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The room temperature crystal structures of3Ge,_, alloys change systematically with the concentration
of Ge from the orthorhombic G&i,-type whenx=4, to the monoclinic G&5i,Ge, type when 3.5¢x<3.9 and
to the orthorhombic SgGe, type forx<3. The Curie-Weiss behavior of £3i,Ge,_, materials is consistent
with the EP* state. The compounds order magnetically below 30 K, apparently adopting complex noncollinear
magnetic structures with magnetization not reaching saturation in 50 kOe magnetic fieldsSlp Hre
structural-only transformation from the monoclinic £53Ge,-type to the orthorhombic G&i,-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 k& dH=-0.058 K/kOe 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-dt3 K and above by 75 kOe and higher magnetic
fields. Only EgSi, but none of the other studied 49i,Ge,—, alloys exhibit magnetic field induced transfor-
mations, which are quite common in the closely relatedSB&be,_, system. The magnetocaloric effects of the
ErsSi,Ge,_, alloys are moderate.
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INTRODUCTION monoclinic GdSi,Ge-type structure at room temperature.
When cooled, they undergo a transformation to the
Both the existence and crystallographic data of binary rar&sd;Si,-type structure, which is coupled with ferromagnetic
earth-germanium and rare earth-silicon compounds with therdering. Thermodynamically, these are first-order phase
RsT, stoichiometries(R=rare earth element, T=Si or e transitions. The Ge-rich solid solution alloys have the ortho-
were originally reported by Smithet all Soon after, rhombic SmGe,-type crystal structure at room temperature
Holtzberget al? described phase relationships in the pseudowhenx=< 1.2 and the majority of them exhibit two successive
binary GdSi,-GdsGe, system. The¥ also confirmed the transformations below room temperature. A second-order
crystallography and provided magnetic property data for thg@paramagnetic to antiferromagnetic transition occurs at nearly
binary R;T, silicides and germanides of heavy lanthanidesconstant temperature-130 K) regardless of the alloy com-
i.e., for R=Gd, Tb, Dy, Ho, and Er. All silicides were clas- position. A first-order transformation, during which a crystal-
sified as ferromagnets. Within the series,sSid has the lographic transition from the SsGe- to Gd;Si-type struc-
highest Curie temperaturé-= ~ 340 K, and ferromagnetic ture is coupled with an antiferromagnetic to ferromagnetic
ordering temperatures gradually decrease fromy  transition, is observed at lower temperatures Wittstrongly
=225 K for ThsSiy, to Tc=140 K, 76 K, and 25 K for dependent on the value gf It is worth noting that in a zero
DysSiy, HosSiy, and EESiy, respectively. Conversely, the ger- magnetic field, only the high temperature paramagnetic-
manides were reported to order antiferromagnetically at 1@ntiferromagnetic transition occurs in pure {Ge,.>~° Both
and 47 K for GdGe, (recent dat&;® however, indicate that the monoclinic GgSi,Ge,- and the orthorhombic SyGe,-
Néel temperature of G@e, is ~128 K), 30 K for Th,Ge,,  type alloys exhibit the giant magnetocaloric effect around
40 K for DysGey, 21 K for HosGey, and 7 K for EEGe,. In their respective first-order magnetostructural phase transition
the GdSiGe,_, system, Holtzberget al? also found two temperatured?
extended solid solutions based on boths&gdand GdGe,, Of the eight possible EBi,Ge,_, systems, where R is
and a new ternary phase with an unknown crystal structureheavy lanthanide, the G8i,Ge,_, alloys are the most stud-
The discovery of the giant magnetocaloric effect inied to date. Over the last few years, several reports describ-
Gd;Si,Ge, (Ref. 10 triggered a widespread research of theing both the interaction of components and physical proper-
pseudobinary Gsbi,Ge,_, system. In 1997, Pecharsky and ties of compounds have been published fogSifGe, , by
Gschneidnét reported, and later Morelloet al!? and Pe- Morellon et al.,'>'® Huanget al.,'’ Ritter et al,'® Teguset
charskyet all3 refined the pseudobinary phase diagram. Atal.,’® Thuy et al,2%2! Yoa et al.?? and Leeet al.;2® and for
present, it is well established that the Si-rich alloys adopt th®y:Si,Ge,_, by Gschneidneet al?* and Ivtchenkoet al?®
orthorhombic GgSi,-type structure at room temperature Preliminary results have been also reported about some indi-
whenx=2.1 and that they order ferromagnetically on cool-vidual intermetallics, including Hi,Ge, by Thuy et al,?®
ing via a second-order phase transition. The intermediat&’bsSi, by Cerny and Alamdi-Yardf! and Yb,Ge, by Pani
solid solution alloys with 1.5x<2.1 crystallize in the and Palenzon#& Despite limited amount of available data, it
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is quite evident that systems with heavy lanthanides demoralloys were examined in the as-prepared condition, without
strate both similarities and differences when compared to thheat treatment.

