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Magnetic and specific heat measurements of Dy11SisIne are reported. This compound crystallizes in the
tetragonal Smi1Geslng-type crystal structure (space group I4/mmm), in which Dy atoms occupy four different
sites. The AC and DC magnetic measurements suggest complex magnetic properties. Below Tc = 52 K magnetic
ordering has a ferromagnetic component, while below 20 K a change of the properties is observed. Near the Curie
temperature the magnetocaloric effect with the magnetic entropy change ASy, equal to 16.5 J/(kg K) is observed.
The specific heat data indicate only the phase transition at 52 K.

PACS: 75.30.Kz, 75.40.—s, 75.40.Gb, 65.40.gd

1. Introduction

The influence of the chemical bonding on the physical
properties of the R-M-In ternary systems (R — rare-
-earth element, M = Ge, Si) have recently attracted
great interest. In these systems compounds with differ-
ent stoichiometries and compositions exist. The com-
pounds are interesting as materials for permanent mag-
nets or the ones with large magnetocaloric effect. The
investigated in this work Dy;1Si4Ing compound belongs
to the Ry1Mylng family. This compound crystallizes
in the tetragonal Smy;GeyIng-type structure [1]. This
crystal structure is a ternary derivative of the binary
Hoj1Gejo-type one [2]. Preliminary magnetic measure-
ments of the R11MyIng (R = Gd-Er; M = Si, Ge) were
reported in Ref. [3] suggest complex magnetic proper-
ties. The R11Geglny (R = Gd-Tm) compounds, which
crystallize in a similar crystal structure, are ferromagnets
and exhibit a large change in the magnetic entropy near
the Curie temperature [4]. Here the results of DC and
AC magnetic measurements and specific heat data for
Dy11Si4Ing are reported and on their basis the magnetic
properties of this compound are determined.

2. Experimental details

The sample was obtained by a standard arc-melting
procedure started from the elements with the purity of
99.85% for Dy and 99.99% for Si and In. After melting
the sample was annealed at 600 °C for 4 weeks to improve
homogeneity.
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X-ray powder diffraction patterns recorded at room
temperature (PANanalytical X’Pert PRO diffractometer,
Cu K, radiation; Institute of Physics, Jagiellonian Uni-
versity) indicate the tetragonal crystal structure. DC
magnetic measurements were carried out using a vibrat-
ing sample magnetometer (VSM) option of the Quantum
Design PPMS platform. Three types of measurements
were performed: at low temperatures in the magnetic
field equal to 50 Qe, in the temperature range from 1.9
up to 300 K and the magnetic field equal to 1 kOe and
finally, the magnetization curves were measured up to
90 kOe at 1.9 K and in the temperature ranging between
10 and 86 K with the temperature interval AT = 4 K.
The AC magnetic susceptibility (xac = x’ + ix” where
X' is the real and x” — the imaginary component) were
measured versus frequency between 10 Hz and 10 kHz
and as a function of the magnetic field amplitude Hac
between 2 and 10 Oe in the temperature range from 2 up
to 80 K. The heat capacity was measured by a relaxation
method from 2 up to 80 K using the Quantum Design
PPMS platform.

3. Results and discussion

The temperature dependence of the real x'(7, f) and
imaginary x” (7, f) component of the AC magnetic sus-
ceptibility measured at several frequencies f from 10 Hz
up to 10 kHz and in the temperature range between 2
and 80 K are plotted in Fig. 1a and b. The DC mag-
netic susceptibility data collected in the magnetic field
of 50 Oe (zero field cooling ZFC and field cooling FC)
and 1 kOe are shown in Fig. 1c and d (the inset), respec-
tively. The temperature dependence of the x’ component
of the AC magnetic susceptibility and the DC magnetic
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susceptibility at 50 Oe have similar character. With in-
creasing temperature both values increase slowly up to
15 K, then undergo a quick rise and show a broad maxi-
mum about 49 K and then decrease rapidly down to zero
at 52 K. The latter is the evidence of the long-range order
disappearance. The temperature dependence of the DC
magnetic susceptibility measured at 1 kOe is different:
here a broad maximum below 50 K is observed and above
52 K magnetic susceptibility xpc obeys the Curie—Weiss
law with the paramagnetic Curie temperature equal to
23.7 K and effective magnetic moment per Dy atom equal
to 10.61 ug. The values of x” decrease to zero at 52 K
but their temperature dependence changes significantly
with the applied frequency.
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Fig. 1. Temperature dependence of the real X3¢ (a)
and imaginary xac (b) component of the AC magnetic
susceptibility for the frequencies varying between 10 Hz
and 10 kHz. The temperature dependence of the DC
magnetic susceptibility at H = 50 Oe (c) and at H =
1 kOe ((d), the inset). The temperature dependence of
the reciprocal DC magnetic susceptibility at 1 kOe (d).

