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The room temperature crystal structures of Er5SixGe4−x alloys change systematically with the concentration
of Ge from the orthorhombic Gd5Si4-type whenx=4, to the monoclinic Gd5Si2Ge2 type when 3.5øxø3.9 and
to the orthorhombic Sm5Ge4 type for xø3. The Curie-Weiss behavior of Er5SixGe4−x materials is consistent
with the Er3+ state. The compounds order magnetically below 30 K, apparently adopting complex noncollinear
magnetic structures with magnetization not reaching saturation in 50 kOe magnetic fields. In Er5Si4, the
structural-only transformation from the monoclinic Gd5Si2Ge2-type to the orthorhombic Gd5Si4-type phase
occurs around 218 K on heating. Intriguingly, the temperature of this polymorphic transformation is weakly
dependent on magnetic fields as low as 40 kOesdT/dH=−0.058 K/kOed when the material is in the paramag-
netic state nearly 200 K above its spontaneous magnetic ordering temperature. It appears that a magnetostruc-
tural transition may be induced in the 5:4 erbium silicide at,18 K and above by 75 kOe and higher magnetic
fields. Only Er5Si4 but none of the other studied Er5SixGe4−x alloys exhibit magnetic field induced transfor-
mations, which are quite common in the closely related Gd5SixGe4−x system. The magnetocaloric effects of the
Er5SixGe4−x alloys are moderate.
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INTRODUCTION

Both the existence and crystallographic data of binary rare
earth-germanium and rare earth-silicon compounds with the
R5T4 stoichiometries(R=rare earth element, T=Si or Ge)
were originally reported by Smithet al.1 Soon after,
Holtzberget al.2 described phase relationships in the pseudo-
binary Gd5Si4-Gd5Ge4 system. They2 also confirmed the
crystallography and provided magnetic property data for the
binary R5T4 silicides and germanides of heavy lanthanides,
i.e., for R=Gd, Tb, Dy, Ho, and Er. All silicides were clas-
sified as ferromagnets. Within the series, Gd5Si4 has the
highest Curie temperature,TC= ,340 K, and ferromagnetic
ordering temperatures gradually decrease fromTC
=225 K for Tb5Si4, to TC=140 K, 76 K, and 25 K for
Dy5Si4, Ho5Si4, and Er5Si4, respectively. Conversely, the ger-
manides were reported to order antiferromagnetically at 15
and 47 K for Gd5Ge4 (recent data,3–9 however, indicate that
Néel temperature of Gd5Ge4 is ,128 K), 30 K for Tb5Ge4,
40 K for Dy5Ge4, 21 K for Ho5Ge4, and 7 K for Er5Ge4. In
the Gd5SixGe4−x system, Holtzberget al.2 also found two
extended solid solutions based on both Gd5Si4 and Gd5Ge4,
and a new ternary phase with an unknown crystal structure.

The discovery of the giant magnetocaloric effect in
Gd5Si2Ge2 (Ref. 10) triggered a widespread research of the
pseudobinary Gd5SixGe4−x system. In 1997, Pecharsky and
Gschneidner11 reported, and later Morellonet al.12 and Pe-
charskyet al.13 refined the pseudobinary phase diagram. At
present, it is well established that the Si-rich alloys adopt the
orthorhombic Gd5Si4-type structure at room temperature
whenxù2.1 and that they order ferromagnetically on cool-
ing via a second-order phase transition. The intermediate
solid solution alloys with 1.5øx,2.1 crystallize in the

monoclinic Gd5Si2Ge2-type structure at room temperature.
When cooled, they undergo a transformation to the
Gd5Si4-type structure, which is coupled with ferromagnetic
ordering. Thermodynamically, these are first-order phase
transitions. The Ge-rich solid solution alloys have the ortho-
rhombic Sm5Ge4-type crystal structure at room temperature
whenxø1.2 and the majority of them exhibit two successive
transformations below room temperature. A second-order
paramagnetic to antiferromagnetic transition occurs at nearly
constant temperatures,130 Kd regardless of the alloy com-
position. A first-order transformation, during which a crystal-
lographic transition from the Sm5Ge4- to Gd5Si4-type struc-
ture is coupled with an antiferromagnetic to ferromagnetic
transition, is observed at lower temperatures withTC strongly
dependent on the value ofx. It is worth noting that in a zero
magnetic field, only the high temperature paramagnetic-
antiferromagnetic transition occurs in pure Gd5Ge4.

3–9 Both
the monoclinic Gd5Si2Ge2- and the orthorhombic Sm5Ge4-
type alloys exhibit the giant magnetocaloric effect around
their respective first-order magnetostructural phase transition
temperatures.14

Of the eight possible R5SixGe4−x systems, where R is
heavy lanthanide, the Gd5SixGe4−x alloys are the most stud-
ied to date. Over the last few years, several reports describ-
ing both the interaction of components and physical proper-
ties of compounds have been published for Tb5SixGe4−x by
Morellon et al.,15,16 Huanget al.,17 Ritter et al.,18 Teguset
al.,19 Thuy et al.,20,21 Yoa et al.,22 and Leeet al.;23 and for
Dy5SixGe4−x by Gschneidneret al.24 and Ivtchenkoet al.25

Preliminary results have been also reported about some indi-
vidual intermetallics, including Ho5Si2Ge2 by Thuy et al.,26

Yb5Si4 by Cerny and Alamdi-Yardi,27 and Yb5Ge4 by Pani
and Palenzona.28 Despite limited amount of available data, it
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is quite evident that systems with heavy lanthanides demon-
strate both similarities and differences when compared to the
Gd5SixGe4−x alloys, thus pointing to a complexity of interac-
tions between heavy lanthanides, germanium, and silicon at
the R5T4 stoichiometries.