Gd;Si,Ge,, alloys, thus pointing to a complexity of interac-  In addition to arc-melted buttons, in this study we exam-
tions between heavy lanthanides, germanium, and silicon ated nonoriented large-grain leftovers extracted from a
the R;T, stoichiometries. sample of E4Si, which has been used to prepare single crys-

Only a little research has been carried out on thetals by Bridgman technique. This alloy was first arc melted
ErsSi,Ge,_, system. Besides original reports by Smithal!  (both the Er and Si were of the same purity as mentioned
and Holtzberget al,? phase equilibria, electrical resistivity, above and then electron beam welded in a tungsten Bridg-
and thermal expansion of binary silicides of Er were reportednan crucible. The crucible was placed inside a tungsten
by Luzanet al2® but only above room temperature. Accord- mesh resistance furnace under a pressure ok &F* Pa
ing to Ref. 29, E4Si, forms peritectically at 2150 K and it and slowly heated to 1970 K. Then the chamber was back-
belongs to the SgGe,-type structure with lattice parameters filled with high purity argon to 2.& 10° Pa to equalize the
a=7.28,b=14.37, ancc=7.595 A at room temperature. On pressures inside and outside the crucible. The crucible was
the contrary, Kotur and Parasyifkclaim that they did not then heated to 2320 K, after which it was withdrawn from
observe the formation of E8i, at 870 K. Recently, Pechar- the heat zone at the rate of 8 mm/h. While some reaction of
sky et al3! and Mozharivskyjet al3? established that E®i,  the melt with the crucible walls was noted, x-ray powder
adopts the Ggbi,-type structure at room temperature. On diffraction indicated phase purity of the as-grown ingot. The
cooling, it transforms into the monoclinic G8i,Ge-type  samples described in this work were extracted from the
phase between 210 and 200 K while remaining paramagmniddle of the as-solidified ingot as scraps that remained after
netic, and the monoclinic polymorph of §5i, orders mag- cutting out specimens for other property measurements.
netically at ~30 K. Its magnetic ground state is complex  The crystal structures and phase compositions of the al-
showing a distinct ferromagnetic componéhficcording to  loys were characterized by x-ray powder diffraction. The
our preliminary temperature dependent x-ray powder diffracx-ray powder diffraction data were collected on a Rigaku
tion studies’® the magnetically ordered ESi, retains the TTRAX rotating anode diffractometer equipped with a wide
monoclinic GdSi,Ge-type structure down to~5 K in a  angle goniometer using M&a radiation between 8°-11°
zero magnetic field. In this respect, the silicide of erbium isand 50° of 2 with a 0.01° step. The crystal structures were
quite different from all other members of the extendedrefined in an isotropic approximation by using Rietveld
RsSi,Ge,_, family studied to date, where the ferromagnetictechnique’* The resulting profile residuald®,) were lower
order has been always associated with thgSpetype struc-  than 10% and the derived Bragg residud®s) did not ex-
ture. ceed 6%.

Here we report on the relationships between chemical Magnetic susceptibility and magnetization measurements
composition, crystal structure, magnetic, thermal, and magwere performed on a Lake Shore dc/ac magnetometer-
netocaloric properties of several pseudobinary alloys in thgusceptometer, model 7225. Temperature dependent ac mag-
ErsSikGe, system. As we will describe below, this system netic susceptibilities were measured between 5 and 320 K in
exhibits much greater deviations from the relatedan ac magnetic field with a 5 Oe amplitude and a 125 Hz
GdsSi,Gey alloys* 13 when compared to BSikGe; >  frequency in a zero bias dc field. Magnetization was mea-
and DySi,Ge,-,,2+?thus demonstrating that physical prop- sured as a function of temperature between 5 and 320 K in
erties of these intriguing &, family of materials can be various dc magnetic fields between 1 and 50 kOe. Isothermal
adjusted over a broad range of values. 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

A total of 13 alloys in the ESiGe,_, system withx  heat pulse calorimet& from ~3.5 to 350 K in various
varying from~4 to 0 were prepared by arc melting of sto- constant dc magnetic fields ranging from O to 100 kOe. The
ichiometric mixtures of pure components in an argon atmophase transition temperatures were determined from both the
sphere on a water-cooled copper hearth using high purityjnagnetic and calorimetric measurements. The magnetoca-
components. The Er metal was prepared by the Materialloric effect in terms of the isothermal magnetic entropy
Preparation Center of the Ames Laboratory and it waghange(ASy,) and the adiabatic temperature charidd .y
99.86 at. % (99.99 wt. %9 pure. The major impurities in was calculated from either or both magnetic and calorimetric
ppm atomic(and in ppm by weightwere as follows: O, 400 data as described by Pecharsky and Gschneffriér.

(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- EXPERIMENTAL RESULTS AND DISCUSSION

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 The room-temperature crystal structure of%y was con-

of each alloy did not exceed 20 g to ensure fast coolingfirmed using x-ray powder diffraction data collected from
Weight losses after the melting were in the range fromseveral different samples at ambient temperature and em-
0.3 to 0.5 wt. %, therefore alloy stoichiometries were as-ploying the crystallographic parameters obtained from the
sumed to remain unchanged after the preparation. All thaingle crystal structural investigation in Ref. 31. The refined

ALLOY PREPARATION AND CHARACTERIZATION

Erbium silicide: Er 5Siy
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TABLE |. Room temperature crystallographic data of selected compounds in {B&-ErsGe, pseudobinary system.

