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a b s t r a c t

We have intensively investigated the antiferromagnetic phase transition in the ternary rare-earth metal
silicide Er5Ir4Si10 single crystal by performing the high-resolution measurement of the low-temperature
specific heat under zero-magnetic field and the AC magnetization. In the temperature dependence of
important physical quantities associated with the antiferromagnetic phase transition, we have observed
anomalies with the antiferromagnetic long-range ordering at Neel temperature TN. We have confirmed
that TN is 3.5 K. In addition, we have first observed two surprising results. Firstly, a shoulder was observed
in the vicinity of 2 K in addition to the sharp peak at TN corresponding to the antiferromagnetic phase tran-
sition in the high-resolution measurement of the low-temperature specific heat. Secondly, the anomaly of
the AC magnetization at TN depends to the magnetic field direction. We have clearly observed the anomaly
of the AC magnetization at TN when the AC magnetic field orientation is parallel to the c-axis, whereas we
have observed no anomaly of the AC magnetization at TN when the AC magnetic field orientation is per-
pendicular to the c-axis. These results clarify that our Er5Ir4Si10 single crystal is a quasi-two-dimensional
antiferromagnet and has no three-dimensional magnetic structure of the Er3+ local moments. However,
we have observed a peak of the AC magnetization around 2 K when the AC magnetic field orientation is
perpendicular to the c-axis. This temperature corresponds to that at which a shoulder is observed in the
measurement of the low-temperature specific heat. Furthermore, we have observed no frequency depen-
dence of the AC magnetization which is ordinarily observed in the spin glass state. This result means

that there is no disorder in our Er5Ir4Si10 single crystal because the crystal structure of Er5Ir4Si10 has the
tetragonal crystal structure in which the octagons of Er3+ ions are stacked. In addition, both tetragons
and octagons of Er3+ local moments have no magnetic frustration. At last we can conclude that both the
shoulder of the low-temperature specific heat in the vicinity of 2 K and the peak of the AC magnetiza-
tion around 2 K, which is only observed when the AC magnetic field orientation is perpendicular to the
c-axis, correspond to the crystalline-electric-effect in the plane which is perpendicular to the c-axis of the
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tetragonal crystal structur

. Introduction

Recently, the ternary rare-earth metal silicide R5Ir4Si10
R = heavy rare-earth metal, Sc and Lu) has been intensively studied.
he attractive phenomena in this ternary compound are antiferro-

agnetic phase transition [1–7], superconducting phase transition

1,8–15], charge-density wave phase transition [16–29] and the
uclear magnetism [7]. This compound group crystallizes in the
etragonal Sc5Co4Si10-type crystal structure and the space group
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s P4/mbm [1,7,15]. The projection of Er5Ir4Si10 crystal structure
long the c-axis is shown in Fig. 1. The features of this crystal
tructure are the absence of the cluster which is composed of
he transition metals and the direct bond between the transition

etals. These features are in contrast to those of Cheverel phase
halcogenides RMo6S8 (R = rare-earth metal) and rhodium boride
ompounds RRh4B4 (R = rare-earth metal). In the R5Ir4Si10 com-
ound group, the Ir atoms and the Si atoms form planar nets of

entagons and hexagons that are linked in the plain which is per-
endicular to the c-axis and then connected along the c-axis via

r–Si–Ir zigzag chains. On the other hand, the rare-earth metal R3+

ons have three sites whose symmetries are different each other.
he rare-earth metal R3+ ions at two sites of them make the octag-

http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Projection of Er5Ir4Si10 along the c-axis whose crystal structure is Sc5Co4Si10

is the fractional coordinate along the c-axis of the tetragonal crystal structure.

nal layers which are perpendicular to the c-axis. We must note
hat the octagonal layer of the rare-earth metal R3+ ions has no

agnetic frustration. The rare-earth metal R3+ ions at the third site
hich are present at the center of the octagons which are composed

f Ir atoms and Si atoms also make another layer which is also per-
endicular to the c-axis and a square lattice. We must also note that
he square lattice of the R3+ ions has no magnetic frustration. These
wo layers are perpendicular to the c-axis, whereas the difference
etween them is as follows.

The one layer contains only the rare-earth metal R3+ ions and
eparates the pentagon, hexagon and octagon net works which are
omposed of Ir atoms and Si atoms. Another layer includes not only
he rare-earth metal R3+ ions but also the Ir atoms and Si atoms.

These results mean that there are two kinds of layers which con-
ain the rare-earth metal R3+ ions and perpendicular to the c-axis.
herefore, we must consider that the character of the R5Ir4Si10 com-
ounds is quasi-two-dimensional rather than one-dimensional on
he heavy rare-earth metal R3+ ions that correspond to the magnetic
roperties. Furthermore, all Ir–Si and Si–Si distances are clearly

hort and indicative of the covalent bonding. In many other ternary
are-earth metal silicides such as ThCr2Si2, CeNiSi2 and LaRe2Si2,
he net work of the Si atoms and the transition metals exists. In this
rticle, we report and discuss the anomalies in the low-temperature
pecific heat and the AC magnetization measurements associated

3

A
w

tetragonal one. Filled circles correspond to z = 0, 1 and open circles to z = 1/2 where

ith antiferromagnetic long-range ordering in our high-quality
r5Ir4Si10 single crystal.