Only a little research has been carried out on the
Er5SixGe4−x system. Besides original reports by Smithet al.1

and Holtzberget al.,2 phase equilibria, electrical resistivity,
and thermal expansion of binary silicides of Er were reported
by Luzanet al.29 but only above room temperature. Accord-
ing to Ref. 29, Er5Si4 forms peritectically at 2150 K and it
belongs to the Sm5Ge4-type structure with lattice parameters
a=7.28,b=14.37, andc=7.595 Å at room temperature. On
the contrary, Kotur and Parasyuk30 claim that they did not
observe the formation of Er5Si4 at 870 K. Recently, Pechar-
sky et al.31 and Mozharivskyjet al.32 established that Er5Si4
adopts the Gd5Si4-type structure at room temperature. On
cooling, it transforms into the monoclinic Gd5Si2Ge2-type
phase between 210 and 200 K while remaining paramag-
netic, and the monoclinic polymorph of Er5Si4 orders mag-
netically at ,30 K. Its magnetic ground state is complex
showing a distinct ferromagnetic component.31 According to
our preliminary temperature dependent x-ray powder diffrac-
tion studies,33 the magnetically ordered Er5Si4 retains the
monoclinic Gd5Si2Ge2-type structure down to,5 K in a
zero magnetic field. In this respect, the silicide of erbium is
quite different from all other members of the extended
R5SixGe4−x family studied to date, where the ferromagnetic
order has been always associated with the Gd5Si4-type struc-
ture.

Here we report on the relationships between chemical
composition, crystal structure, magnetic, thermal, and mag-
netocaloric properties of several pseudobinary alloys in the
Er5SixGe4−x system. As we will describe below, this system
exhibits much greater deviations from the related
Gd5SixGe4−x alloys11–13 when compared to Tb5SixGe4−x

15–22

and Dy5SixGe4−x,
24,25 thus demonstrating that physical prop-

erties of these intriguing R5T4 family of materials can be
adjusted over a broad range of values.

ALLOY PREPARATION AND CHARACTERIZATION

A total of 13 alloys in the Er5SixGe4−x system withx
varying from,4 to 0 were prepared by arc melting of sto-
ichiometric mixtures of pure components in an argon atmo-
sphere on a water-cooled copper hearth using high purity
components. The Er metal was prepared by the Materials
Preparation Center of the Ames Laboratory and it was
99.86 at. % s99.99 wt. %d pure. The major impurities in
ppm atomic(and in ppm by weight) were as follows: O, 400
(40); C, 280(20); N, 70 (6); F, 120(14); H, 170(1), and Fe,
30 (10). The Si and Ge were purchased from Meldform Met-
als (United Kingdom) and were 99.999 wt. % pure. Every
alloy was remelted six times; alloy buttons were turned over
after each melting to improve their homogeneity. The weight
of each alloy did not exceed 20 g to ensure fast cooling.
Weight losses after the melting were in the range from
0.3 to 0.5 wt. %, therefore alloy stoichiometries were as-
sumed to remain unchanged after the preparation. All the

alloys were examined in the as-prepared condition, without
heat treatment.

In addition to arc-melted buttons, in this study we exam-
ined nonoriented large-grain leftovers extracted from a
sample of Er5Si4 which has been used to prepare single crys-
tals by Bridgman technique. This alloy was first arc melted
(both the Er and Si were of the same purity as mentioned
above) and then electron beam welded in a tungsten Bridg-
man crucible. The crucible was placed inside a tungsten
mesh resistance furnace under a pressure of 6.7310−4 Pa
and slowly heated to 1970 K. Then the chamber was back-
filled with high purity argon to 2.83105 Pa to equalize the
pressures inside and outside the crucible. The crucible was
then heated to 2320 K, after which it was withdrawn from
the heat zone at the rate of 8 mm/h. While some reaction of
the melt with the crucible walls was noted, x-ray powder
diffraction indicated phase purity of the as-grown ingot. The
samples described in this work were extracted from the
middle of the as-solidified ingot as scraps that remained after
cutting out specimens for other property measurements.

The crystal structures and phase compositions of the al-
loys were characterized by x-ray powder diffraction. The
x-ray powder diffraction data were collected on a Rigaku
TTRAX rotating anode diffractometer equipped with a wide
angle goniometer using MoKa radiation between 8°–11°
and 50° of 2u with a 0.01° step. The crystal structures were
refined in an isotropic approximation by using Rietveld
technique.34 The resulting profile residualssRpd were lower
than 10% and the derived Bragg residualssRBd did not ex-
ceed 6%.

Magnetic susceptibility and magnetization measurements
were performed on a Lake Shore dc/ac magnetometer-
susceptometer, model 7225. Temperature dependent ac mag-
netic susceptibilities were measured between 5 and 320 K in
an ac magnetic field with a 5 Oe amplitude and a 125 Hz
frequency in a zero bias dc field. Magnetization was mea-
sured as a function of temperature between 5 and 320 K in
various dc magnetic fields between 1 and 50 kOe. Isothermal
magnetization data were collected in the vicinities of mag-
netic phase transition temperatures in dc magnetic fields
varying from 0 to 50 kOe with a 2 kOe step.