Unit cell dimensions

Structure Space

Composition type group a, A b, A c, A v, ° Reference
ErsSiy SmGe, Pnma 7.27 14.32 7.58 1
ErsSiy SmGe, Pnma 7.289 14.371 7.591 2
ErsSiy SmGe, Pnma 7.28 14.37 7.595 29
ErsSiy (1) GdsSiy Pnma 7.28386) 14.3631) 7.59436) 31
ErsSi,PC (1)2 GdsSiy Pnma 7.29313) 14.3741) 7.598Q3) d
Ers 0Si>C (11)2 GdsSiy Pnma 7.29273) 14.3741) 7.59733) d
ErsSiy© (I11)2 GdsSiy Pnma 7.294@6) 14.3741) 7.59735) d
ErsSi; 666 2 G0sSi,Ge P112,/a 7.36813) 14.4121) 7.57284) 92.9583) d
ErsSi; (G 4 G0sSi,Ge P112,/a 7.374%4) 14.4121) 7.57464) 92.96@3) d
ErsSis G&y 5 G0sSi,Ge, P112,/a 7.377713) 14.42Q1) 7.57863) 92.9482) d
ErsSi;Ge SmGe, Pnma 7.45283) 14.4431) 7.54583) d
ErsSi, Ge 5 SmGe, Pnma 7.45483) 14.4421) 7.54563) d
ErsSi, Ge 5 SmGe, Pnma 7.46713) 14.4511) 7.55173) d
ErsSi; o5& o5 SmGe, Pnma 7.48623) 14.4661) 7.56093) d
ErsGey SmGe, Pnma 7.54483) 14.515%1) 7.60813) d
ErsGe SmGey Pnma 7.51 14.41 7.59 1
ErsGey SmGe, Pnma 7.536 14.506 7.600 2

a8Sample | is the stoichiometric arc-melted alloy containin§ vol. % of ErSi_, impurity; sample |l is off-stoichiometric arc-melted alloy,
which is a single phase material within the sensitivity of x-ray powder diffraction analysis; sample Il is the stoichiometric Bridgman-grown
single phase material.

bDiffraction data were collected &t=300 K.

®During Rietveld refinement, a small yet measurable amount of the monoclinic polymorpgSif was also detecte(Ref. 33, but these
results are not included in the table, nor are they shown in Fig. 1.

4This study.

lattice parameters of EBi, are listed in Table | together with evaporation of the Er metal was substantial enough to shift
those reported previously in the literature and all of the othethe as-prepared EBi, alloy into the ErSj_,+ErSi, two-
ErsSi,Ge,_, alloys examined in the course of this study. Thephase region of the Er-Si phase diagréhConsistent with
results of Rietveld refinement for £3i, are in agreement this conclusion, is the x-ray powder diffraction pattg¢not
with our single crystal stud§t confirming that the 5:4 er- shown of the stoichiometric ErsSi, prepared using the
bium silicide belongs to the GBi,-type crystal structure and Bridgman techniguefrom now on called sample Ill, indicat-
not to the SmGe, type as was assumed earliéf® (the dif-  ing a single phase alloy because evaporative losses from a
ference between the SfBe,- and GdSi,-type structures has sealed crucible were indeed negligible. Its unit cell dimen-
been described by Pecharsky and Gschnelddgand by sions(Table |) deviate from those of both arc-melted mate-
Choeet al®9). rials by no more than two standard deviations, i.e., the dif-
The x-ray powder diffraction patterfFig. 1(a)] of the ferences in the unit cell dimensions of the three different
arc-melted stoichiometri€&rsSiy, hereafter called sample |, ErsSiy, samples, are statistically insignificant. A non-
clearly indicates the presence of a small amount of an impuregligible discrepancy seen between the three sets of powder
rity phase. The latter was identified as erbium monosilicidediffraction data(samples I, Il, and Iy and the unit cell di-
ErSi. The concentration of the latter in the as-prepare®iEr mensions determined in the course of single cry&ample
alloy is 5+1 vol. % as determined in the course of Rietveldl) investigatior! is likely related to a lower absolute preci-
refinement. Therefore, we prepared @fistoichiometric al- sion attainable in a single crystal diffraction experiment
loy, ErsosSis, henceforth referred to as sample I, in an at-when compared with the high resolution powder diffraction
tempt to obtain a single-phase material. As seen in Kig), 1 data.
no impurity phases) can be detected in this alloy within the For the arc-melted alloy, the dc magnetization d&igs.
sensitivity of the x-ray powder diffraction technique. The 2 and 3 indicate two phase transformations that occur in
unit cell dimensions of ErsSiy (Table ) show no statisti- ErsSiy, below room temperature. On cooling, a structural
cally significant differences when compared to those oftransitior?'-32is observed in the paramagnetic state between
ErsSi,. Considering the full occupancy of all sit¥swe con- 210 K to 200 K (Fig. 3, inse}l and a ferromagneticlike or
clude that E£Si, is a stoichiometric compound, and despite ferrimagneticlike ordering occurs in low magnetic fields at
small weight losses observed during the arc melting, the-30 K (Figs. 2 and R The structural transition is hysteretic:
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FIG. 2. (Color onling The dc magnetization of the arc melted

polycrystalline EgSi, alloy (sample ) 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 polycrystallines&l;. The short
vertical arrow in the inset indicates Néel temperature of ErSi, which
according to Ref. 40 iFy=11.5 K.

increase observed in thil 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 at
=2.16 K (Ref. 41)], and it is indicative of a magnetic field

10 15 20 o5 induced metamagnetic transition intrinsic tg&i. Although
Bragg angle, 26 (deg.) the low temperature magnetic structure ok%iy remains
unknown??>-44 available magnetic property data point to a
FIG. 1. (Color onling Fragments of the x-ray powder diffraction complex noncollinear arrangement of the magnetic moments
patterns of(a) the arc-melted ESi, alloy (sample ) and (b) the  of Er below 30 K in low magnetic fields.