. Experimental

The Er5Ir4Si10 single crystals employed in our study were grown by Czochoralski
ulling method with a tetra-arc furnace in the high-purity argon atmosphere whose
urity is 6N. The purity of starting materials is as follows. The purity of Si is 6N and
hat of Ir is 4N. However, the purity of Er is 3N. During the single crystal growth
he clear facets have been observed sometimes. We confirmed as-grown crystals to
e single crystals by the transmission Laue X-ray photograph method. The single
rystals orient along the c-axis. In addition, in order to improve the quality of the
s-grown single crystals we used a solid state electro-transport method (SSE). In the
SE process of the as-grown single crystal, we have kept then at 1273 K for a month.

For the measurement of the temperature dependence of the AC magnetization,
e have used the commercial Quantum Design SQUID magnetometer (MPMS) from

.8 to 20 K.
For the measurement of the temperature dependence of the low-temperature

pecific heat, a handmade adiabatic method has been employed. This non-
ommercial apparatus enables us the high-resolution measurement of the
ow-temperature specific heat down to 0.5 K.
. Results and discussion

In Figs. 2 and 3, we show the temperature dependence of the
C magnetization from 1.8 to 20 K. We show the result in Fig. 2
hen the AC magnetic field direction is parallel to the c-axis and
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gle crystal because the crystal structure of R5Ir4Si10 (R = Tb, Dy, Ho,
Er) has no magnetic frustration. Therefore, we can conclude that
ig. 2. Temperature dependence of the AC magnetization in Er5Ir4Si10 single crystal
hen the AC magnetic field direction is parallel to the c-axis. We must note that

here is no anomaly of the AC magnetization around 2 K.

e show the result in Fig. 3 when magnetic field orientation is per-
endicular to the c-axis. When the AC field orientation is parallel to
he c-axis, TN is 3.5 K which is precisely consistent with the result
f the low-temperature specific heat measurement as it is clearly
hown in Fig. 4. However, we have no anomaly of the AC magne-
ization at TN when the AC magnetic field direction perpendicular
o the c-axis as it is very clearly shown in Fig. 4. When we take the
esults mentioned just above into consideration, we must conclude
hat our Er5Ir4Si10 single crystals have no three-dimensional mag-
etic structure of Er3+ local moments. This statement is completely
ifferent from those which are described in Ref. [18].

In addition, we have observed the peak of the AC magnetization
round 2 K when the AC magnetic field orientation is perpendicular
o the c-axis. We have already reported that a shoulder is observed in
he temperature dependence of the low-temperature specific heat
n the vicinity of 2 K [7]. A shoulder in the vicinity of 2 K is very
recisely consistent with the peak around 2 K in the temperature
ependence of the AC magnetization when the AC magnetic field

irection is perpendicular to the c-axis. At last we have completely
onfirmed that a shoulder corresponds to the magnetic property
n the plane which is perpendicular to the c-axis of Er5Ir4Si10
ingle crystal. This result reveals that Er5Ir4Si10 single crystal is

ig. 3. Temperature dependence of the AC magnetization in Er5Ir4Si10 single crystal
hen the AC magnetic field direction is perpendicular to the c-axis. We must note

hat there is no anomaly of the AC magnetization at TN = 3.5 K.
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ig. 4. Temperature dependence of the low-temperature specific heat in our SSE
rocessed Er5Ir4Si10 single crystal.

quasi-two-dimensional material and a quasi-two-dimensional
ntiferromagnet.

Next, we must discuss on the relation between a shoulder in the
emperature dependence of the low-temperature specific heat in
he vicinity of 2 K and the peak of the AC magnetization around
K when the AC magnetic field orientation is perpendicular to the

-axis. A shoulder suggests that the magnetic spatial ordering is a
hort-range one. The representative magnetic short-range order-
ng is the spin glass state. The AC magnetization measurement is
ery powerful for the investigation of the spin glass behavior. We
ave performed the frequency dependence measurement of the
C magnetization by using the AC magnetic field whose orienta-
ion is perpendicular to the c-axis. The results are shown in Fig. 5.