The heat capacities were measured using a semiadiabatic
heat pulse calorimeter35 from ,3.5 to 350 K in various
constant dc magnetic fields ranging from 0 to 100 kOe. The
phase transition temperatures were determined from both the
magnetic and calorimetric measurements. The magnetoca-
loric effect in terms of the isothermal magnetic entropy
changesDSMd and the adiabatic temperature changesDTadd
was calculated from either or both magnetic and calorimetric
data as described by Pecharsky and Gschneidner.36,37

EXPERIMENTAL RESULTS AND DISCUSSION

Erbium silicide: Er 5Si4

The room-temperature crystal structure of Er5Si4 was con-
firmed using x-ray powder diffraction data collected from
several different samples at ambient temperature and em-
ploying the crystallographic parameters obtained from the
single crystal structural investigation in Ref. 31. The refined
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lattice parameters of Er5Si4 are listed in Table I together with
those reported previously in the literature and all of the other
Er5SixGe4−x alloys examined in the course of this study. The
results of Rietveld refinement for Er5Si4 are in agreement
with our single crystal study,31 confirming that the 5:4 er-
bium silicide belongs to the Gd5Si4-type crystal structure and
not to the Sm5Ge4 type as was assumed earlier1,2,29 (the dif-
ference between the Sm5Ge4- and Gd5Si4-type structures has
been described by Pecharsky and Gschneidner11,38 and by
Choeet al.39).

The x-ray powder diffraction pattern[Fig. 1(a)] of the
arc-melted stoichiometricEr5Si4, hereafter called sample I,
clearly indicates the presence of a small amount of an impu-
rity phase. The latter was identified as erbium monosilicide,
ErSi. The concentration of the latter in the as-prepared Er5Si4
alloy is 5±1 vol. % as determined in the course of Rietveld
refinement. Therefore, we prepared anoff-stoichiometric al-
loy, Er5.05Si4, henceforth referred to as sample II, in an at-
tempt to obtain a single-phase material. As seen in Fig. 1(b),
no impurity phase(s) can be detected in this alloy within the
sensitivity of the x-ray powder diffraction technique. The
unit cell dimensions of Er5.05Si4 (Table I) show no statisti-
cally significant differences when compared to those of
Er5Si4. Considering the full occupancy of all sites,31 we con-
clude that Er5Si4 is a stoichiometric compound, and despite
small weight losses observed during the arc melting, the

evaporation of the Er metal was substantial enough to shift
the as-prepared Er5Si4 alloy into the ErSi1−x+Er5Si4 two-
phase region of the Er-Si phase diagram.29 Consistent with
this conclusion, is the x-ray powder diffraction pattern(not
shown) of the stoichiometric Er5Si4 prepared using the
Bridgman technique, from now on called sample III, indicat-
ing a single phase alloy because evaporative losses from a
sealed crucible were indeed negligible. Its unit cell dimen-
sions(Table I) deviate from those of both arc-melted mate-
rials by no more than two standard deviations, i.e., the dif-
ferences in the unit cell dimensions of the three different
Er5Si4 samples, are statistically insignificant. A non-
negligible discrepancy seen between the three sets of powder
diffraction data(samples I, II, and III) and the unit cell di-
mensions determined in the course of single crystal(sample
I) investigation31 is likely related to a lower absolute preci-
sion attainable in a single crystal diffraction experiment
when compared with the high resolution powder diffraction
data.

For the arc-melted alloy, the dc magnetization data(Figs.
2 and 3) indicate two phase transformations that occur in
Er5Si4 below room temperature. On cooling, a structural
transition31,32 is observed in the paramagnetic state between
210 K to 200 K (Fig. 3, inset) and a ferromagneticlike or
ferrimagneticlike ordering occurs in low magnetic fields at
,30 K (Figs. 2 and 3). The structural transition is hysteretic:

TABLE I. Room temperature crystallographic data of selected compounds in the Er5Si4-Er5Ge4 pseudobinary system.