arc-melted EgySiy alloy (sample 1). The points represent ob-
served data and the lines drawn through the data points correspon
to the calculated patterns. The differencés,s— Ycao are shown at
the bottom of each plot. The upper set of vertical bar&jrand the
only set in(b) represent calculated positions of Bragg peéka;
components onlyof the orthorhombic ESi,. 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 absencedlinof Bragg peaks at 2
=10.44° and 13.29° corresponding to ErSi impurity.

zation, M (ug/formula unit)

it takes place between 215 K and 225 K on heating, as illus-g

trated in Fig. 3, inset. The behavior of the ac magnetic sus-§, g |

ceptibility (Fig. 2, inset confirms the ferrimagneticlike na- g
ture of the low temperature magnetically ordered,S&r
phase and is consistent with gradually increasing coercivity
below the Curie temperature. A small amount of the antifer-
romagnetic ErSi(Ty=11.5 K?#° as indicated by a vertical
arrow in the inset in Fig. Rpresent in the arc-melted 45i,
may contribute to a broad anomaly gf. although as de-
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FIG. 3. (Color onling The dc magnetizations of the arc-melted
polycrystalline E¢Siy (sample ), ErsSi; sGe, 5 and EEGe, alloys as

scribed below(see Fig. 4, the anomaly itself appears to be functions of magnetic field measuredTat5 K. The vertical arrows
intrinsic to E&Si,. point to the onsets of the corresponding metamagnetic transitions.
The isothermal magnetization at 5(Kig. 3) remains far  The inverse magnetic susceptibility of polycrystalline %y mea-
from saturation in a 50 kOe magnetic field, reaching onlysured in a 20 kOe magnetic field during both cooling and heating is
~65% of the theoretically expected value assuming that thehown in the inset with the arrows indicating the direction of tem-
ordered magnetic moment of Er js=gJ=%g. The steplike perature change.
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nature of the magnetic ordering @=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. Phe tempera-
ture of the cusp, which is observed around 30 K in the 1 kOe
M(T) data, is suppressed 16=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
H=20kOe magnetic structure of the material. It is interesting to note
S 100 150 200 250 800 that the temperature of the broad anomaly observed at
T(K) ~12 K remains unaffected by magnetic fields of 20 kOe and
below. In magnetic fields higher than 30 kOe, téT) of
Er;Si, becomes consistent with the predominantly ferromag-
netic or ferrimagnetic arrangement of spins in the material.
0 50 100 150 200 250 The magnetic ordering temperatures and the Curie-Weiss
Temperature, T (K) parameters of EBi, are listed in Table II..Prgdlctany, the
structural change around 220 K has a significant effect on
FIG. 4. (Color onling The dc magnetization of the nonoriented the paramagnetic Curie temperature of the material. The
large-grain ESi, (sample 1) measured as a function of tempera- Monoclinic polymorph of the 5:4 erbium silicide has lower
ture in 1, 10, 20, 30, and 50 kOe magnetic fields during heating thé@@ramagnetic Curie temp_eratuf®p:19.6 K) when com-
zero magnetic field cooled specimen. The inset illustratesiitd ~ Pared to the orthorhombic polymorpt®,=30.3 K). The
behavior measured on heating in a 20 kOe magnetic field. lowering of ® indicates a weakening of exchange interac-
tions and is consistent with the notion that the presence of
For the single phase E3i, (sample Il), the magnetiza- covalentlike Sj dimers results in strengthening of magnetic
tion versus temperature is shown in Fig. 4. It was measurethteractions between the two-dimensional sk, The
using a randomly oriented apparently single-graindimers are found between every slab in theg&gtype (the
specimeff extracted from the material prepared usingorthorhombic polymorphand only between every other slab
Bridgman technique in order to clarify whether or not thein the GdSi,Ge, type (the monoclinic phage=° For both
lowest temperature anomaly is intrinsic tos&r. By com-  crystallographic modifications of the compound, positive
paring both Fig. 2 and its inset with Fig. 4, it is easy to seegparamagnetic Curie temperatures are indicative of the ferro-
that the lowest temperature anomaly arodndl2 K is still  magnetic or ferrimagnetic ground state of the material.
present in the low field dc magnetization of purg%y. In Consistent with the behavior of the magnetization, the
fact, it becomes much more pronounced when compared toeat capacity of the arc-meltedg5i, [sample |, Fig. )]
the sample shown in Fig. 2. The anomaly is, therefore, inalso displays two distinct irregularities. The low-temperature
trinsic to EgSi, and its correspondence with the Néel tem-\-type anomaly, which occurs at30 K in zero magnetic
perature of ErSi is coincidental. field, is transformed into a rounded peak by increasing mag-
Even though the orientation of crystallographic axes ofnetic field as expected for a second-order paramagnetic-
this specimen with respect to the magnetic field vector iferromagnetic(or ferrimagnetig¢ phase transformation. The
unknown, the data presented in Fig. 4 shed some light on thieigh temperature peak observed betwee210 K and

ErgSiy (sample Il1)

8

Magnetization, M (emu/g)
8 8

8

TABLE Il. Magnetic properties of selected compounds from thgSkrErsGe, pseudobinary system.

