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a b s t r a c t

We present the results of ac and dc susceptibilities, high-field magnetization, magnetic relaxation and
electrical resistivity measurements for a ternary intermetallic compound Dy2AuSi3 with a hexagonal phase
dominant crystal structure derived from the AlB2-type. Both the ac and dc susceptibilities show a field
vailable online 17 November 2008
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and frequency dependent peak around TC ∼ 12.5 K, while evident irreversible magnetism and long-time
magnetic relaxation behavior can be observed below TC. These metastable magnetic properties suggest
that an extended short-range ferromagnetic order occurs near TC, 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 Dy2AuSi3 could exist with larger geometric dimensions, interact
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. Introduction

The ternary intermetallic compounds with the general formula
2MX3 (R = rare earth or uranium, M = transition metal, X = Si, Ge,
a, In) form a large family of compounds, and have been a focus
f interest for over 15 years [1,2]. Many of the R2TX3 compounds
rystallize in an AlB2-derived hexagonal structure (space group
6/mmm), which consist of R and M-X layers alternating along
he c-axis, and the possible crystallographic disorder within M-X
ositions. These intermetallics exhibit a variety of interesting mag-
etic properties such as ferromagnetic (FM) ordering in Nd2PdSi3
3], antiferromagnetic (AFM) ordering in Tb2RhSi3 [4], spin-glass
SG) behavior in U2PdSi3 [5] and Ce2AgIn3 [6], and coexistence of
G state and long-range magnetic order in Dy2PdSi3 [7], Tb2PdSi3
3,7] and Tb2CuIn3 [8]. A common feature observed for these com-
ounds is the presence of metastable magnetic ground state even

or the long-range FM or AFM ordering systems characterized pre-
ominantly with the evident difference between field cooling (FC)

nd zero-field cooling (ZFC) dc susceptibility and long time mag-
etic relaxation behavior. The formation of SG state in some R2TX3
ompounds was attributed to the statistical distribution of the non-
agnetic atoms and the latent geometric frustration. Thus these

∗ Corresponding author.
E-mail address: dxli@imr.tohoku.ac.jp (D.X. Li).
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nd result in the observed cluster-glass behavior at low temperatures.
© 2008 Elsevier B.V. All rights reserved.

ompounds are also called non-magnetic atom disorder (NMAD)
pin glasses.

As a continuation of our studies on the 2:1:3 compounds, we
ave prepared a polycrystalline Dy2AuSi3 sample and undertaken
systemic measurement on its magnetic properties. In this paper,
e present the detailed experimental results including ac suscep-

ibility �ac(T) at different frequencies (ω), high-field magnetization
(H) up to 110 kOe, FC and ZFC dc susceptibility � (=M(T)/H) in

ifferent applied fields H, magnetic relaxation M(t) at different
emperatures, and electrical resistivity �(T) down to 1.6 K on a
ell-annealed Dy2AuSi3 sample. To the best of our knowledge,

esearch works on compounds of the R2AuSi3 family with respect
o their physical properties were reported only for U2AuSi3 [9] and
e2AuSi3 [10] up to date.

. Experimental

The polycrystalline sample of Dy2AuSi3 was prepared by melting stoichiometric
mounts of the constituent materials in an electric arc furnace under argon atmo-
phere using four tungsten electrodes and a water-cooled copper hearth. The purities
f the materials are Dy: 3N, Au: 4N and Si: 6N. To ensure homogeneity the ingot was
emelted several times and annealed at 800 ◦C for one week in an evacuated quartz
ube. X-ray-diffraction measurement was carried out at room temperature with Cu

� radiation to check the purity of the sample. The diffraction patterns reveal that

he annealed sample seems to crystallize in a hexagonal phase dominant structure
erived from AlB2-type with a small amount of a tetragonal impurity phase similar
o the compound Ce2AuSi3 after annealing at high temperature [10]. Detailed struc-
ural analysis is in progress and will be published elsewhere. The ac susceptibility,
c magnetization and magnetic relaxation were measured using a Quantum Design

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dxli@imr.tohoku.ac.jp
dx.doi.org/10.1016/j.jallcom.2008.11.034
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Fig. 2. Temperature dependence of the zero-field cooling dc magnetic susceptibil-
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uperconducting quantum interference device (SQUID) magnetometer. High-field
agnetization experiments at 5 K were carried out using an Oxford Instruments

SM 12 T magnetometer in magnetic fields up to 110 kOe, and the absolute value
f the magnetization was calibrated using the data measured by a SQUID. Electrical
esistivity measurement was performed over temperature range 1.6–280 K using a
tandard four-terminal method.

