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We report results of thermal expansi¢fE) and magnetostrictiofMS) measurements on a single
crystal sample of G4{Siy sGe&)5)4 prepared by the Bridgman method. TE and MS were measured
along thec axis by the strain gauge method and the temperature was controlled using a closed cycle
helium refrigerator. From the TE measurements the magnetic structural phase transition temperature
was found to be 259.5 K on cooling and 261.5 K on heating. The abrupt change in strain and the
temperature hysteresis indicate that it is a first order transition. MS measurements were conducted
at 15, 258, and 265 K. At 15 K, the magnetostriction amplitude was 3—4 ppm, whereas at 258 K it
was 100 ppm. At 265 K, which is just above the Curie temperature, a giant magnetostriction of 2000
ppm was found. This unusual behavior is due to the fact that the external magnetic field can increase
the transition temperature above 265 K, resulting in a first order magnetic/structural phase transition.
The results reveal that giant magnetostriction ins(&i Ge, 5)4 only occurs as a result of the
magnetic/structural transformation. @004 American Institute of Physics.

[DOI: 10.1063/1.1688680

I. INTRODUCTION the thermal expansion and magnetostriction properties for
Gds(SipsGey 54 in single crystal form. Thermal expansion
Gds(Si,Ge, _y) 4 has been found to exhibit a giant mag- results have been reported previously for other
netocaloric effect. Within the composition range 0x  compositions:>®
=<0.503, it was found that there exists an unusual first order
magnetic/structural phase transitiorilat Above T the ma-
terial is paramagnetic with a monoclinic crystal structure.
Below T, it is ferromagnetic with an orthorhombic crystal A single crystal of Gg(Siy<Gey s, with dimensions 4
structure. In addition to temperature, external magnetignmx4 mmx4 mm was grown by the Bridgman method.
field®® and pressufe’ can also trigger this transition, by Appropriate quantities of high purity gadoliniuf@9.996%,
shifting T, . For example, linear thermal expansion measuresilicon (99.9999%, and germaniunt99.999% were cleaned
ments on single crystal G(Si, 95G&, o9 have showrT. to  and arc melted several times under an argon atmosphere. The
increase with applied magnetic field at a rate of 4.9 KOn  as-cast ingot was electron beam welded into a tungsten
the basis of thermal expansion measurements on single cryBridgman style crucible for crystal growth. The ingot was
tal Gds;(Siy 74569, the change inT; with pressure has then heated to 2000 °C and held at this temperaturé foto
been predicted and in fact, predicted to be quite different foallow thorough mixing before withdrawing the sample from
uniaxial pressure along the three different principal dxes.the hot zone at a rate of 4 mm/h. The as-grown crystal was
And T, of polycrystalline Gg(Si, §Ge, 5) has been observed oriented by back-reflection Laue x-ray diffraction and the
to increase with hydrostatic pressure at the rate of 3.7@rystallographic directions assigned using “two-theta” x-ray
K/kbar for decreasing temperature and 3.46 K/kbar for indiffraction scans of the single crystal. The sample was cut by
creasing temperatufeln this article, we present a study of electric discharge machining and the faces were polished us-
ing standard metallographic techniques.
Author to whom correspondence should be addressed; electronic mail: | N€Mal expansion measurements were conducted using
mghan@iastate.edu strain-gauges in a two-stage closed cycle helium refrigera-

IIl. EXPERIMENTAL DETAILS
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FIG. 1. Thermal expansion along tleaxis for Gd(Si,Geyg), with B
=0T, on coolingT.=259.5K, and on heating.=261.5 K. FIG. 2. Magnetostriction measurement along draxis for Ga(Sip Geyg)a

at T=258 K.

tion system with temperature range 10-310 K. The strain
gauge was mounted along tleeaxis using Permabond 910
adhesive which was cured at room temperature. The sample . .
was cooled from room temperature through the phase tra\nslil-Jdes_":md signshave been reported for _sm_gle crystal
tion down to 15 K, and then was warmed through the tran-Gd‘i(S'l-nGeZ-ZS) measured along its three principal crystal-

sition for each measuring cycle. The linear thermal expanlograph'c axeé.. . ied
sion was measured during both cooling and heating. Magnetostriction measurements were carried ouf at