Tc or Ty (K)
Structure
Compound type FromM(T) From C,(T) 0, (K) Peff (up)? Reference
ErsSiy “SmsGey” 25 20 9.86 2
ErsSiy (1) GdsSiy 30.2 9.71° This study
ErsSiy (1) GdsSi,Ge,° 29 30 19.6 9.6 This study
ErsSiz Gey 5 Gd;Sih,Ge, 25 28 15.9 9.55 This study
ErsSi;Ge SmGe, 20 17 5.3 9.57 This study
ErsSi, sGey 5 SmsGey 18 12.3 9.39 This study
ErsSiy osGE> o5 SmsGey 17 17 13.9 9.56 This study
ErsGe, SmsGey 14 14,75 14.8 9.56 This study
ErsGey SmGey 7 10 9.73 2

aThe theoretical value of the effective magnetic moment for a fréé ign is 9.58ug.

bDetermined from the Curie-Weiss fit of the data measured on heating between 250 K and 310 K.
®The compound adopts this monoclinic crystal structure upon cooling beld@0 K.

dDetermined from the Curie-Weiss fit of the data measured on heating between 50 and 190 K.
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ErsSiy (sample 1) ' (a) ErsSi, (sample 1)
25 1 ) —e— H=0 ) '4."‘?«:.'" 1
< % 1] = Himice et
B 20 - > —— H=50kOe % «'{t%'t,':‘w’/
2 5 —— H=75kOe B
= & —O— H=90kOe ’
()_ 15 ] _ é; —
£ p 8 5-
g o , g
§ 101 3 —=— H=5KOe 38
= Q —A— H=10kOe g
2 5 ] —v— H=20kOe T e
0 1'0 2'0 30 4'0 50 """ 205 210 213(5K)220 225
T (K) 0 . . . . . . . .
0+ ' ' ' ' ' ' 0 5 10 15 20 25 30 35 40
0 50 100 150 200 250 300 Temperature, T (K)
25 _Er5Sl4 (sample lll) FIG. 6. (Color onling The low temperature heat capacity of
® H=0 large-grain E£Si, (sample 1) measured in various magnetic fields
g T Z:;g t& after zero-field cooling the sample t63.5 K. The inset clarifies the
g 201 v H=75kO0e behavior of the peak around 218 K.
= *
3& e . of the polymorphic transformation of E3i, is AS;
O 151 ' : =0.24 J/g at K.
%‘ Another unexpected feature is that the position of the
% 10 1 218 K heat capacity peak corresponding to the structural
o transition in the paramagnetic state is evidently influenced by
3 magnetic field, as seen in the insets of Figh)5and Fig. 6.
T 59 . , . , : = Both the peak and the underlying crystallographic-only
0 20 40 60 80 100 transformation are suppressed nearly linearly between 40 and
0 . . _ Magneticfield, H(kOs) __| 100 kOe at the rateT™dH=-0.058 K/kOe. To the best of
0 50 100 150 200 250 300 our knowledge, to date there have been no reports that the
Temperature, T (K) relatively weak(40 to 100 kO¢ magnetic field is able to

_ N measurably affect the temperature of a crystallographic tran-
FIG. 5. (Color onling The heat capacities ofe) arc-melted  jtion in the paramagnetic state approximately 200 K above
ErsSi, (sample ) and (b) large-grain EgSiy (sample 1l) measured 0 gpontaneous magnetic ordering temperature. Although
fcrgglqinwflf’ 0 30|0 K |n3 \E”a}goﬁl magnetic f'?ldi. aft‘;r Zberﬁ'f'?ld we do not have sufficient data to speculate on the mechanism
) g the samples to-3.5 K. The inset ir(a) clarifies the behav- g ;¢ phenomenon, we believe that it is related to both the
ior below 50 K, the inset inb) shows the magnetic field depen- | | lized maanetic moment of Er and presumably un-
dence of the peak corresponding to the structural transformatiory. 3¢, OCa1Z AgNet S pre y
(also see the inset of Fig).6 usqally strong spin-orbit coupling in th.e materla}l. We also
believe that the effect of the magnetic field on this polymor-
~240 K is magnetic field independent in this range of mag-phic transformation that does not involve magnetic order
netic fields, and is indicative of a first-order transformationshould be highly anisotropic because we did not observe a
despite the~40 K peak width. Both the behavior and loca- measurable change in the position of the heat capacity peak
tion of this anomaly are commensurate with the structuraln the polycrystalline ESi, (samples | and )lin magnetic
transition observed in EBi, in this temperature rangg.A  fields as high as 75 kOgee Ref. 31 and Fig.)5
minor broad abnormality observed around 11 K in the zero The behavior of the heat capacity in the vicinities of both
field heat capacity is in line with the ac magnetic susceptithe low temperature and the high temperature anomalous re-
bility data and it may be slightly enhanced by the presence ofions is clarified in Fig. 6. Consistently with the magnetiza-
ErSi impurity. tion data, a broad bump around 11.5 K remains field inde-
For the single phase large-grainsGi, (sample Il), the  pendent as long as the magnetic field is 50 kOe or lower.
heat capacityfFig. 5b)] is in excellent agreement with all When the field reaches 75 kOe and greater, however, it in-
the results that have been already described above, exceices an additional heat capacity peak suggestive of a meta-
that the anomaly at218 K corresponding to the structural magnetic transition, which rapidly and nearly linearly
transformation narrows and clearly becomes a single pealdT/dH=0.32 K/kOg moves towards high temperature as
instead of a double peak structure seen in Figy.BAfter  the magnetic field increases. Thus, this new peak occurs at
subtracting the baseline heat capacity between 190 K and 18, ~23, and~26 K in the 75, 90, and 100 kOe magnetic
240 K determined by a third order polynomial approxima-fields, respectively. Both the appearance and the behavior of
tion of the data from 150K to 190 K and from this peak resemble closely that observed in polycrystalline
240 K to 250 K and corresponding integration, the entropyGdsGe, (Ref. 8 except for the difference in the critical mag-
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24 Erg;Si, (sample Ill) | ErsSi, (sample lll)

