields, the
complete saturation is not achieved in the field range of the mea-
surement. This may be due to the existence of magnetic anisotropy
as usually observed in some ferromagnets. With increasing H, M
reaches a value of 128.8 emu/g (=6.99 ug/Dy) at 110 kOe and when
H is returned from 115kOe to zero a remanent magnetization of
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Fig. 3. Magnetization vs. external magnetic field up to 110 kOe for Dy,AuSis. The
inset displays the low field part in an expanded scale.

about 0.8 g /Dy is detected for the Dy, AuSi3 sample. From the hys-
teresis loop we determine the coercive field Hc of Dy,AuSis to be
760 Oe at 5K. Moreover, the hysteresis loop shows rapid increase
at low fields, this feature is also characteristic for a short-range FM
order system.

Fig. 4(a) shows remanent magnetization M(t) as a function of
time t at several temperatures below T¢. First, we cooled the sam-
ple in zero-field from 50 K (far above T¢) to the desired temperature,
then a magnetic field of 5 kOe was applied for 5 min and switched
off at t=0. The main finding is that the decay of M(t) is remarkably
slow. After waiting for two hours, M(t) drops from the initial zero-
field value by about 11, 13 and 16% for T=5, 7 and 9K, respectively.
The long time magnetic relaxation behavior is also observed for the
Dy,AuSi3 sample under applied filed at temperatures below T¢ (see
Fig. 4(b)). Note that the long time magnetic relaxation effect is evi-
denteven in a field (H= 1.5 kOe) much larger than the coercive field
(Hc =760 0e). This observation is very significant because the long
time magnetic relaxation effect in a field H larger than H¢ is usually
considered to originate from the SG state. Thus the present results
suggest the possibility of formation of SG (or cluster glass) state
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Fig. 4. Decay of magnetization measured at 5, 7 and 9K in zero field (a), and at 5K
in magnetic fields of 0.1, 0.5, 1.5 and 5 kOe (b) for Dy, AusSis, plotted as M(t)/M (0)
Vs. t.
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Fig. 5. Temperature dependences of real ( xac’) and imaginary (xac”’) components of
the ac susceptibility of Dy, AuSi; measured at various frequencies with an oscillating
field of 5 Oe.

in the Dy, AuSi3 sample at low temperatures. Using a logarithmic
function, M(t)=Mg —SIn(t+ty), the obtained relaxation behaviors
shown in Fig. 4(a) and (b) can been fitted very well over the full
time range studied with three H- and T-dependent fitting parame-
ters: initial zero-field magnetization My, magnetic viscosity S and
characteristic time ty.

It is worth emphasizing that the irreversible magnetism and
long time magnetic relaxation effect described above are also
characteristic of SG materials. In order to get a better insight
into the magnetic properties of this compound and to explore
the possible SG effect, we have measured the frequency depen-
dence of the real and imaginary parts of the ac susceptibility
around the transition temperature. The results at frequency range
0.1 Hz < w/27 <1000 Hz are illustrated in Fig. 5. It is clear from this
figure that the in-phase component of the ac susceptibility, xac/,
exhibits a pronounced maximum at a frequency dependent temper-
ature Tc(w) very close to the inflection point of yzgc(T) curve shown
in Fig. 2. The Tc value is determined to be 12.36 Kat w/27w = 0.1 Hz (in
good agreement with the T¢ values shown in Fig. 2), which shifts
to 12.62K at w/2mw =1000Hz. The upward-shift of the peak posi-
tion in x,c/(T) curve with rising frequency is a typical feature of
SG material, which can be considered as an important evidence
for the existence of random spin freezing effect in our Dy,AuSi3
sample. However, using expression 8T¢ = ATc/(Tc Alogw), the fre-
quency shift rate of Tc is estimated to be 8T¢ =0.005. This value
is much smaller than the 8T values (frequency shift rate of freez-
ing temperature) reported for the typical 2:1:3 NMAD SG systems
(for examples, 8T¢=0.022 for Ce;Aglns [6], 0.016 for U,PdSis [12],
0.015 for Nd,Aglns [13], and 0.016 for Ce,CuGes [14]), but evidently
larger than the 8Ty, values (frequency shift rate of peak temperature
in xac'(T) curve) reported for the “almost long range ferromagnetic
ordering” compound Nd,PtSi3 (8T;=0.002) [15]. In this sense, the
Dy,AuSi3 sample could be considered as a FM cluster-glass system,
which reveals both FM-like characters (due to the relatively large
cluster size) and SG-like behaviors (due to the magnetic exchange
interactions between the clusters). The presence of FM cluster-glass
effect in Dy, AusSis is further confirmed by a dynamic analysis of the
obtained T¢(w) data. We have fitted the T¢(w) data to the standard
expression (critical slowing down) [16], Tmax = To[(T; — Ts)/Ts] ",
and to the Vogel-Fulcher law [17], @ = @ exp[—Ea/ks(Ts — Tyr)],
respectively. Following Tholence [18], g =1/wg=10""13 s was kept