. Results and discussion

Fig. 1 shows the temperature dependence of the ZFC dc suscepti-
ility (� = M/H) and inverse susceptibility of Dy2AuSi3 measured in
n applied field of 100 Oe and in the temperature range 2–300 K. It is
lear that the data above 25 K could be nicely fitted using a Curie-
eiss law � = C/(T − �p) (dashed line in Fig. 1, right-hand scale),
here C is the Curie constant and �p is the paramagnetic Curie

emperature. The best fitting result yields the values of parameter
= 4.66 × 10−2 emuK/g and �p =−3.6 K. From the C value, an effec-

ive magnetic moment �eff = 10.63 �B/Dy is obtained, which is very
lose to the theoretical value expected for a free Dy3+ ion in the
und’s rule ground state (�eff = g�B[J(J + 1)]1/2 = 10.65 �B) indicat-

ng the 4f electrons are almost localized within the Dy atoms. The
mall negative value of �p indicates the existence of AFM interac-
ions in the sample. This feature is usually observed in typical AFM
ystem and in some magnetic compounds with competitive FM and
FM exchange interactions such as in SG or cluster-glass system.
t low temperatures, the susceptibility curve shows a steep rise
ear TC = 12.5 K followed by a sharp peak with the peak tempera-
ure Tm = 11 K indicating the occurrence of some kind of magnetic
hase transition in the Dy2AuSi3 sample.

In order to get more physical information on the nature of the
bserved magnetic phase transition around the dc susceptibility
eak, ZFC susceptibility is further measured in various applied
elds around the transition temperature. As illustrated in Fig. 2,

n field strengths up to H = 300 Oe the maximum of the �ZFC(T)
urve increases with rising H, while the peak position Tm remains
lmost unchanged in this field range. With a further increase of
pplied field the peak of the �ZFC(T) curve becomes broader and
ts height decreases, while the Tm shifts towards lower tempera-
ures. At H = 10 kOe no peak can be observed down to 2 K. These

ehaviors are characteristic for ferromagnet with domain wall pin-

ng effect [11] or for SG system. Note that although increase of the
eld strength has an evident influence on the peak position Tm

n fields H > 300 Oe, the kink point TC (=12.5 K) of the �ZFC curve

ig. 1. Temperature dependence of the zero-field cooling dc magnetic susceptibility
f Dy2AuSi3 in a field of 100 Oe, and reciprocal magnetic susceptibility where the
olid line represents the fitting result using the Curie-Weiss law in the temperature
ange between 25 and 300 K.
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ty of Dy2AuSi3 measured in various applied magnetic fields. The inset shows the
ifference between the field cooling and zero-field cooling magnetic susceptibilities
easured in magnetic field of 100 Oe around the transition temperature.

etermined by the minimum of the derivative d�ZFC/dT, is almost
nchanged even rising H up to 10 kOe. It is interesting to note that
he low field (<10 Oe) �ZFC curve reveals negative magnetic moment
t low temperatures. This is because the sample is cooled under a
mall negative residual field in the superconducting solenoid of the
QUID. This phenomenon can be usually observed for a ferromag-
et with high anisotropy and large coercive field [11].

In the inset of Fig. 2, we compare the temperature dependences
f FC and ZFC susceptibility measured in a field of 100 Oe for the
y2AuSi3 sample. It is clear from this figure that there is no dif-

erence between the FC and ZFC curves in the paramagnetic state.
ith decreasing temperature the magnetic transition peak can be

bserved only in the �ZFC(T) curve, while �FC(T) shows a more rapid
ise near the inflection point TC and saturation at lower tempera-
ures. This leads to the evident irreversible magnetism manifesting
s the bifurcation between the FC and ZFC curves. Note that the
rreversibility temperature Tir (defined as the temperature below

hich the �FC(T) and �ZFC(T) curve separate from each other) deter-
ined at H = 100 Oe is clearly larger than the peak temperature Tm

n �ZFC(T) curve. This phenomenon is different from that observed
or standard SG materials, and can be considered as a character-
stic feature for ferromagnet with high magnetic anisotropy or
hort-range FM order (FM cluster) system. In fact, thermomagnetic
rreversibility is a common feature of all magnetic systems with

etstable magnetic ground state such as SG, cluster glass and FM
aterials. In a low field, however, such irreversible magnetism can

e observed usually beginning at the peak point Tm for standard SG
nd beginning at the inflection temperature TC (>Tm) for FM cluster
r long-range FM ordering system.