Unit cell dimensions

Composition
Structure

type
Space
group a, Å b, Å c, Å g, ° Reference

Er5Si4 Sm5Ge4 Pnma 7.27 14.32 7.58 1

Er5Si4 Sm5Ge4 Pnma 7.289 14.371 7.591 2

Er5Si4 Sm5Ge4 Pnma 7.28 14.37 7.595 29

Er5Si4 (I)a Gd5Si4 Pnma 7.2838(6) 14.363(1) 7.5943(6) 31

Er5Si4
b,c (I)a Gd5Si4 Pnma 7.2931(3) 14.374(1) 7.5980(3) d

Er5.05Si4
b,c (II )a Gd5Si4 Pnma 7.2927(3) 14.374(1) 7.5973(3) d

Er5Si4
c (III )a Gd5Si4 Pnma 7.2940(6) 14.374(1) 7.5973(5) d

Er5Si3.8Ge0.2 Gd5Si2Ge2 P1121/a 7.3681(3) 14.412(1) 7.5728(4) 92.958(3) d

Er5Si3.6Ge0.4 Gd5Si2Ge2 P1121/a 7.3745(4) 14.412(1) 7.5746(4) 92.960(3) d

Er5Si3.5Ge0.5 Gd5Si2Ge2 P1121/a 7.3777(3) 14.420(1) 7.5786(3) 92.948(2) d

Er5Si3Ge Sm5Ge4 Pnma 7.4528(3) 14.443(1) 7.5456(3) d

Er5Si2.9Ge1.1 Sm5Ge4 Pnma 7.4548(3) 14.442(1) 7.5456(3) d

Er5Si2.5Ge1.5 Sm5Ge4 Pnma 7.4671(3) 14.451(1) 7.5517(3) d

Er5Si1.95Ge2.05 Sm5Ge4 Pnma 7.4862(3) 14.466(1) 7.5609(3) d

Er5Ge4 Sm5Ge4 Pnma 7.5448(3) 14.515(1) 7.6081(3) d

Er5Ge4 Sm5Ge4 Pnma 7.51 14.41 7.59 1

Er5Ge4 Sm5Ge4 Pnma 7.536 14.506 7.600 2

aSample I is the stoichiometric arc-melted alloy containing,5 vol. % of ErSi1−x impurity; sample II is off-stoichiometric arc-melted alloy,
which is a single phase material within the sensitivity of x-ray powder diffraction analysis; sample III is the stoichiometric Bridgman-grown
single phase material.
bDiffraction data were collected atT=300 K.
cDuring Rietveld refinement, a small yet measurable amount of the monoclinic polymorph of Er5Si4 was also detected(Ref. 33), but these
results are not included in the table, nor are they shown in Fig. 1.
dThis study.
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it takes place between 215 K and 225 K on heating, as illus-
trated in Fig. 3, inset. The behavior of the ac magnetic sus-
ceptibility (Fig. 2, inset) confirms the ferrimagneticlike na-
ture of the low temperature magnetically ordered Er5Si4
phase and is consistent with gradually increasing coercivity
below the Curie temperature. A small amount of the antifer-
romagnetic ErSi(TN=11.5 K,40 as indicated by a vertical
arrow in the inset in Fig. 2) present in the arc-melted Er5Si4
may contribute to a broad anomaly ofxac8 , although as de-
scribed below(see Fig. 4), the anomaly itself appears to be
intrinsic to Er5Si4.

The isothermal magnetization at 5 K(Fig. 3) remains far
from saturation in a 50 kOe magnetic field, reaching only
,65% of the theoretically expected value assuming that the
ordered magnetic moment of Er ism=gJ=9mB. The steplike

increase observed in theM vs H curve between 10 and
11 kOe is too large to be ascribed exclusively to the ErSi
impurity [which is metamagnetic above 16 kOe atT
=2.16 K (Ref. 41)], and it is indicative of a magnetic field
induced metamagnetic transition intrinsic to Er5Si4. Although
the low temperature magnetic structure of Er5Si4 remains
unknown,42–44 available magnetic property data point to a
complex noncollinear arrangement of the magnetic moments
of Er below 30 K in low magnetic fields.

FIG. 1. (Color online) Fragments of the x-ray powder diffraction
patterns of(a) the arc-melted Er5Si4 alloy (sample I) and (b) the
arc-melted Er5.05Si4 alloy (sample II). The points represent ob-
served data and the lines drawn through the data points correspond
to the calculated patterns. The differences,Yobs−Ycalc, are shown at
the bottom of each plot. The upper set of vertical bars in(a) and the
only set in(b) represent calculated positions of Bragg peaks(Ka1

components only) of the orthorhombic Er5Si4. The lower set of
vertical bars in(a) indicates the same for ErSi, which belongs to the
orthorhombic CrB-type structure. The most obvious difference be-
tween the two patterns is the absence in(b) of Bragg peaks at 2u
=10.44° and 13.29° corresponding to ErSi impurity.

FIG. 2. (Color online) The dc magnetization of the arc melted
polycrystalline Er5Si4 alloy (sample I) measured as a function of
temperature in 2, 10, 20, and 30 kOe magnetic fields on heating the
zero magnetic field cooled sample. The inset shows the behavior of
the ac magnetic susceptibility of polycrystalline Er5Si4. The short
vertical arrow in the inset indicates Néel temperature of ErSi, which
according to Ref. 40 isTN=11.5 K.

FIG. 3. (Color online) The dc magnetizations of the arc-melted
polycrystalline Er5Si4 (sample I), Er5Si3.5Ge0.5 and Er5Ge4 alloys as
functions of magnetic field measured atT=5 K. The vertical arrows
point to the onsets of the corresponding metamagnetic transitions.
The inverse magnetic susceptibility of polycrystalline Er5Si4 mea-
sured in a 20 kOe magnetic field during both cooling and heating is
shown in the inset with the arrows indicating the direction of tem-
perature change.
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For the single phase Er5Si4 (sample III), the magnetiza-
tion versus temperature is shown in Fig. 4. It was measured
using a randomly oriented apparently single-grain
specimen45 extracted from the material prepared using
Bridgman technique in order to clarify whether or not the
lowest temperature anomaly is intrinsic to Er5Si4. By com-
paring both Fig. 2 and its inset with Fig. 4, it is easy to see
that the lowest temperature anomaly aroundT=12 K is still
present in the low field dc magnetization of pure Er5Si4. In
fact, it becomes much more pronounced when compared to
the sample shown in Fig. 2. The anomaly is, therefore, in-
trinsic to Er5Si4 and its correspondence with the Néel tem-
perature of ErSi is coincidental.