(b)
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FIG. 7. (Color onling The
magnetocaloric effect of E®i,
(sample 1) calculated from heat
capacity data: the isothermal mag-
netic entropy changéa) and the
adiabatic temperature change).
The values shown near the curves
indicate the final magnetic field.
The initial magnetic field was 0 in
all cases.
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netic fields: the field-induced heat capacity anomaly appearshange from the orthorhombic g8, type to the monoclinic
at 20 kOe in G¢gGe,, while it only becomes apparent at GdSi,Ge, type. The monoclinic structure is preserved at
75 kOe in EESi,. It is quite feasible, therefore, that this be- room temperature from the £i; G&, ; to ESi; sGe, 5 Sto-
havior is reflective of a previously unknown magnetostruc-ichiometry, and an x-ray powder diffraction pattern of the
tural transition that occurs in E3i, in this range of tempera- latter composition is depicted in Fig. 8. The lattice param-
tures and magnetic fields. eters of several alloys from this region are listed in Table I.
The magnetocaloric effect of E3i,, calculated in terms According to x-ray powder diffraction data little, if anigee
of both the extensive(the isothermal magnetic entropy Fig. 8), to a few vol. % of the orthorhombic Er&e, _, im-
change, AS,) and intensive (the adiabatic temperature purity phase can be found in the as-prepared alloys from this
changeAT,y variables from the heat capacity data, is shownphase region.
in Fig. 7. At and above~30 K, the MCE remains positive Considering magnetic properties of;Bi; G&, 5 as an ex-
even for the lowest magnetic field change of 0 to 10 kOeample representative for this phase region, both the dc mag-
thus supporting a notion about the presence of a ferromagzetization and ac magnetic susceptibility measuremeiids
netic signature in the ground state o£&r,. The small nega- 9) indicate antiferromagneti¢or ferrimagneti¢ ordering at
tive MCE observed below30 K in a 10 kOe field is indica- ~25 K. The paramagnetic Curie temperature of3ty:-Ge) 5
tive of a complex magnetic structure. As the upper magneti¢Table Il) is positive and the effective magnetic moment is
field increases from 10 to 100 kOe, the main MCE peaknearly identical to that of the free Erion.
remains aff=30.4 K, which is consistent with a second or-
der ferromagnetic ordering in a zero magnetic field and this | Er5Siz 5Geg 5
peak represents a conventional contribution to the magneto & Mo Ko radiation
caloric effect. When the magnetic field reaches and exceed § 20 | . Rp,=80%;Rg=36%
75 kOe, the newAS,, peaks are induced at 16.7, 22.1, and Q2 } ;
25.7 K, and the newAT,4 peaks occur at 11.8, 15.0, and 2 5 | i
17.5 K in 75, 90, and 100 kOe magnetic fields, respectively. 5 .
The magnitudes of these additional peaks increase with the 3 49 | P B :‘4! F
increasing field faster than the magnitudes of the main MCE '@ T g8 ik & I .
peaks, which is similar to the behavior of the magnetocaloric £ s - T 1 A I i el 4
effect in GdGe,,*” where a first order magnetostructural ~— . i LRl
transition is induced by a magnetic field at low temperatures. 0 =11t 101 BN 1N TEEEEE S|
Without additional crystallographic data, we can only specu-
late that since below-200 K ErSi, adopts the monoclinic
Gd;Si,Ger-type crystal structure in both the paramagnetic
and magnetically ordered states, the high magnetic fields
(greater or equal to 75 kQeinduce a transition to the

GdsSis-type structure, which is coupled to the ferromag- kG, 8. (Color onling A fragment of the x-ray powder diffrac-
netism of the material, just as it happens in Ge-richtion pattern of the ESi;<Geys alloy. The points represent ob-
GdsSiyGey alloys®12 served data and the line drawn through the data points corresponds
to the calculated pattern. The differendg,s— Ycao IS Shown at the
bottom of the plot. The set of vertical bars represents calculated

Upon substituting as little as 2.5 at. % of Ge for Si, the positions of Bragg peakgor bothK «; andKa, componentgof the
room temperature crystal structures of theItiGe,, alloys ~ monoclinic EgSis Gey s,

10 15 20 25
Bragg angle, 26 (deg.)