e have observed no spin glass like behavior. Namely, the peak of
he AC magnetization does not shift to higher temperature and the
C magnetization rapidly decreases with increasing the frequency
f the AC magnetic field. These results means that there is no spin
lass state in our Er5Ir4Si10 single crystal. Non-existence of the spin
lass state verifies that there is no disorder in our Er5Ir4Si10 sin-
shoulder in the vicinity of 2 K in the temperature dependence of
he low-temperature specific heat and the peak of the AC magne-
ization when the AC magnetic field orientation is perpendicular

ig. 5. Frequency dependency of the AC magnetization when the magnetic field
irection is perpendicular to the c-axis. The measurements have been performed
t 1.0, 10, 100 and 1000 Hz, respectively. No spin glass behavior has observed. We
ust note that no spin glass behavior clarifies that there is no disorder in our SSE

rocessed Er5Ir4Si10 single crystal.
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Fig. 7. The temperature-higher peak in the temperature dependence of the low-
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ig. 6. Temperature dependence of the low-temperature specific heat in the as-
rown Er5Ir4Si10 single crystal grown by Czochoralski pulling method. We must
ote that two successive peaks are observed.

o the c-axis originate from the crystalline-electric-field effect in
he plane of Er5Ir4Si10 single crystal which is perpendicular to the
-axis.

Galli et al. [16–18] had reported that the high-quality sin-
le crystal of Er5Ir4Si10 single crystal undergoes the long-range
ntiferromagnetic transition at 2.8 K from the DC magnetization
easurement by using Quantum Design MPMS, the measurements

f the resistivity and the specific heat by Quantum Design PPMS
nd the neutron diffraction study. These measurements by using
uantum Design MPMS and PPMS only down to 1.8 K cannot clearly
etect a shoulder in the low-temperature specific heat [7] and the
C magnetization peak around 2 K which we have first observed
nd reported in this article. We strongly insist that the original
nding mentioned just above originates from the high quality of
ur SSE processed single crystals. In fact, TN is 3.5 K of our sam-
les, whereas TN of the high-quality single crystal prepared by
alli et al. is 2.8 K which is lower than our TN. Furthermore, we
how the temperature dependence of the low-temperature spe-
ific heat of our as-grown single crystal in Fig. 6. We have clearly
bserved two successive peaks. This observation in the temperature
ependence of the low-temperature specific heat is very compara-
le with that of Yb5Ir4Si10 polycrystalline sample which is reported

n Ref. [27]. But we have clearly observed a shoulder around 2K
ogether with the sharp peak at TN = 3.5 K in our SSE processed
r5Ir4Si10 single crystal. In addition, we show the temperature-
igher peak of the as-grown single crystal in Fig. 7. As it is clearly
hown in Fig. 7, the temperature-higher peak has been observed
t a little lower temperature than 3.5 K. These results verify that
he SSE process is indispensible in order to improve the qual-
ty of the as-grown single crystals grown by Czochoralski pulling

ethod.
On the other hand, Li et al. have reported on the supercon-

uctivity of Sc5Ir4Si10 single crystal grown by the floating zone
ethod [13]. Those single crystals have clearly showed anisotropic

uperconducting properties which are very well explained in the
tandard BCS model. Furthermore, we must note that the observa-
ion of the peak effect in the superconducting state is the direct
vidence of the quasi-two-dimensional character of the crystal
tructure [30]. The observation of the peak effect in Sc5Ir4Si10

ingle crystal grown by the floating method is very consistent
ith our study of the antiferromagnetic properties in our SSE
rocessed Er5Ir4Si10 single crystal grown by Czochoralski pulling
ethod by using a tetra-arc furnace under high-purity argon atmo-

phere. [
emperature specific heat of the as-grown Er5Ir4Si10 single crystal grown by
zochoralski pulling method. We must note that the temperature-higher peak is
bserved at a little lower temperature than 3.5 K which is TN in our SSE processed
ingle crystal as is clearly shown in Fig. 4.

. Conclusion

The AC magnetization measurement of the SSE processed
r5Ir4Si10 single crystals combined with the experimental results of
he low-temperature specific heat have revealed the experimental
vidences for the following conclusions:

1) Er5Ir4Si10 single crystal is a quasi-two-dimensional material.
2) Er5Ir4Si10 single crystal is a quasi-two-dimensional antiferro-

magnet.
3) Er5Ir4Si10 single crystal exhibits an antiferromagnetic long-

range ordering in the plane perpendicular to the c-axis of
the tetragonal crystal structure, whereas there is no three-
dimensional magnetic structure of Er3+ local moments.

4) The remarkable crystalline-electric-field effect is only observed
in the plane which is perpendicular to the c-axis of the tetrag-
onal crystal structure.

5) In order to clarify the intrinsic magnetic properties, we need the
high-resolution measurement of the low-temperature specific
heat together with the magnetization measurement.

6) The SSE process is indispensible in order to clarify the intrinsic
magnetic properties of the single crystals grown by Czochoral-
ski pulling method because the SSE process improves the
quality of the as-grown single crystals.

Finally, we strongly insist that the structural phase transition of
u5Ir4Si10 single crystal is much the same as the cubic-tetragonal
hase transition in A15 compounds because the nature of the phase
ransition in both compounds is the first-order one [9,23,31].
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