Thermodynamically, the observed irreversible magnetism can
e directly related to nonequilibrium characters of the low tem-
erature magnetic states, and thus a remanence in hysteresis loop
nd long time magnetic relaxation effect are also expected at low
emperatures for the Dy2AuSi3 sample. Fig. 3 shows the M–H curve

easured at 5 K (<TC) up to 110 kOe for Dy2AuSi3. Though M(H)
hows a tendency to attain the full moment value at high fields, the
omplete saturation is not achieved in the field range of the mea-

urement. This may be due to the existence of magnetic anisotropy
s usually observed in some ferromagnets. With increasing H, M
eaches a value of 128.8 emu/g (=6.99 �B/Dy) at 110 kOe and when

is returned from 115 kOe to zero a remanent magnetization of
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ig. 3. Magnetization vs. external magnetic field up to 110 kOe for Dy2AuSi3. The
nset displays the low field part in an expanded scale.

bout 0.8 �B/Dy is detected for the Dy2AuSi3 sample. From the hys-
eresis loop we determine the coercive field HC of Dy2AuSi3 to be
60 Oe at 5 K. Moreover, the hysteresis loop shows rapid increase
t low fields, this feature is also characteristic for a short-range FM
rder system.

Fig. 4(a) shows remanent magnetization M(t) as a function of
ime t at several temperatures below TC. First, we cooled the sam-
le in zero-field from 50 K (far above TC) to the desired temperature,
hen a magnetic field of 5 kOe was applied for 5 min and switched
ff at t = 0. The main finding is that the decay of M(t) is remarkably
low. After waiting for two hours, M(t) drops from the initial zero-
eld value by about 11, 13 and 16% for T = 5, 7 and 9 K, respectively.
he long time magnetic relaxation behavior is also observed for the
y2AuSi3 sample under applied filed at temperatures below TC (see
ig. 4(b)). Note that the long time magnetic relaxation effect is evi-
ent even in a field (H = 1.5 kOe) much larger than the coercive field

HC = 760 Oe). This observation is very significant because the long
ime magnetic relaxation effect in a field H larger than HC is usually
onsidered to originate from the SG state. Thus the present results
uggest the possibility of formation of SG (or cluster glass) state

ig. 4. Decay of magnetization measured at 5, 7 and 9 K in zero field (a), and at 5 K
n magnetic fields of 0.1, 0.5, 1.5 and 5 kOe (b) for Dy2AuSi3, plotted as M(t)/M (0)
s. t.
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ig. 5. Temperature dependences of real (�ac
′) and imaginary (�ac

′ ′) components of
he ac susceptibility of Dy2AuSi3 measured at various frequencies with an oscillating
eld of 5 Oe.

n the Dy2AuSi3 sample at low temperatures. Using a logarithmic
unction, M(t) = M0 − S ln(t + t0), the obtained relaxation behaviors
hown in Fig. 4(a) and (b) can been fitted very well over the full
ime range studied with three H- and T-dependent fitting parame-
ers: initial zero-field magnetization M0, magnetic viscosity S and
haracteristic time t0.

It is worth emphasizing that the irreversible magnetism and
ong time magnetic relaxation effect described above are also
haracteristic of SG materials. In order to get a better insight
nto the magnetic properties of this compound and to explore
he possible SG effect, we have measured the frequency depen-
ence of the real and imaginary parts of the ac susceptibility
round the transition temperature. The results at frequency range
.1 Hz ≤ ω/2� ≤ 1000 Hz are illustrated in Fig. 5. It is clear from this
gure that the in-phase component of the ac susceptibility, �ac

′,
xhibits a pronounced maximum at a frequency dependent temper-
ture TC(ω) very close to the inflection point of �ZFC(T) curve shown
n Fig. 2. The TC value is determined to be 12.36 K at ω/2� = 0.1 Hz (in
ood agreement with the TC values shown in Fig. 2), which shifts
o 12.62 K at ω/2� = 1000 Hz. The upward-shift of the peak posi-
ion in �ac