Even though the orientation of crystallographic axes of
this specimen with respect to the magnetic field vector is
unknown, the data presented in Fig. 4 shed some light on the

nature of the magnetic ordering atT=30 K and point to a
considerable magnetocrystalline anisotropy of the compound
(e.g., the values of magnetization in Fig. 4 are substantially
lower than the corresponding values in Fig. 2). The tempera-
ture of the cusp, which is observed around 30 K in the 1 kOe
MsTd data, is suppressed toT=27 K andT=19 K by 10 and
20 kOe magnetic fields, respectively. This behavior is con-
sistent with a strong antiferromagnetic component in the
magnetic structure of the material. It is interesting to note
that the temperature of the broad anomaly observed at
,12 K remains unaffected by magnetic fields of 20 kOe and
below. In magnetic fields higher than 30 kOe, theMsTd of
Er5Si4 becomes consistent with the predominantly ferromag-
netic or ferrimagnetic arrangement of spins in the material.

The magnetic ordering temperatures and the Curie-Weiss
parameters of Er5Si4 are listed in Table II. Predictably, the
structural change around 220 K has a significant effect on
the paramagnetic Curie temperature of the material. The
monoclinic polymorph of the 5:4 erbium silicide has lower
paramagnetic Curie temperaturesQp=19.6 Kd when com-
pared to the orthorhombic polymorphsQp=30.3 Kd. The
lowering of Qp indicates a weakening of exchange interac-
tions and is consistent with the notion that the presence of
covalentlike Si2 dimers results in strengthening of magnetic
interactions between the two-dimensional slabs.38,46 The
dimers are found between every slab in the Gd5Si4 type (the
orthorhombic polymorph) and only between every other slab
in the Gd5Si2Ge2 type (the monoclinic phase).11,39 For both
crystallographic modifications of the compound, positive
paramagnetic Curie temperatures are indicative of the ferro-
magnetic or ferrimagnetic ground state of the material.

Consistent with the behavior of the magnetization, the
heat capacity of the arc-melted Er5Si4 [sample I, Fig. 5(a)]
also displays two distinct irregularities. The low-temperature
l-type anomaly, which occurs at,30 K in zero magnetic
field, is transformed into a rounded peak by increasing mag-
netic field as expected for a second-order paramagnetic-
ferromagnetic(or ferrimagnetic) phase transformation. The
high temperature peak observed between,210 K and

FIG. 4. (Color online) The dc magnetization of the nonoriented
large-grain Er5Si4 (sample III) measured as a function of tempera-
ture in 1, 10, 20, 30, and 50 kOe magnetic fields during heating the
zero magnetic field cooled specimen. The inset illustrates theH /M
behavior measured on heating in a 20 kOe magnetic field.

TABLE II. Magnetic properties of selected compounds from the Er5Si4-Er5Ge4 pseudobinary system.

TC or TN (K)

Compound
Structure

type FromMsTd From CpsTd Qp (K) peff smBda Reference

Er5Si4 “Sm5Ge4” 25 20 9.86 2

Er5Si4 (I) Gd5Si4 30.3b 9.71b This study

Er5Si4 (I) Gd5Si2Ge2
c 29 30 19.6d 9.63d This study

Er5Si3.5Ge0.5 Gd5Si2Ge2 25 28 15.9 9.55 This study

Er5Si3Ge Sm5Ge4 20 17 5.3 9.57 This study

Er5Si2.5Ge1.5 Sm5Ge4 18 12.3 9.39 This study

Er5Si1.95GE2.05 Sm5Ge4 17 17 13.9 9.56 This study

Er5Ge4 Sm5Ge4 14 14, 7.5 14.8 9.56 This study

Er5Ge4 Sm5Ge4 7 10 9.73 2

aThe theoretical value of the effective magnetic moment for a free Er3+ ion is 9.58mB.
bDetermined from the Curie-Weiss fit of the data measured on heating between 250 K and 310 K.
cThe compound adopts this monoclinic crystal structure upon cooling below,200 K.
dDetermined from the Curie-Weiss fit of the data measured on heating between 50 and 190 K.
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,240 K is magnetic field independent in this range of mag-
netic fields, and is indicative of a first-order transformation
despite the,40 K peak width. Both the behavior and loca-
tion of this anomaly are commensurate with the structural
transition observed in Er5Si4 in this temperature range.31 A
minor broad abnormality observed around 11 K in the zero
field heat capacity is in line with the ac magnetic suscepti-
bility data and it may be slightly enhanced by the presence of
ErSi impurity.

For the single phase large-grain Er5Si4 (sample III), the
heat capacity[Fig. 5(b)] is in excellent agreement with all
the results that have been already described above, except
that the anomaly at,218 K corresponding to the structural
transformation narrows and clearly becomes a single peak
instead of a double peak structure seen in Fig. 5(a). After
subtracting the baseline heat capacity between 190 K and
240 K determined by a third order polynomial approxima-
tion of the data from 150 K to 190 K and from
240 K to 250 K and corresponding integration, the entropy

of the polymorphic transformation of Er5Si4 is DStr
=0.24 J/g at K.