For the frequency of 10 Hz the temperature depen-
dence of x” is similar to those obtained for x’ (Fig. 1)
where only one broad maximum about 7y = 50 K is ob-
served. With increasing frequency two additional max-
ima appear at 71 and T3 below 30 K (e.g. for f = 50 Hz,
Ty =3 K and 75 = 20 K) and a significant change in the
values of x” is observed close to Tp. The temperatures
T and T5 increase with increasing frequency. These sug-
gest that the process is dynamical. The dependence of
1/ f versus 1/T; could be described by the formula 7 = 79
exp(FE,/kgT) where 79 is the characteristic time and E,
— activation energy. Numerical analysis of the above
data leads to 79 = 1.9 x 1075 s and E, = 24(2) K for T}
and 79 = 1 x 1078 s and E, = 243(22) K for T». The
peak position at Ty is frequency independent both in x’
and x” which indicates a ferromagnetic state.

Figure 2 shows the temperature dependence of the
real ¥’ and imaginary x” part of the AC magnetic suscep-
tibility measured in different magnetic fields (Hac = 2,
4,6, 8, 10 Oe) at one chosen frequency f = 2.5 Hz. The
results are similar to the above described frequency de-
pendences plotted in Fig. 1.
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Fig. 2. Temperature dependence of the real X3¢ (a)
and imaginary x'ac (b) part of the AC magnetic suscep-
tibility measured in different magnetic fields (Hac = 2,
4, 6, 8, 10 Oe) at one chosen frequency f = 2.5 Hz.
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Fig. 3. Magnetization versus magnetic field at differ-
ent temperatures between 10 and 86 K (a) and en-
tropy ASm change plotted versus temperature at dif-
ferent magnetic field (b).

Figure 3a shows magnetization measured in the ap-
plied magnetic field up to 90 kOe in the temperature
range between 10 and 86 K with the temperature step
AT = 4 K. On the basis of these data the isother-
mal entropy changes were calculated using the Maxwell
relation [5]. The results (Fig. 3b) indicate that the
biggest change in the entropy calculated from the relation
AS(T)m =), %6}], where 7 is the change in the
magnetic field value and M; and M, are the values of
magnetization at temperatures T; and T} 1, respectively,
occurs at the Curie temperature.

The temperature dependence of the specific heat C)
shows only a small anomaly at 52 K (Fig. 4). This is in
good agreement with the magnetic measurements which
indicate a phase transition from paramagnetic to ordered
state at this temperature.
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Fig. 4. Temperature dependence of the specific

heat Cp. Inset shows dependence near Curie tempera-
ture.

4. Summary and conclusions

The reported magnetic data indicate complex mag-
netic properties of Dy11SisIng resulting from the complex
crystal structure in which dysprosium atoms occupy four
nonequivalent sites. Magnetic data show that above 52 K
the compound is a paramagnet with magnetic moments
localized on the Dy atoms. The value of the effective
magnetic moment is close to the free Dy3* ion value.
Positive sign of the paramagnetic Curie temperature sug-
gests that the ferromagnetic interactions are dominant.
Below 7. = 52 K the Dy magnetic moments order with
a ferromagnetic component. The data collected at low
temperatures indicate complex magnetic properties in-
cluding a metastable or a spin-glass state. The specific
heat data show only a small anomaly at 52 K (Fig. 4).

The presented data are similar to those reported for
Dy11Geglng [5]. Both compounds crystallize in the same
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tetragonal crystal structure but the occupation of the
16m site is different: in Dy11Geglng the Wyckoff position
16m is occupied by Ge atoms while in Dy;1Si4Ing by
In ones. Magnetic data indicate that Dy;1Geglns is a
ferromagnet with T, = 76 K. Below T¢, at 60 and 34 K,
a change in the magnetic properties is observed.

To clarify the temperature dependence of the magnetic
properties of the studied compound additional neutron
diffraction measurements are planned.
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