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Nature of the first-order antiferromagnetic-ferromagnetic transition
in the Ge-rich magnetocaloric compounds Ge(Si,Ge;_,) 4
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We report that the first-order antiferromagnetic to ferromagnetic transition in the Ge-rich magnetocaloric
compound GglSiy1Ge&) o), is associated with a structural phase transformation from a high-temperature
Gd;Ge,type Pnmato a low-temperature G&i,-type Pnmaorthorhombic structure. This magnetostructural
transition can be triggered reversibly by application of an external magnetic field, resulting in strong magne-
toelastic effects above the transition. The revised magnetic and crystallographic phase diagram for the
Gds(Si,Ge, _,) 4 series is proposed.

. INTRODUCTION of the adiabatic temperature change it sG&, 5, Show
a smaller magnetocaloric effettthe Gd(Si,Ge,_,)4 Sys-

A giant magnetocaloric effedtMCE) has been recently tem offers a rather unique scenario where a close relation
discovered in the GfSi,Ge, _,)4 pseudobinary system with between crystallographic and magnetic degrees of freedom
x=<0.51"®making these alloys potential candidates for mag-eads to the rich phenomenology described. Therefore further
netic refrigeration in the range 20—290 K* The compo-  experimental and theoretical studies may be of great signifi-
sition range 0.24x=<0.5 is of special interest since the cance and future impact.

MCE is related to a first-order phase transition from a high- The aim of this contribution is to gain new understanding
temperature paramagnetic to a low-temperature ferromacjf'l” the nature of the first-order antiferromagnetic-
netic state, at temperatures ranging from 130%=0.24) to  ferromagnetic transition in the Ge-rich magn_etocalorlc com-
276 K (x=0.5)2 A recent study of the GfiSiy 4:G€, 50, al- pounds.GgKS|xG_el_X)4. We report a mag.netlc and crystal-
loy has revealed that on cooling this transition is associatelfdraPhic experimental study of the G8i,Ge ), alloy,
with a first-order structural transition from a monoclinic 9€monstrating that the transition in question occurs simulta-
(paramagnetic, space groiL12/a) to an orthorhombic neously with a crystallographic transformation between two

(ferromagnetic, space grol®nma symmetry® The follow- Pnma orthorhombic structureghigh-temperature Ggbe,

ing detailed crystal structure determination of both ortho-tyloe o a low-temperature G8l type). A comparison with

thombic and monoclinic phases in a £, :Ge, ). single the crystallographic and magnetic behavior of the rest of the

. ! . eries will be made, and a revised magnetic and crystallo-
crystal was carried out in Ref. 6. This magnetostructuragraphiC temperature-composition phase diagram for the

transition can pe ir_lduced reV('arsib'Iy by application of an eXGd(Si,Ge,_ )4 magnetocaloric materials is proposed.
ternal magnetic field, resulting in strong magnetoelastic

effects and a giant negative magnetoresistaht@herefore
these alloys are also attractive in view of their potential tech-
nological applications for magnetostrictive/magnetoresistive
transducers. The alloy with nominal composition G@i, 1G&, o) Was

The magnetic behavior of the Ge-rich compounds withsynthesized by arc melting of 99.9 wt% pure Gd and
x=0.2 differs from the aforementioned and also from that99.9999 wt % pure Si and Gell elements purchased from
found in the Si-rich x>0.5) region. The magnetic phase Alfa Aesar® under a high-purity argon atmosphere. Weight
diagram and a comprehensive room-temperature structurédsses during melting were negligible and therefore the ini-
characterization can be found in Ref. 9. Both Ge-rich andial composition was assumed unchanged. The quality of the
Si-rich alloys crystallize in the orthorhombic systdepace sample was checked by x-ray diffraction and scanning elec-
group Pnma and earliel® were thought to have the same tron microscopy. The room-temperature x-ray pattern con-
crystal structure. Nevertheless, the Si-based compounds afiems the presence of an orthorhombic main phé2ema
ferromagnets(second-order para-ferromagnetic transitjon with the unit-cell parameters a=7.6887(1)A, b
while the Ge alloys order antiferromagneticallyor =14.827(2) A, andc=7.7785(1) A, in good agreement
ferrimagnetically at Ty=125K (second-order para- with those reported in Ref. 9 for similar compositions. A
antiferromagnetic transitionand then experience a further minor amount of a secondary phase has also been detected
first-order transition to a low-temperature ferromagneticand indexed as hexagonal £8i, Ges;. This secondary
state? This transition ranges linearly fronTc=20K (x phase was also seen by scanning electron microscopy but the
=0) to =120K (x=0.2). Interestingly, a giant MCE has observed regions were too narr@w2 um) for a quantita-
also been observed at this transitfodespite its entirely dif- tive composition determination by electron-beam microprobe
ferent magnetic origin. Although recent direct measurementanalysis. The ac magnetic susceptibility was measured using