Another unexpected feature is that the position of the
218 K heat capacity peak corresponding to the structural
transition in the paramagnetic state is evidently influenced by
magnetic field, as seen in the insets of Fig. 5(b) and Fig. 6.
Both the peak and the underlying crystallographic-only
transformation are suppressed nearly linearly between 40 and
100 kOe at the rate dT/dH=−0.058 K/kOe. To the best of
our knowledge, to date there have been no reports that the
relatively weaks40 to 100 kOed magnetic field is able to
measurably affect the temperature of a crystallographic tran-
sition in the paramagnetic state approximately 200 K above
the spontaneous magnetic ordering temperature. Although
we do not have sufficient data to speculate on the mechanism
of this phenomenon, we believe that it is related to both the
large localized magnetic moment of Er and presumably un-
usually strong spin-orbit coupling in the material. We also
believe that the effect of the magnetic field on this polymor-
phic transformation that does not involve magnetic order
should be highly anisotropic because we did not observe a
measurable change in the position of the heat capacity peak
in the polycrystalline Er5Si4 (samples I and II) in magnetic
fields as high as 75 kOe(see Ref. 31 and Fig. 5).

The behavior of the heat capacity in the vicinities of both
the low temperature and the high temperature anomalous re-
gions is clarified in Fig. 6. Consistently with the magnetiza-
tion data, a broad bump around 11.5 K remains field inde-
pendent as long as the magnetic field is 50 kOe or lower.
When the field reaches 75 kOe and greater, however, it in-
duces an additional heat capacity peak suggestive of a meta-
magnetic transition, which rapidly and nearly linearly
sdT/dH=0.32 K/kOed moves towards high temperature as
the magnetic field increases. Thus, this new peak occurs at
,18, ,23, and,26 K in the 75, 90, and 100 kOe magnetic
fields, respectively. Both the appearance and the behavior of
this peak resemble closely that observed in polycrystalline
Gd5Ge4 (Ref. 8) except for the difference in the critical mag-

FIG. 5. (Color online) The heat capacities of(a) arc-melted
Er5Si4 (sample I) and (b) large-grain Er5Si4 (sample III) measured
from ,3.5 to 300 K in various magnetic fields after zero-field
cooling the samples to,3.5 K. The inset in(a) clarifies the behav-
ior below 50 K, the inset in(b) shows the magnetic field depen-
dence of the peak corresponding to the structural transformation
(also see the inset of Fig. 6).

FIG. 6. (Color online) The low temperature heat capacity of
large-grain Er5Si4 (sample III) measured in various magnetic fields
after zero-field cooling the sample to,3.5 K. The inset clarifies the
behavior of the peak around 218 K.
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netic fields: the field-induced heat capacity anomaly appears
at 20 kOe in Gd5Ge4, while it only becomes apparent at
75 kOe in Er5Si4. It is quite feasible, therefore, that this be-
havior is reflective of a previously unknown magnetostruc-
tural transition that occurs in Er5Si4 in this range of tempera-
tures and magnetic fields.

The magnetocaloric effect of Er5Si4, calculated in terms
of both the extensive(the isothermal magnetic entropy
change, DSM) and intensive (the adiabatic temperature
change,DTad) variables from the heat capacity data, is shown
in Fig. 7. At and above,30 K, the MCE remains positive
even for the lowest magnetic field change of 0 to 10 kOe,
thus supporting a notion about the presence of a ferromag-
netic signature in the ground state of Er5Si4. The small nega-
tive MCE observed below,30 K in a 10 kOe field is indica-
tive of a complex magnetic structure. As the upper magnetic
field increases from 10 to 100 kOe, the main MCE peak
remains atT=30.4 K, which is consistent with a second or-
der ferromagnetic ordering in a zero magnetic field and this
peak represents a conventional contribution to the magneto-
caloric effect. When the magnetic field reaches and exceeds
75 kOe, the newDSM peaks are induced at 16.7, 22.1, and
25.7 K, and the newDTad peaks occur at 11.8, 15.0, and
17.5 K in 75, 90, and 100 kOe magnetic fields, respectively.
The magnitudes of these additional peaks increase with the
increasing field faster than the magnitudes of the main MCE
peaks, which is similar to the behavior of the magnetocaloric
effect in Gd5Ge4,

47 where a first order magnetostructural
transition is induced by a magnetic field at low temperatures.
Without additional crystallographic data, we can only specu-
late that since below,200 K Er5Si4 adopts the monoclinic
Gd5Si2Ge2-type crystal structure in both the paramagnetic
and magnetically ordered states, the high magnetic fields
(greater or equal to 75 kOe) induce a transition to the
Gd5Si4-type structure, which is coupled to the ferromag-
netism of the material, just as it happens in Ge-rich
Gd5SixGe4−x alloys.6,12

Intermediate phase: Er5Si3.9Ge0.1 to Er5Si3.5Ge0.5

Upon substituting as little as 2.5 at. % of Ge for Si, the
room temperature crystal structures of the Er5SixGe4−x alloys

change from the orthorhombic Gd5Si4 type to the monoclinic
Gd5Si2Ge2 type. The monoclinic structure is preserved at
room temperature from the Er5Si3.9Ge0.1 to Er5Si3.5Ge0.5 sto-
ichiometry, and an x-ray powder diffraction pattern of the
latter composition is depicted in Fig. 8. The lattice param-
eters of several alloys from this region are listed in Table I.
According to x-ray powder diffraction data little, if any(see
Fig. 8), to a few vol. % of the orthorhombic ErSixGe1−x im-
purity phase can be found in the as-prepared alloys from this
phase region.

