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A giart magnetocalod effed (AS;,,9 has bee discovere in the Gds(Si,Ge, ), pseudobinary
alloys wher x=<0.5. For the temperatue range betwea ~50 and ~280 K it exceedthereversible
(with respetto alternatirg magnett field) A Sy,,4for any known magnett refrigeran materia at the
correspondig Curie temperatue by a factar of 2—10. The two mog striking features of this alloy
systen are (1) the first orde pha® transformation which brings abou the large ASy,4 in

Gds(SixGe,—x)a,

is reversibé with respet to alternatiy magnett field, i.e, the giant

magnetocalod effed can be utilized in an active magnett regeneratomagnett refrigerator and
(2) the orderirg temperatue is tunabk from ~30 to ~276 K by adjustirg the Si:Ge ratio without
losing the giant magnett entropy change © 1997 American Institute of Physics.
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During asystemat study of rare earh containirg inter-
metallic compound which orde magneticaly betwea 250
ard 310 K for use in a magnett refrigerato to cod below
room temperaturewe discoveré the existene of a giant
magnetocalod effed in the Gd;(Si,Ge, ), alloys where
x=<0.5. Asfar as we are aware the reversibé magnett field
inducal magnett entropy change are the larges$ eve ob-
servel experimentalf in a magnett refrigerart materid by
abou a facta of 2 or more This letter repors the results
obtainel to date.

A totd of 12 Gdy(Si,Ge _4)4 Samples with x ranging
from 0 to 1 were prepare by arc melting of the pure con-
stituens in an argan atmospher unde normd pressureNo
othe phass (opticd metallograpl and x-ray powde dif-
fraction) were found in ary of the as-casalloys and there-
fore, no hea treatmen was performed There are three ex-
tendel solid solution regiorsin the systen (see Fig. 1). Up to
50 at % Ge is solubk in Gd;Si; and up to 20at .% S is
solubke in G&Ge,.. The Gdy(Si,Ge,_,)s pha® (0.24<x
=<0.5 has amonoclinc crystd structue derivative from the
paret SmsGey type The detaik on the crystallograply in
this systen are being publisheal elsewhere.

The hed capaciy in magnett fields of 0, 2, 5, 7.5, and
10 T from ~3 to 350 K was measurd using an automated
hed pulse calorimete with an accurag bette than 1% The
ac ard dc magnett susceptibiliy and dc magnetizatia from
~4.2 to 325 K in bias dc magnett fields from 0to 55 T
were measurd using the Lake Shoe ac/cc magnetometer,
modd No. 7225 The magnetocalod properties were evalu-
ated from the dc magnetizatia using the Maxwel relation,
and from the ze and magnett field hea capacity?

The zeo magnett field pha® diagran in pseudobinary
systen Gd;Si,—GdsGe, as afunction of Si- concentratia is
shown in Fig. 1. The GdSis,-base solid solution has a
simple ferromagnett grourd state and the Curie tempera-
ture is gradualy lowered with increasimg concentratio of Ge
from ~335 to ~295 K, which isin goad agreemenwith an
earlig study® When the Si conten reachs the first critical
concentratia (x=0.5 the parert orthorhombt Gd;Si,

dCorrespondig author Electront mail: vitkp@ameslab.gov11

Appl. Phys. Lett. 70 (24), 16 June 1997

0003-6951/97/70(24)/3299/3/$10.00

structue undergos amonoclinc distortion and the intermet-
allide is no longe a simple ferromagnet Initially it orders
ferromagneticail to form an orderel magnett structue (I)

with alow ne magnett momer and then upan further cool-

ing afirst orde pha transitian from ferromagné(l) to fer-

romagne (Il) occurs Both Curie temperature decreas rap-
idly with decreasigp Si contert unti a secoml critical

concentratia is reache and a secom crystd structure
chang occurs At x<0.24 the distortad monoclinc structure
agan becoms orthorhombic and this crystallographt tran-
sition changs the highe temperatue grourd stae to afer-

rimagne ard nearl freezes the Neel temperaturewhile the
Curie temperatug continues to decreas proportionaly as the
amoun of Si decreasein the alloy. The ferrimagnett to