II. EXPERIMENT
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FIG. 1. ac magnetic susceptibility{) of Gds(Siy :Ge&y.0)4 as a 7.30 — : : : : : :
function of temperature. The different magnetic phase transition 40 80 120 160 200 240 280
temperatures are indicated: On heating, the system undergoes TEMPERATURE (K)

first-order ferromagnetic-to-antiferromagnetic transitio giand a

subsequent second-order transition to the paramagnetic stiie at FIG. 2. Thermal dependence of the lattice parametelssed
The inset shows magnetization isotherms up to 12 T at selectegymbolg andM3-M3, M3=0.1 SH0.9 Ge at site 8, interatomic
temperatures. distance(open symbol of Gds(SiyGey 9 as obtained from the
Rietveld analysis of the x-ray powder-diffraction patterns. The
orthorhombic space groupnmaremains unchanged through the
magnetostructural transition. The lines are a guide to the eye.

a commercial(Quantum Designsuperconducting quantum
interference devicéSQUID) magnetometer with an excita-
tion field of 1 Oe(peak valug at a frequency of 10 Hz.
Magnetization isotherms were measured in a vibratingmagnetic Tc<T=85K<T)),
sample magnetomet€vSM) (Oxford Instrumentsup to 12 =140 K>T),). In the antiferromagnetic phase, the ferromag-
T. Step-scanned (step siz€.02°) powder x-ray-diffraction netic state can be reached by application of an external mag-
patterns were collected at selected temperatures ranging fronetic field through a first-order field-induced metamagnetic
30 to 300 K using a D-max Rigaku system with rotating transition. Also, as can be observedTat 85K, there is a
anode using CuKa; , radiation coupled to a helium flow rapid increase in the magnetization at low fields, suggesting
cryostat between 20° and 8(2¢). The pattern profiles were the presence of a ferromagnetic component. This has not
analyzed using the Rietveld refinement programLPROF  been observed ix=0.08 and a contribution from the
(Ref. 12 with the lattice and atomic parameters determinedGds(Si, Ge; impurity phase is unlikely since this orders at
at room temperature in Ref. 9 as starting values. Lineafower temperature¥ A possible explanation could be the
thermal-expansion and magnetostriction measurements wegkistence of an additional field-induced process along some
performed using the strain-gauge technique in a supercompecific direction, which would suggest that the antiferro-
ducting coil that produces steady magnetic fields of up tanagnetic phase is a complex canted ferrimagnetic structure,
12 T. as pointed out in Ref. 13 and as observed inGll (Ref.
15) and ThGe,.'® Further experimental studies are needed to
confirm this point. The metamagnetic transition to the ferro-
magnetic state shifts with field to higher temperatures at a
The ac magnetic susceptibility of the 8i,:Gey 9,  rate of=3.7 K/T. This value is in agreement to that obtained
sample in the temperature range 50—150 K is displayed iin x=0.081* =3.4 K/T, and is also quite similar to that
Fig. 1. The measurement was performed increasing the tenobserved in the 0.24x<0.5 alloys[e.g., 4.3 K/T inx
perature after the sample had been zero-field cooled down t& 0.432 4.5 K/T in x=0.45° and 5.5 K/T inx=0.5 (Ref. )]
5 K. An abrupt transition is clearly observed B¢=81K  despite its different magnetic origin, i.e., AFM-FM ix
(value taken at the maximum slgpe good agreement with <0.2 versus PM-FM in the 0.24x<0.5 range. This moti-
the expected first-order magnetic transition from a low-vated a more detailed structural study by x-ray powder dif-
temperature ferromagnet{EM) ground state to an antiferro- fraction in the 30-300 K temperature range to probe the
magnetic(AFM) phasé The latter transforms into the para- possible existence of associated structural effect&.at
magnetic state(PM) at a second-order transition &ty Figure 2 shows the temperature dependence of the lattice
=127K, seen as a small anomaly in the ac susceptibilityparameters of GfSi; Gy 94 In the whole temperature
The behavior of the ac susceptibility as a function of tem-range, the x-ray patterns were refined in the sdPnena
perature follows quite closely that reported in Ref. 13 for aorthorhombic space group. No significant change in the unit-
similar composition x=0.08). To illustrate the different cell parameters was observed Bf. In contrast, abrupt
magnetic character of each phase, we have included as @hanges are clearly seen when cooling throligh Aa/a
inset in Fig. 1 magnetization isotherms in each relevant tem=—1.6%, Ab/b=+0.3%, andAc/c=+0.7%. There is a
perature range, i.e., ferromagnetit={ 50 K<T.), antiferro-  remarkable resemblance with the structural transition in the