Measurements were made either when the strain changed t;/ls K over the range88=*1.2T andB==+2.4T. The

7 ppm or when the temperature changed by 1 K. The transi? ggnetostriction was found to be only about a few parts per
tion temperature was determined by finding the maximunfn'""“jn _(ppm).At T=15K, the exchange energy between Gd
point in the derivative of strain versus temperature. For thloms 1s mL_JCh greater than the th_ermal energy and ther_efore
magnetostriction measurement, the magnetic field was aﬂhe magnetic momer_1ts_ are well_allgne_d. Therefore, the field-
plied along thec axis, and the field was cycled from 0 to 1.2 'nduced magnetostriction amplitude is very small. As re-
Tto-1.2Tto 0, and from 0 to 2.5 T te-2.3 T to O under ported previously, the external magnetic field increases the
constant temperaturék=15 and 258 K. The magnetostric- first order magnetic/structural transition temperature. In this

tion measurement was also repeated at 265 K with magnetf¢?S€ foB=2.5T, T,=272K. Therefore at 15 K application
field varying over the range from2.3 to 2.3 T. of a magnetic field can not trigger the first order magnetic/

structural transition.

When a magnetic field was applied in order to measure
lll. RESULTS AND DISCUSSION the magnetostrictionT . increased at a rate of 4.9 K/T. Mag-

Thermal expansion along the axis with B=0T is  netostriction measurements are shown in Fig. 2 Tat
shown in Fig. 1. An abrupt change in strain of about 2000=258 K, which is just below the Curie temperature of 259.5
ppm appears at =259.5K on cooling, and atl=261.5K K in zero applied field. When the field was cycled between
on heating. It has been verified that this is a first order—1.2 and 1.2 T, the thermodynamic temperature always re-
magnetic/structural transformatiéri At the transition point, mained belowT, and therefore no structural transition oc-
there are two transformations occurring simultaneously. Oneurred. In this case the observed magnetostriction was only
is the crystalline structural transition: monoclinie ortho-  due to domain reorientation. However, when a magnetic field
rhombic. The other is the magnetic transition: paramagnetigvas applied for a sample abovg,, for example atT
— ferromagnetic. In most magnetic materials, it is well =265K, as shown in Fig. 3, the value ®f increased from
known that the Curie point transition is a second order tran259.5 K by an amount depending on the applied field
sition. However, an abrupt change in strain at the transitiorstrength. Whe@ ;=265K, a field induced first order transi-
with a temperature hysteresis about 2 K as shown in Fig. ltjion occurred and there was a significant change in strain of
indicates that this is a first order transition. The existence 02000 ppm. This magnetostriction was due to the two simul-
a first order transition has been reported previously in théaneous transitions: paramagnet—ferromagnet and
Gds(Si,Ge, )4 systeml whenx is in the range of 0.4x monoclinic—orthorhombic. Therefore, it can be expected that
<0.503. The change in strain at the magnetic/structurah larger magnetostriction can be observed fordtaxis di-
phase transition is highly anisotropic. The change in straimection, for which a change in strain at the phase transition of
along thea axis of single crystal G Si; oG6&, o9 Was ob-  about 8000 ppm has been observédireversible effects are
served to be about 8000 ppm and of opposite sigoreas- noticeable as asymmetry in the strain versus field plot. These
ing with increasing temperatur® Similar results(magni-  effects are probably due to the build up of residual stress in
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2568 of Gds(Sip<G& )4, Which was found to occur afl,
=259.5K on cooling and;=261.5K on heating. Magne-
tostriction measurements have been carried out above and
below T, . It was found that af = 15K, very little magne-
tostriction was observed due to the absence of a field induced
structural transformation. AT =258 K, a magnetostriction
amplitude of about 100 ppm was observed. Bt 265 K
giant magnetostriction was observed, with an amplitude of
about 2000 ppm. This observation was due to the fact that
the applied magnetic field can shift tiig above 265 K and
trigger a simultaneous magnetic/structural transformation
with a high level of strain resulting from the structurally
induced strain rather than from a reorientation of magnetic
domains.

Straln (ppm)
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