′(T) curve with rising frequency is a typical feature of
G material, which can be considered as an important evidence
or the existence of random spin freezing effect in our Dy2AuSi3
ample. However, using expression �TC = �TC/(TC �logω), the fre-
uency shift rate of TC is estimated to be �TC = 0.005. This value

s much smaller than the �Tf values (frequency shift rate of freez-
ng temperature) reported for the typical 2:1:3 NMAD SG systems
for examples, �Tf = 0.022 for Ce2AgIn3 [6], 0.016 for U2PdSi3 [12],
.015 for Nd2AgIn3 [13], and 0.016 for Ce2CuGe3 [14]), but evidently

arger than the �Tm values (frequency shift rate of peak temperature
n �ac

′(T) curve) reported for the “almost long range ferromagnetic
rdering” compound Nd2PtSi3 (�Tf = 0.002) [15]. In this sense, the
y2AuSi3 sample could be considered as a FM cluster-glass system,
hich reveals both FM-like characters (due to the relatively large

luster size) and SG-like behaviors (due to the magnetic exchange
nteractions between the clusters). The presence of FM cluster-glass
ffect in Dy2AuSi3 is further confirmed by a dynamic analysis of the

btained TC(ω) data. We have fitted the TC(ω) data to the standard
xpression (critical slowing down) [16], 	max = 	0[(Tf − Ts)/Ts]−z
,
nd to the Vogel-Fulcher law [17], ω = ω0 exp[−Ea/kB(Tf − Tvf)],
espectively. Following Tholence [18], 	0 = 1/ω0 = 10−13 s was kept
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ig. 6. Temperature dependence of the electrical resistivity of Dy2AuSi3. The inset
hows the data around the transition temperature in an expanded scale.

xed, the following parameters are obtained from the best fitting
esults: a static freezing temperature TS = 12.3 K, a critical (dynam-
cal) exponent z
 = 6.6, a Vogel-Fulcher temperature T0 = 11.7 K and
n average activation energy Ea ≈ 1.75kBTS. Note that z
 is deter-
ined around 2 for conventional phase transitions of long-range
agnetic ordering systems [19], and around 10 for SG transitions of

ypical 2:1:3 NMAD SG systems. The z
 value obtained for Dy2AuSi3
n this work is also situated between them. In addition, a character-
stic cusp in the imaginary part �ac

′ ′(T) and both the peak strength
nd peak position change significantly with rising frequency are
lso the indications for cluster glasses or FM systems reflecting dif-
erent energy losses depending on frequency in the process of phase
ransition.

On the other hand, another evidence of the presence of large
M cluster in the Dy2AuSi3 sample is given by the temperature
ependence of electrical resistivity measurement. The experimen-
al result is illustrated in Fig. 6. It is seen that the resistivity
(T) reveals metallic conductivity with some negative curvature
etween 50 and 150 K, which may be resulted from crystal field

nteraction and/or s-d interband scattering of conduction electrons
20]. As clearly shown in the inset of Fig. 6 in an expanded scale,
(T) curve manifests a sudden bent at TC (=12.5). The rapid decrease
f � below TC is resulted from the decrease of spin disorder scat-
ering due to FM ordering within the large magnetic clusters. Note
hat for typical SG systems, no larger anomaly in �(T) curves can be
etected.
To summarize, magnetic properties of ternary intermetallic
ompound Dy2AuSi3 have been studied by means of ac and dc
usceptibility, high-field magnetization, magnetic relaxation, and
lectrical resistivity measurements. This compound shows a sharp
eak in ac and dc susceptibility curves near a transition tempera-

[

[

mpounds 488 (2009) 558–561 561

ure TC = 12.5 K. The upward-shift of the ac susceptibility peak with
ncreasing frequency, the downward-shift of the dc susceptibility
eak with increasing magnetic field, the long-time magnetic relax-
tion behavior and the clear irreversible magnetism below TC are
bserved. In addition, the magnetization measurement measured
t 5 K shows a sharp increase at low fields, and electrical resistivity
easurement reveals a sudden decrease at TC. These features sug-

est the metastable properties of the magnetic ground state for the
y2AuSi3 sample, and can be explained by using an extended short-

ange FM order model. According to this model, larger FM clusters
ould exist in the Dy2AuSi3 sample and magnetic exchange interac-
ions between the clusters occur at low temperature, which leads
o the observed FM-like and SG-like features, i.e. FM cluster-glass
ehaviors. This consequence is further confirmed by a dynamic
nalysis of the ac susceptibility data, which yields the values of
requency shift rate �TC and dynamical critical exponent z
 being
ypical for a magnetic cluster system.
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