and paramagnetic T(

Ill. RESULTS AND DISCUSSION
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TABLE I. Space group, lattice parameters, unit-cell volume, 1400 v rmw e
fractional atomic coordinates, average thermal factor, and reliability 17007' B ]
factors(as defined in Ref. )2of Gds(Siy 1Gey 94 at 30 K (GdSiy, - (a)
type) and 100 K (GgGe, type). Numbers in parentheses indicate ~ 1000] 120K ] 2
standard deviation of the last dighl =0.1 Si+0.9 Ge. 2 o | f
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0.9511 0.9571 FIG. 3. X-ray powder-diffraction patterns of @&iyGe) o, at
y 11 11)
z 0.4862) 0.48Q2) 30 K (a) and 100 K(b). Both observed and calculated patterns are
B,, (A?) 0.1211) 0.1412) included for comparison, and their difference. The allowed Bragg
R /;’ (%) 6.2/7.9 6.6/8.3 reflections for the main 5:4 phase and the secondary hexagonal 5:3
Rgrag:/g%)) 6:1 ' 6..5 ' phase are indicated at the top of the figures.
2
X 1.2 1.3

huge increase 0&34% is observed, reflecting indeed the
changes in the atomic environment. Preferred orientation
x=0.45 (Ref. 5 and thex=0.5 alloysS i.e., when cooling along the[100] direction has been detected and accounted
the sample the main lattice change is also seen as a drastiaring the refinements. We have obtained a textured fraction
reduction in thea axis, that cannot be fortuitous. Neverthe- of the sample of 20% at 100 K and 12% at 30 K. In the
less, we must point out that, unlike tlxe=0.45 andx=0.5  experiment, the powder was mixed with a low-temperature
alloys, here the symmetry remains unchanged through th@aste(Apiezon-T) to minimize the texture effects and ensure
transition A similar unit-cell behavior also occurs at room a good thermal contact. Nevertheless, a compromise with the
temperature upon the change in chemical composition fromather large background observed in the diffraction profiles
the Si- to the Ge-rich compoundshe Rietveld-refined lat- due to the amorphous contribution from this paste had to be
tice parameters and fractional atomic coordinates at two seeached. We have confirmed that this texture introduces er-
lected temperature§,=30K<T; and Tc<T=100K<Ty, rors in the refined atomic coordinates and thermal displace-
are listed in Table |. The comparison of the observed andnent factors(the Si/Ge distribution in each of the thréé
calculated x-ray-diffraction patterns at both temperatures isites has been constrained to the nominal 10% Si and 90%
shown in Fig. 3. Our results indicate that the low- Ge). In consequence, our results, although qualitatively cor-
temperature crystallographic phase is quite similar to theect, should be regarded as preliminary. A detailed crystal
GdSi,-type one reported for the Si-richxt0.5) alloys®  structure determination by single-crystal x-ray diffraction is
Furthermore, according to Pecharsky and Gschnefiitie, thus strongly required. At 90 K, coexistence of both crystal-
largest change in the interatomic distances in@wg-based lographic phases is observed, in agreement with the first-
compounds compared to the £5i,-based ones at room tem- order character of the transition. Our results demonstrate that
perature occurs in the vicinity of the M3 atom at the: §ite,  the observed first-order AFM-FM phase transition in the Ge-
M =xSi+ (1—x)Ge. In the GgGe-based compounds, the rich (x<0.2) Gd(Si,Ge; ), materials takes place simulta-
M3 atom loses the othévl3 as nearest neighbors, which is neously with a structural transformation from a high-
exactly what is seen in GBiyGeygs When heating temperature orthorhombic @@8e,-type Pnmastructure to a
throughT. . This has been illustrated in Fig. 2 by plotting the low-temperature orthorhombic GSi,-type Pnmaone.

M3-M3 interatomic distance as a function of temperature. A An important question would be whether this magneto-
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structural transition can be induced reversibly by the appli-
cation of an external magnetic field. Magnetostriction iso-
therms at selected temperature$=(70 K<Tc, Te<T  |apel different magnetic phases a@(l), M, and O(ll) denote
n 110KR<Ty;, T:_ 140_ K>Ty) along th_e applle_d magnetic different crystallographic structures, as defined throughout the text.
field are shown in Fig. 4 together with the linear thermalye yransition temperatures have been taken from Refs. 2 and 9;
expansion in the 50-150 K temperature raiigsed mea-  y— o 45 from Ref. 5, and=0.1 from the present work. The solid

sured along the same direCtion-' No significant.magnetoela%e indicates a first-order magnetostructural phase boundary.
tic effects are observed except in the AFM region. It can be