ferromagnet transition is alo afirst orde pha® transition.
Thes differences betwea the three regiors are maintained
in magnett fields of up to 10 T.
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FIG. 1. The pha® diagran of the GdSi,—Gd;Ge, pseudobinar systen at
zewo magnett field. The solid and the dashé lines shov magnett phase
boundariesand the dot—dashée lines show crystallographt phag bound-
aries T¢ and Ty are the Curie and the Neéel temperaturgsrespectively.
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FIG. 2. The (a) hed capaciy ard (b) magnetizatia of Gds(Si,Ge; _,)4, Where x=0.43 as afunction of temperatue and magnett field. The insé of (a) shows
the influene of the magnett field on the Curie temperaturesT(P-I) is the paramagneti to ferromagnett (1) and T(I-1l) is the ferromagnet (1) to

ferromagnet (Il) transition temperature.

Figure 2 shows the hed capaciy and magnetizatia as
functiors of temperatue and magnett field for one exem-
plary alloy. The hea capaciy of the orthorhombt alloys
with x<0.2 in all magnett fields maintairs two anomalies:
the high temperatue paramagnetic/ferrimagnetiand low
temperatue ferrimagnetic/ferromagneti transitions The
bulk of the magnett entrofy is associaté with the
ferrimagnetic/ferromagneti transition The magnetization
isotherns nea the Curie temperatue confirm tha the lower
temperatue transitin is ferromagnetic At this point it is
difficult to determire whethe the high temperatue phag is
truly antiferromagneti or ferrimagnetic but the fact tha this
pha® has two eightfold and one fourfold inequivalen Gd
atorrs favors the ferrimagnett structure The dc magnetiza-
tion behavio also favors ferrimagnetism Differentid scan-
ning calorimety nea the low temperatue transitiors show
therma hysteres (on warming they occu at 2-3 K higher
then on cooling ard a latert hea (the entrogy of transfor-
mation average ~ 12 J/ig atons Gd K) for all of the studied
alloys with x<0.5. Combina with partid magnett hyster-
esk [Fig. 2(b)] this shows tha the transitiors are first order,
althoudh the onses (on heating in the hed capaciy [Fig.
2(a)] may suggesa secom order, but this broadenig could
alo be due to sone inhomogeneitie in the Si:Ge ratio
throughot the sample.

The heat capacity and  magnetization
Gd5(Siy 7458 29, Which are shown in Fig. 2, are typicd for
the monoclinc ternay alloys The behavia is quite similar
to that discussd in the previows paragrap excep tha the
highe temperatue transition is not paramagneticerri-
magnetic but rathe paramagnetic/ferromagnetitherefore,
upan cooling the alloys underg atransition from paramag-
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net to ferromagné (1), ard then from ferromagne (1) to fer-
romagne (I1). The inse of Fig. 2(a) indicates tha both tran-
sitions are shifted towards highe temperature by an
increasiy magnett field (as determiné from magnett sus-
ceptibility, magnetizationand magnett hed capaciy datg
which is consistet with ferromagneti orde for both mag-
netic phases Anothe featue which is worth noting is the
behavio of magnetizatia just after the field isreversed—the
magnetizatia of Gds(Si; ;/G&, .9 actualy rises when the
field is lowered from its highes value of 56 T [Fig. 2(b),
2524 K, and 2575 K isotherm$. It is quite reasonald to
assune tha the magnetocalod effed is so large at this tem-
peratue ard field, tha the sampé temperatue is signifi-
cantly lowerad when the field is reducel ard thus the actual
magnetizatio value is for a temperatue slightly lower than
that indicated in the figure.

Anothe interestirg featue is sea in the hea capacity
peals as the magnett field increase from Oto 10 T. For the
monoclinic phases the pe&k heigh decreasein amonotonic
fashian [Fig. 2(a)], while for the Ge-rich orthorhombg alloys
ther is an initial decreas (0—-2 T) and then a monotonic
increag for H>2T. This is due to the fact tha for a ferro-
magné the entropy is sprea out to highe temperatursewith
increasim field, but for an ferrimagne the entroyy is shifted
to lower temperaturesprovided tha the magnett field does

of not destrg the ferrimagnett order In the cas of the Ge-rich

orthorhombg alloys this entroyy is shifted towards the lower
transition (Curie) temperatue which has the effed of in-
creasilg entropy at the lower orderirg temperatug and thus
enhancig the hea capaciy peak.