Considering magnetic properties of Er5Si3.5Ge0.5 as an ex-
ample representative for this phase region, both the dc mag-
netization and ac magnetic susceptibility measurements(Fig.
9) indicate antiferromagnetic(or ferrimagnetic) ordering at
,25 K. The paramagnetic Curie temperature of Er5Si3.5Ge0.5
(Table II) is positive and the effective magnetic moment is
nearly identical to that of the free Er3+ ion.

FIG. 7. (Color online) The
magnetocaloric effect of Er5Si4
(sample III) calculated from heat
capacity data: the isothermal mag-
netic entropy change(a) and the
adiabatic temperature change(b).
The values shown near the curves
indicate the final magnetic field.
The initial magnetic field was 0 in
all cases.

FIG. 8. (Color online) A fragment of the x-ray powder diffrac-
tion pattern of the Er5Si3.5Ge0.5. alloy. The points represent ob-
served data and the line drawn through the data points corresponds
to the calculated pattern. The difference,Yobs−Ycalc, is shown at the
bottom of the plot. The set of vertical bars represents calculated
positions of Bragg peaks(for bothKa1 andKa2 components) of the
monoclinic Er5Si3.5Ge0.5.
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The low temperature heat capacity measured in a zero
magnetic field, which is shown in Fig. 10, displays al-type
anomaly with a maximum at 28 K indicating that the mag-
netic ordering in Er5Si3.5Ge0.5 is a second-order phase trans-
formation. Additional weak heat capacity anomaly observed
around 10 K in a zero magnetic field is consistent with the
anomalous behavior of the magnetization atT>10 K in
2 kOe and 10 kOe magnetic fields, see Fig. 9. Neither the
heat capacity nor magnetic measurements indicate any other
transitions between,4 K and,350 K. Thel-type anomaly
is transformed into a cusp at,22 K by a 10 kOe magnetic
field, which also points to an antiferromagnetic ground state
of the material. Magnetic fields exceeding 10 kOe, however,
suppress the magnetic contribution to heat capacity below
the zero magnetic field magnetic ordering temperaturesTNd
but broaden and increase it immediately above the zero mag-
netic field TN, which is typical of ferromagnetic behavior.

These features are in agreement with the isothermal magne-
tization of Er5Si3.5Ge0.5 measured atT=5 K (Fig. 3), which
shows a metamagneticlike transformation with a critical
magnetic field around 11 kOe.

The magnetic moment remains near 60% of its expected
saturation value of 9mB per Er atom in a 50 kOe magnetic
field. Unlike in the pure Er5Si4, a 75 kOe magnetic field does
not induce an additional low temperature transformation(s)
as can be concluded from the absence of any additional heat
capacity peaks in Er5Si3.5Ge0.5 It is feasible, however, that
magnetostructural transitions may be induced in this phase
region by magnetic fields greater than 75 kOe. The magne-
tocaloric effect of Er5Si3.5Ge0.5 shown in Fig. 11 is moderate,
and it is slightly smaller than that of Er5Si4.

Erbium germanide: Er 5Ge4 and the corresponding
solid solution

Beginning from the Er5Si3Ge stoichiometry and ending
with the 5:4 erbium germanide, the as-prepared alloys crys-
tallize in the Sm5Ge4-type structure at room temperature,
thus making it the most extensive solid solution region in the
Er5SixGe4−x system. The alloy with the Er5Si3.2Ge2.8 compo-
sition contains both the monoclinic Gd5Si2Ge2-type and the
orthorhombic Sm5Ge4-type phases, thus indicating that a nar-
row two-phase region separates the intermediate monoclinic
phase and the Er5Ge4-based solid solution in this system.
Since the boiling temperature of Ges2830 °Cd is consider-
ably lower than that of Sis3145 °Cd and it is slightly lower
than the boiling temperature of Ers2868 °Cd, losses of Ge
due to evaporation begin to exceed losses of Er during the
arc melting, and a small amount(,5 vol. % according to
Rietveld refinement) of Er5Ge3 phase forms in the as-
prepared Er5Ge4, see Fig. 12. The unit cell parameters of
several alloys from this extended solid solution region are
listed in Table I.

FIG. 9. (Color online) The dc magnetization of Er5Si3.5Ge0.5

measured as a function of temperature in 2, 10, 20, and 30 kOe
magnetic fields. The inset shows the behavior of the ac magnetic
susceptibility of Er5Si3.5Ge0.5.

FIG. 10. (Color online) The low temperature heat capacity of
Er5Si3.5Ge0.5 measured in 0, 10, 20, 50, and 75 kOe magnetic fields
after zero-field cooling the sample to,3.5 K.