Intermediate phase: ESi; Gey 1 t0 ErsSiz Gey 5
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150 -
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g S 5 —#— 0-20k0e
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FIG. 9. (Color online The dc magnetization of E®i3:Geys FIG. 11. (Color onling The isothermal magnetic entropy change

measured as a function of temperature in 2, 10, 20, and 30 kOm Er;Si; sGey 5 calculated from both heat capacitgolid circles
magnetic fields. The inset shows the behavior of the ac magnetiand magnetizatioriall other data poinjsmeasurements. The inset
susceptibility of E¢Si; sGey s, illustrates the adiabatic temperature change for 0 to 50 kOe mag-

netic field change calculated from heat capacity data.
The low temperature heat capacity measured in a zero

magnetic field, which is shown in Fig. 10, displaya.dype

anomaly with a maximum at 28 K indicating that the mag-
netic ordering in B4Si; sG&) 5 is a second-order phase trans-
formation. Additional weak heat capacity anomaly observe
around 10 K in a zero magnetic field is consistent with the

anomalous behavior of the magnetization Ta= 10 K in . : ;
L . ) saturation value of Bz per Er atom in a 50 kOe magnetic

2 kOe and.lo kOe magqeﬂc fields, see F|g. 9 Neither theﬁeld. Unlike in the pure ESi,, a 75 kOe magnetic field does

heat capacity nor magnetic measurements indicate any othgpy jnquce an additional low temperature transformaspn

f[ran5|t|ofns be(tjvv_eeﬁ4 K and ~2325& lé Theﬁ)—tz 86 anomaly as can be concluded from the absence of any additional heat

IS transiormed Into a cusp at ya e magnetic capacity peaks in EBi; sGey 5 It is feasible, however, that

field, which also points _to an antiferromagnetic ground Stat‘?nagnetostructural transitions may be induced in this phase
of the material. Magnetic fields exceeding 10 kOe, however

- > . region by magnetic fields greater than 75 kOe. The magne-
suppress the magnetic contribution to heat capacity belo“é’ocaloric effect of EsSi {G&, s shown in Fig. 11 is moderate
the zero magnetic field magnetic ordering temperatilizg ' ' '

and it is slightly smaller than that of ESi,.
but broaden and increase it immediately above the zero mag- gnty 53ls

netic field Ty, which is typical of ferromagnetic behavior.

These features are in agreement with the isothermal magne-
tization of EgSi; Gey s measured al=5 K (Fig. 3), which
hows a metamagneticlike transformation with a critical
agnetic field around 11 kOe.

The magnetic moment remains near 60% of its expected

Erbium germanide: ErsGe, and the corresponding
solid solution

Beginning from the EjSi;Ge stoichiometry and ending
with the 5:4 erbium germanide, the as-prepared alloys crys-
tallize in the SrgGe,-type structure at room temperature,
thus making it the most extensive solid solution region in the
ErsSi,Ge,_, system. The alloy with the E®i; ,Ge&, g compo-
sition contains both the monoclinic G8i,Ge,-type and the
orthorhombic SnGe,-type phases, thus indicating that a nar-
row two-phase region separates the intermediate monoclinic
- %‘Ege phase and the EBe,-based solid solution in this system.
—~— 20kOe Since the boiling temperature of G830 °Q is consider-
—v— 50 kOe ably lower than that of S{3145 °Q and it is slightly lower
o L& ' . ' . _0_' 75kOe than the boiling temperature of E2868 °Q, losses of Ge

0 10 20 30 40 50 60 70 due to evaporation begin to exceed losses of Er during the
Temperature, T (K) arc meltlng,_and a small amout-5 vol. % acc_:ordlng to
Rietveld refinement of ErsGe; phase forms in the as-

FIG. 10. (Color onling The low temperature heat capacity of prepared EGe,, see Fig. 12. The unit cell parameters of
ErsSi; Gy s measured in 0, 10, 20, 50, and 75 kOe magnetic fieldsseveral alloys from this extended solid solution region are
after zero-field cooling the sample 3.5 K. listed in Table I.

15

ErsSiz sGeg s

12

Heat capacity, Cp (J/g-at K)
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[2]
o

Er5Ge4

Mo Ko radiation
Rp =8.6%; Ag=4.9%

(3]
o

»H
o
L

n
o

Intensity, Y (102 counts)
> 8

o
Heat capacity, Cp (J/g-at K)

15 20 25 0 10 20

30 40 50
Bragg angle, 20 (deg.) Temperature, T (K)
FIG. 12. (Color onling A fragment of the x-ray powder diffrac- FIG. 14. (Color onling The low temperature heat capacity of

tion pattern of the BGe, alloy. The points represent observed data Er;Ge, measured in 0, 20, 50, and 75 kOe magnetic fields after
and the line drawn through the data points corresponds to the cakero-field cooling the sample t63.5 K.
culated pattern. The differenc¥yp— Ycao IS shown at the bottom

of t_hg plot. The upper set of vertical bars represents calculateglyq anomaly at~7.5 K, which is not seen in the magnetiza-
positions of Bragg peakéboth Ka; andKa; componentsof the  tinn gata, likely due to the lack of available experimental
orthorhombic EfGe,;, and the lower set of vertical bars indicates data points. Considering that the magnetic ordering tempera-
the same for EfGes, which belongs to the hexagonal MBistype  1ra of the E¢Ge, impurity is 38 K8 this heat capacity cusp
structure. seems to be intrinsic to E&e,, however, more detailed in-
vestigations are needed before its nature is better understood.
The dc magnetization measurements indicate thaBehavior of the heat capacity in nonzero magnetic fields is
ErsSi;Ge (Fig. 13, ErsSip sGey 5, ErsSiy 05G&, 05 and EEGe;,  consistent with the isothermal magnetization ofG, mea-
(Fig. 13 order antiferromagnetically at20, ~18,~17, and  sured atT=5 K (Fig. 3), which shows a metamagneticlike
~14 K, respectively. The Curie-Weiss parameters of thesgansformation with a critical magnetic field around 6 kOe.
three alloys are found in Table Il. For d&e,, they are in fair Similar to the other ESi,Ge,_, alloys, the magnetic mo-
agreement with those reported by Holizbetgal” The low  ment of ExGe, is about 60% of its expected saturation value
temperature heat capacity ofsEre, is shown in Fig. 14. The  of 94, per Er atom in a 50 kOe magnetic field. The magne-
A-type anomaly, observed in a zero magnetic field aroundocaloric effect in the germanid&ig. 15 is moderate and its