The lower temperatue magnett orderirg transitian in
the Gd;(Si,Ge,_,)4 alloys with x<0.5 is first order Even
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FIG. 3. The magnett entrofy chang (A S,y of Gds(Si,Ge, )4 alloysin
the vicinity of the first orde pha transition as determinel from magneti-
zation dat for a magnett field chang from 0to 5 T. Also shown in dotted
lines are the AS;,,4 values for the beg prototype magnett regeneratoal-
loys: (Dyg4ErpeAl, and DyAl, (Ref 4); Gd (Ref 5), GdAl, and
Gdy 7DYo 27 (Our unpublishe datg. The irreversibe AS .4 in Fey 4Ry 51
(Ref. 7) is shown for comparison.

thoudh the transitio is partially hystereti¢ which is aspe-
cific featue of ary first orde pha® transition the magnetic
structue changs bad to ferrimagnett [or ferromagnet (1)

dependig on the alloy compositior}, the remnam magneti-
zation for all of the alloys reduce to zero when the magnetic
field is removed The magnetocaloo effed (Fig. 3), ex-
pressd in terms of the magnett entroy change AS;.g,

achieve the larges$ values eve reportal in the literature for

ary magnett solid. Excep for the loweg temperatue alloy,

the AS;,,4is as much as 2-10 times large' than that of the
begs known materiab with a reversibke (with regad to a
changirgy magnett field) magnett pha® transiti:m com-
parel at their respectie temperatures.

It shoud be noted that a giant magnetocalod effed near
the first orde antiferromagnetie-ferromagnet transition in
Fe 4Rhy 51 has bean observed:’ But this materia has no
practica use for two importart reasons:

(1) Rhis prohibitively expensie ($120 000/ky which com-
pares to $120/lg for Gd) and

(2) the transition (and the magnetocalod effect) isirrevers-
ible in an alternatig magnett field ard it eventually
disappeas after a few cycles®”’

A study of the magnetocalod effed nea the antiferromag-
netic—ferromagnet transitin in (HfygsTag1)F& . re-

vealda that it is fairly smal and typicd or lower than that in

comma ferromagnetsalthoudh the authos claim that at x

=—0.02 there is apossibility for the existene of a giant
magnett entrofy change€® No dat on the reversibility of the
effedt in (Hfy gsTay 1)Fe, .4 are given®
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A shap (a 3to 3.5-fold) reduction of the AS;,,4 is 0b-
servel in Gds(Si,Ge, _,) 4 alloys on the opposie side of the
pha® bounday betwea the intermedia¢ solid solution re-
gion ard the GdsSi, solid solution phasei.e, x=0.5. This
reduction in AS;,,4 is due to the fact tha the GdsSis-
base orthorhombt solid solution alloys (x>0.5) exhibit a
secom orde paramagnetic/ferromagnetiransition while
the monoclinc phae (x<0.5 undergos afirst order mag-
netic transition This offers additiond evidene tha the first
orde natue of the phag transition creates conditiors for the
existene of a gian magnetocalod effect.

This researh has lead to the discovey of a new class of
solid magnett materiab with a temperatue and magnetic
field dependenreversibe first orde magnett pha transi-
tion which is accompanid by a giant magnett entropy
change The magnetocalod effed for a first orde phase
transitian in Gd;(Si,Ge,_,)4, when 0<x<0.5 is different
from that for a seconl orda ong as noted in the previous
paragraph This differene is similar to the differene be-
tween the constam temperatug cooling by an evaporating
liquid versts the cooling by a simple gas expansionbecause
both the first orde magnett phag transition ard liquid
evaporatio utilize the enthaly of transformatio (evapora-
tion) to increa® therr entropies at a constah temperature,
while the secoml orde magnett pha® transition and gas
expansia does not The evaporatio of a liquid at its boiling
point (constamhtemperatug cooling is much more effective,
sinee a much large entropy chang is involved during
evaporatio as compare to tha involved in just a gas ex-
pansion althoudh the temperatue span is significantly
smalle in the cas of a boiling liquid than for a gas expan-
sion processTherefore we beliewe tha the experimenthre-
sults reporta in this letter bring the active magnett regen-
erato magnett refrigeratiomn technoloy mud close to
reality than here-to-fore and tha the Gdy(Si, _,Geg,), mate-
rials offer a long awaital breakthrou@ by bringing forth
working bodies which shoutl prove tha magnett refrigera-
tion is a feasible much more compact CFC-free and an
enery savirg technology.
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