seen that at a certain critical field the lattice expands by th&d;(Si,Ge, _,), materials, see Fig. 5. The different magnetic
same amount as the observed spontaneously @) as a  transition temperatures have been taken from Refs. 2 and 9,
function of temperature &k, A1/1=0.16% (see the ins¢t  together with our data fox=0.45> andx=0.1. The differ-
It should be noted that this change in the lattice, when coment magnetic phases have been indicated as before: PM
pared with the x-ray resultésee Fig. 2, reflects a strong (paramagnetl; FM  (ferromagnetiy, —and  AFM
texture, probably in a plane containing predominafitignd  (antiferromagnetic/ferrimagnelic Following the notation
c axes, of the fragment of the sample used for these measurased in Ref. 9,0(1), M, and O(ll) stand for the different
ments. This texture is inherent in the sample preparatiorrystallographic phase€(l) is a GdSi,-type Pnmaortho-
method used and, although minimized, has also been dehombic structureM denotesP11214 monoclinic, andd(ll)
tected during the x-ray-diffraction refinements as explainedhe GdGe,-type Pnmaorthorhombic structure. In the 0.24
previously. =<x=<0.5 region, the magnetostructural transition is an
From the thermal dependence of the critical field, we carO(l)«— M transformatior?. It is noteworthy that the ground
estimate an averaged val(iecreasing and decreasing figld state for all the GeSiGe_,), compounds is the
of dTc/dH=3.7(1) KT in very good agreement from that Gd.Si,-type orthorhombid®nmaferromagnetic phasg-M-
obtained from magnetization. Consequently, these results irg(l)]. Therefore we can conclude that despite the different
deed demonstrate, that the observed magnetostructural trafragnetic origin of the observed transitions, a giant MCE and
sition atT can be induced reversibly by an applied magneticmagnetostrictiorfand most likely giant magnetoresistance as
field, which is in agreement with the specific heat data forreported  for some  room-temperature  monoclinic
x=0.08 in Ref. 13. In addition, we may predict that if a compositiony’® are obtained when crossing the low-
single crystal of this composition were grown and measuredemperature first-order phase boundary toward the ground
along thea axis, a giant magnetoelastic effect as large asstate, indicated as a thick solid line in Fig. 5. Regarding the
A1/1=1.6% could be achieved by application of a magneticcorrelation between crystallographic and magnetic phases, it
field in the AFM phase. This would be one of the largesthas been proposed that the presence or absence of covalently
reported reversible magnetoelastic effect, only comparablbonded SiGe)-Si(Ge) pairs has the most important impact
with that found in, e.g., MnAS! TbMn,,*8 and quite recently on the Ruderman-Kittel-Kasuya-Yosida interaction between
in Ni,MnGa (6.1% at room temperatur& Similar values the Gd ion$ More specifically, these authors have suggested
also associated with a change in the crystal structure haudat the number of covalent bonds decreases fron®theto
been reported in a DyGusingle crystaf® although in this  theM, and from theM to theO(Il) phase, thus decreasing the
case the effect is irreversible. number of the conduction electrons available. This, in addi-
Based on the experimental results presented so far, we caion to the corresponding decrease in the cell volume, leads
propose a revised magnetic and crystallographido a strong increase in the Fermi wave vector, therefore ex-
temperature-composition  phase  diagram  for  theplaining the change in sign of the exchange interaction in the

FIG. 5. Magnetic and crystallographic temperature-composition
phase diagram of the G®i,Ge, _,), materials. PM, FM, and AFM
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O(ll) phase. Although this simple picture is quite satisfac-sociated with a structural transformation from a high-
tory, it might be argued that other effects could be of impor-temperature Gge-type Pnma to a low-temperature
tance. For instance, the role of the Gd Blectrons in the  Gd;Si,-type Pnma orthorhombic structure. The revised mag-
indirect exchange interaction, as suggested by Szade amgtic and crystallographic phase diagram of the
Skorek?* Another modef’ emphasizes that the density of Ge(siGe, ,), alloys is proposed. The FI@X1) phase is
states at the Fermi level is the relevant factor determining thﬁ]e ground state in the whole Composition range, and impor-
sign of the conduction-band indirect exchange interaction. IRant magnetoelastic effects are observed when crossing the

order to establish quantitatively the effect of these pOSSibI%W-temperature first-order phase boundary toward this
contributions and gain a deeper understanding of the relaground state.

tionship between crystallography and magnetism in these
compounds, further theoretical band-structure calculations
and theoretical work are urgently needed.

In summary, we have found that the first-order
antiferromagnetic-to-ferromagnetic transition in the Ge-rich  The financial support of the Spanish CICYT under Grant
magnetocaloric compounds &8i,Ge,_,),(x<0.2) is as- No. MAT99-1063-C04 is acknowledged.
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