FIG. 11. (Color online) The isothermal magnetic entropy change
in Er5Si3.5Ge0.5 calculated from both heat capacity(solid circles)
and magnetization(all other data points) measurements. The inset
illustrates the adiabatic temperature change for 0 to 50 kOe mag-
netic field change calculated from heat capacity data.
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The dc magnetization measurements indicate that
Er5Si3Ge (Fig. 13), Er5Si2.5Ge1.5, Er5Si1.95Ge2.05, and Er5Ge4
(Fig. 13) order antiferromagnetically at,20,,18,,17, and
,14 K, respectively. The Curie-Weiss parameters of these
three alloys are found in Table II. For Er5Ge4, they are in fair
agreement with those reported by Holtzberget al.2 The low
temperature heat capacity of Er5Ge4 is shown in Fig. 14. The
l-type anomaly, observed in a zero magnetic field around
14 K, corresponds to the cusp observed at the same tempera-
ture in the low magnetic field dc magnetization data and it
indicates that the transition is second order. Zero magnetic
field heat capacity of Er5Ge4 also displays additional cusp-

like anomaly at,7.5 K, which is not seen in the magnetiza-
tion data, likely due to the lack of available experimental
data points. Considering that the magnetic ordering tempera-
ture of the Er5Ge3 impurity is 38 K,48 this heat capacity cusp
seems to be intrinsic to Er5Ge4, however, more detailed in-
vestigations are needed before its nature is better understood.
Behavior of the heat capacity in nonzero magnetic fields is
consistent with the isothermal magnetization of Er5Ge4 mea-
sured atT=5 K (Fig. 3), which shows a metamagneticlike
transformation with a critical magnetic field around 6 kOe.

Similar to the other Er5SixGe4−x alloys, the magnetic mo-
ment of Er5Ge4 is about 60% of its expected saturation value
of 9mB per Er atom in a 50 kOe magnetic field. The magne-
tocaloric effect in the germanide(Fig. 15) is moderate and its
maximum value is nearly the same as that of the 5:4 erbium
silicide.

FIG. 12. (Color online) A fragment of the x-ray powder diffrac-
tion pattern of the Er5Ge4 alloy. The points represent observed data
and the line drawn through the data points corresponds to the cal-
culated pattern. The difference,Yobs−Ycalc, is shown at the bottom
of the plot. The upper set of vertical bars represents calculated
positions of Bragg peaks(both Ka1 and Ka1 components) of the
orthorhombic Er5Ge4, and the lower set of vertical bars indicates
the same for Er5Ge3, which belongs to the hexagonal Mn5Si3-type
structure.

FIG. 13. (Color online) The dc magnetization of Er5Si3Ge and
Er5Ge4 measured as a function of temperature in 2, 10, 20, and
30 kOe magnetic fields.

FIG. 14. (Color online) The low temperature heat capacity of
Er5Ge4 measured in 0, 20, 50, and 75 kOe magnetic fields after
zero-field cooling the sample to,3.5 K.

FIG. 15. (Color online) The isothermal magnetic entropy change
in Er5Ge4 calculated from both heat capacity(solid points) and
magnetization(all other data points) measurements. The inset illus-
trates the adiabatic temperature change for 0 to 50 kOe magnetic
field change calculated from heat capacity data.
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CONCLUSIONS

Although at present we do not have enough experimental
data to propose even a preliminary composition-temperature
diagram in order to summarize phase relationships and mag-
netism of the Er5SixGe4−x system, it is clear that the magnetic
behaviors are more different than similar when compared
with the Gd5SixGe4−x system. Both systems are analogous in
that there are two structurally different orthorhombic phases
(Er5Si4 and the Er5Ge4-based solid solution vs the
Gd5Si4-based and Gd5Ge4-based solid solutions) which are
separated by the monoclinic phase region. Furthermore, sub-
stituting Si by Ge has similar effect on the room temperature
crystallography in both systems: increasing the concentration
of Ge results first, in the loss of one-half of the Si2 dimers
between the slabs(monoclinic phase) and second, all of the
interslab Si2 dimers in the Er5Ge4-based and in the
Gd5Ge4-based solid solutions.

The most significant differences, in addition to the extent
of the three phase regions in paramagnetic state, are as fol-
lows: first, the magnetic ordering temperatures of
Er5SixGe4−x alloys are much lower than those of Gd5SixGe4−x
alloys; second, the magnetic ordering temperatures show a
weak dependence on the composition(i.e., on the value ofx)
in the Er-based system and the magnetic structures appear to
be quite complex; third, in all the studied Er5SixGe4−x alloys,
the magnetic ordering is decoupled from the crystal lattice in
low magnetic fields; fourth, it appears that in magnetic fields
lower than,80 kOe, a magnetostructural transition is ob-
served only in Er5Si4; and fifth, the magnetocaloric effect in
the Er5SixGe4−x system is much lower than that in the

Gd5SixGe4−x system, where both the crystal and magnetic
lattices are not only coupled but they are easily affected by
relatively low magnetic fields over a broad range of concen-
trations.

An intriguing observation that magnetic fields as low as
40 kOe may affect the temperature of the crystallographic-
only transformation from the paramagnetic monoclinic
Er5Si4 to the orthorhombic Gd5Si4-type polymorph, which is
also paramagnetic, is likely related to large localized mag-
netic moments of Er and to unusually strong spin-orbit cou-
pling. Its understanding requires further experimental and
theoretical studies. It is also important to emphasize that
many of the as arc-melted Er5SixGe4−x alloys can contain
small amounts of impurity ErSixGe1−x or Er5SixGe3−x phases,
which may somewhat affect both the observed behavior and
the interpretation of the data.

Note added in proof. As follows from recent quantitative
x-ray powder diffraction analysis,49 only ,40 mol.% of the
monoclinic Er5Si4 is converted into the orthorhomobic Er5Si4
phase during slow heating between 190 and 240 K. The en-
tropy of the corresponding polymorphic transformation,
therefore, should be increased from the mentioned above
0.24 J/g at K to;0.6 J/g at K.
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