D.X. Li et al. / Journal of Alloys and Compounds 488 (2009) 558-561 561

250 T T T T T T T T
200 - b
’g 150 | T
o
e}
2
a
100 |- 1
50 1
sl T(K)
0 li llO Il5 2‘0
o L 1 I L 1 1
0 50 100 150 200 250 300
T(K)

Fig. 6. Temperature dependence of the electrical resistivity of Dy,AuSis. The inset
shows the data around the transition temperature in an expanded scale.

fixed, the following parameters are obtained from the best fitting
results: a static freezing temperature Ts = 12.3 K, a critical (dynam-
ical) exponent zv=6.6, a Vogel-Fulcher temperature Ty =11.7 K and
an average activation energy E, ~ 1.75kgTs. Note that zv is deter-
mined around 2 for conventional phase transitions of long-range
magnetic ordering systems [19], and around 10 for SG transitions of
typical 2:1:3 NMAD SG systems. The zv value obtained for Dy;AuSij
in this work is also situated between them. In addition, a character-
istic cusp in the imaginary part xa.”(T) and both the peak strength
and peak position change significantly with rising frequency are
also the indications for cluster glasses or FM systems reflecting dif-
ferent energy losses depending on frequency in the process of phase
transition.

On the other hand, another evidence of the presence of large
FM cluster in the Dy,AuSi3 sample is given by the temperature
dependence of electrical resistivity measurement. The experimen-
tal result is illustrated in Fig. 6. It is seen that the resistivity
p(T) reveals metallic conductivity with some negative curvature
between 50 and 150K, which may be resulted from crystal field
interaction and/or s-d interband scattering of conduction electrons
[20]. As clearly shown in the inset of Fig. 6 in an expanded scale,
p(T) curve manifests a sudden bent at T¢ (=12.5). The rapid decrease
of p below T¢ is resulted from the decrease of spin disorder scat-
tering due to FM ordering within the large magnetic clusters. Note
that for typical SG systems, no larger anomaly in o(T) curves can be
detected.

To summarize, magnetic properties of ternary intermetallic
compound Dy,AuSi3 have been studied by means of ac and dc
susceptibility, high-field magnetization, magnetic relaxation, and
electrical resistivity measurements. This compound shows a sharp
peak in ac and dc susceptibility curves near a transition tempera-

ture T¢ = 12.5 K. The upward-shift of the ac susceptibility peak with
increasing frequency, the downward-shift of the dc susceptibility
peak with increasing magnetic field, the long-time magnetic relax-
ation behavior and the clear irreversible magnetism below T are
observed. In addition, the magnetization measurement measured
at 5 K shows a sharp increase at low fields, and electrical resistivity
measurement reveals a sudden decrease at Tc. These features sug-
gest the metastable properties of the magnetic ground state for the
Dy,AuSi3 sample, and can be explained by using an extended short-
range FM order model. According to this model, larger FM clusters
could exist in the Dy, AuSi3 sample and magnetic exchange interac-
tions between the clusters occur at low temperature, which leads
to the observed FM-like and SG-like features, i.e. FM cluster-glass
behaviors. This consequence is further confirmed by a dynamic
analysis of the ac susceptibility data, which yields the values of
frequency shift rate 8Tc and dynamical critical exponent zv being
typical for a magnetic cluster system.
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