14 K, corresponds to the cusp observed at the same tempefigaximum value is nearly the same as that of the 5:4 erbium
ture in the low magnetic field dc magnetization data and itsjjlicide.

indicates that the transition is second order. Zero magnetic

field heat capacity of EGe, also displays additional cusp- 18 70— 0-10K0e 5 - ErG
< —=— 0-20 kOe . 5384
D 16 {—— 0-30 kOe )
—o— ErgSizGe, 2 kOe i,‘ —v— 0-40 kOe sl
140 1 —o— ErgSiaGe, 10 kOe < 4 1—— 0-50k0e 3
- —s— ErgSi3Ge, 20 kOe (2 12 ] —— 0-50 kOe (from Cp) ':] 2 1
2120 1 —— ErsSizGe, 30 kOe 5 10 1
E 100 —e— Er5Gey, 2kOe 3
s —= ErgGey, 10 kOe T 81 10 20 30 40 50 60
= 804 —a— Ers5Gey, 20 kOe 2 5 T(K)
S ErsGey, 30 kOe =
T Q 41
N 60 L
E g 2
g 40 g o]
20 -2 T T T r r
0 10 20 30 40 50 60
0 Temperature, T (K)
0 10 20 30 40 50 60
Temperature, T (K) FIG. 15.(Color onling The isothermal magnetic entropy change

in ErsGe, calculated from both heat capacitgolid pointy and
FIG. 13. (Color online The dc magnetization of EBi;Ge and  magnetizatior(all other data poinjsmeasurements. The inset illus-
ErsGe, measured as a function of temperature in 2, 10, 20, andrates the adiabatic temperature change for 0 to 50 kOe magnetic
30 kOe magnetic fields. field change calculated from heat capacity data.
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CONCLUSIONS Gd;Si,Gey, system, where both the crystal and magnetic
. lattices are not only coupled but they are easily affected b
Although at present we do not have enough experiment y P 4 y y

g 3 elatively low magnetic fields over a broad range of concen-
data to propose even a preliminary composition-temperaturg oions

diagram in order'to summarize ph.ase relationships and mag- an intriguing observation that magnetic fields as low as
Eetr:sm_ of the EgS'XGe“aKf?yStem’r:t IS cl_ea_: thatrt1he magnetic 44 koe may affect the temperature of the crystallographic-
ehaviors are more different than similar when compared, . yansformation from the paramagnetic monoclinic
with the GdSi,Ge,_, system. Bo'gh systems are anal_ogous 'nEr58i4 to the orthorhombic GgSi,-type polymorph, which is
that there are two structurally d'ffere'f“ orthorhomblc phase%dso paramagnetic, is likely related to large localized mag-
(GEr5§_|4 bandd th% EgGeﬁJbasedd Sl%lld lsqlunonh' \;]S the  hetic moments of Er and to unusually strong spin-orbit cou-
dSi;-based an Gﬁse“’. ased sold so utionswhich are ling. Its understanding requires further experimental and
separated by the monoclinic phase region. Furthermore, suliieqetical studies. It is also important to emphasize that

stituting Si by Ge has similar effect on the room temperaturqnany of the as arc-melted £5i,Ge,_, alloys can contain
crystallography in both systems: increasing the concentratiogma” amounts of impurity ErgBél_x o)r( ErSi,Ges_, phases,

of Ge results first, in thellqss of one-half of the, Simers which may somewhat affect both the observed behavior and

between the slabgnonoclinic phaspand second, all of the o interpretation of the data.

gteglat;) dedlﬁ:%rs Im' the EyGerbased and in the Note added in proofAs follows from recent quantitative
dGey-base Sold so utl_ons. . " x-ray powder diffraction analysi®, only ~40 mol.% of the
The most S|gn|f|cant. dlffe_rences, in addl_tlon to the exten onoclinic EESi, is converted into the orthorhomobicdSi

of the three phase regions in paramagnetic state, are as f hase during slow heating between 190 and 240 K. The en-

lows: first, the magnetic ordering temperatures of; - : :

. ; py of the corresponding polymorphic transformation,
ErsSi,Ge, alloys are much lower than those of §84Ge€«  herefore, should be increased from the mentioned above
alloys; second, the magnetic ordering temperatures show 24 J/g at K t0~0.6 J/g at K

weak dependence on the compositioa., on the value oX)

in the Er-based system and the magnetic structures appear to
be quite complex; third, in all the studied5i,Ge,_, alloys,

the magnetic ordering is decoupled from the crystal lattice in The authors thank D. C. Kesse and J. L. Anderson for
low magnetic fields; fourth, it appears that in magnetic fieldstheir help in preparing some of the §Si,_,Gg, alloys. This
lower than~80 kOe, a magnetostructural transition is ob-work was supported by the Office of Basic Energy Sciences,
served only in E4Si,; and fifth, the magnetocaloric effect in Materials Sciences Division of the U.S. Department of En-
the EgSi\Gey, system is much lower than that in the ergy under Contract No. W-7405-ENG-82.
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