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Extraordinary magnetostrictive behavior has been observed in Fe-Ga alloys with concentrations of
Ga between 4% and 27%;qo exhibits two peaks as a function of Ga content. At room temperature,

N 100 reaches a maximum of 265 ppm near 19% Ga and 235 ppm near 27% Ga. For compositions
between 19% and 27%,,qo drops sharply to a minimum near 24% Ga and exhibits an anomalous
temperature dependence, decreasing by as much as a factor of 2 at low temperatures. This unusual
magnetostrictive behavior is interpreted on the basis of a single maximum in the magnetoelastic
coupling |b;| of Fe with increasing amounts of nonmagnetic Ga, combined with a strongly
temperature dependent elastic shear modudys—(c,,) which approaches zero near 27% Gay;

is significantly smaller in magnitude thang over this composition range, and has an abrupt
change in sign from negative for low Ga concentrations to positive for a concentration of Ga near
21%. © 2003 American Institute of Physic§DOI: 10.1063/1.1540130

INTRODUCTION at both cryogenic and room temperatures, with unorthodox
temperature dependences of the magnetostrictions in the re-

It was recently pointed out that Ga, when substituted forgion between the peaks. The unusual double peak depen-

Fe in the commor-Fe structure, increases the tetragonaldence of magnetostriction on Ga concentration is interpreted

magnetostriction\ ;o over tenfold® This is reminiscent of on the basis of(1) a magnetoelastic energyp;,| that in-

the earlier results by Hall, who observed that, similarly, thecreases rapidly for small concentrations up~td9% Ga,

addition of Al to Fe enhancel,q, fourfold over the same plus (2) a near-linear softening of the shear elastic constant

concentration rangéBoth Ga and Al have large solubility extending at least to 27% Ga.

ranges in Fe and have an inclination to retain local bcc-like

symmetry, both in the disordered alloy and in B2 and

D05 ordered structures. It has been shown that rapid cooling

from the large high temperature region of solubility of Ga 400 Fe  Ga ’ 2' ' ' o]
into Fe retains the disordered bcc structure at room tempera- 350 | "“ ° i
ture for samples with less than 20% &&or our samples & a0l ¢
treated in this way the magnetostriction increased still = FALT I, i
further? Cullen et al. proposed a model for the increases in x 250F «,"'4 " .
magnetostriction for Fe-Ga and Fe-Al alloys as arising from S 200} . " .
the pairing of Ga atoms alond.00) axes® S sl

In this article, we report magnetostriction and elastic & ]
constant measurements on;fe,Ga, (4<x<27) prepared 100 ¢ 1
by furnace cooling(~10 °C/min and by rapid quenching 50} .+ ; Fumace Cooled _
into water at room temperature. Our results show a double ol = DieotonallSoidfied Unamesled)
peak in the magnetostriction\ (5 versus Ga concentration 0 5 10 15 20 25 30 35 40

X (% Ga)

¥Electronic mail: wunfoglem@nswced.navy.mil FIG. 1. (3/2\ oo @s a function of Ga concentration for kg ,Ga, .
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determined.

MAGNETOSTRICTION MEASUREMENTS

Magnetostriction constant8/2)\ 1o and (3/2)\ 11, were
measured by standard strain gauge techniques. To evaluate
SAMPLE PREPARATION (3/2)\ 199, small 0.6-cm-diam samples witB01) faces were
Single crystal alloys of Fe-Ga have been prepared byffixed with strain gauges oriented alohg0Q| crystalline
Bridgman growth of arc-cast ingots of electrolytic Fe directions and rotated 360° in the presence of magnetic fields
(99.999% purgand Ga(99.999% purkin alumina crucibles. ranging from 5 to 25 kOe. To lowest order, peak-to-peak
The ingots were stabilized in the cruciblerfbh at1650 °C  strain values at saturating fields equal (3/g). To deter-
and lowered at a rate 6f2 min/h. Heat treatment at 1000 °C mine (3/2\ 111, (110) disks were affixed with strain gauges
between 72 and 168 h followed the crystal growth. Orientedriented along111] directions. Measurements were made as
single crystal disk$~0.3 cmx0.6 cm diam and parallelepi- a function of temperature from 4 to 300 K.
peds(0.1 cmx0.2 cmx0.3 cm) were cut from the boule by Values of (3/2)\1qo for Fego_xGa, (4<x<35) at room
electronic spark erosion techniques. Furnace cooled samplégmperature are shown in Fig. 1. Two widely separated peaks
were cooled at a rate 6f10°/min from 1000 °C; quenched are found for both slow cooled and rapidly quenched
samples were heated to 800 or 1000 °C in evacuated quarsamples. Between these peaks (842) has an unusual tem-
tubes and held fol h before being dropped into water at perature dependence. Figure 2 illustrates temperature depen-
room temperature. X-ray diffraction confirmed that all of dencies for quenched samples fram 18.2 to 26.5. Normal

FIG. 2. Temperature dependence of (3/g)} for various Fe-Ga alloys.
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TABLE |. Room temperature tetragonal magnetoelastic constants foTABLE Il. Room temperature rhombohedral magnetoelastic constants for

Feioo-xG& - Feloo-xG& -
(ci—c1)/2 (3/2)\ 100 by Caq (3/2)\ 111 by

(GPa (X107 (MJI/) (GPa (X107 (M)
Fe (Ref. 9 48 30 -29 Fe (Ref. 9 116 -32 7.4
5.8% Ga 40(Ref. 7 79 -6.3 8.6% Ga 119 -27 6.4
13.2% Ga 28Ref. 7) 210 —-11.8 13.2% Ga ~119 —24 5.7
17% Ga 21 311 -13.1 20.88% Ga ~120 42 -10.1
18.7% Ga 19.7 395 -15.6 28.63% Ga ~120 61 —14.6
24.1% Ga 9.4 270 5.1
27.2% Ga 6.8 350 —4.8

centration. This peak corresponds to the magnetostriction

peak at~19% Ga. The second magnetostriction peak can be
magnetostrictive behavior, i.e., magnetostriction decreasingttributed to the softening of the;;—c4, elastic constant.
modestly with increasing temperatuféecreasing magneti- Most of the anomalous temperature dependence;gf for
zation), is found for thex=18.2, 20.6, and 26.5 alloys. On the 24.1% sample appears to come from the temperature de-
the other hand, the magnetostrictimtreases stronglyith ~ pendence of the elastic constants. The small temperature de-
increasing temperature for=22.2 and 24.1 alloys. pendence for the 27.8% sample may result from a combina-

Room temperature values for (3R2), are displayed in tion of an increase with temperature due to elastic softening

Fig. 3. Note the change in sign. Entirely different slopes inplus a decrease with temperature due to a rapidly falling
the magnetostriction versus Ga concentration are found famagnetization T¢=600 K).2

smallx (x<20) than for largex (x>20). Table 1l displays values ot,4(3/2)A111, and b, for
Fe-Ga alloys over a similar composition range at room tem-
ELASTIC CONSTANT MEASUREMENTS perature. Note that, unlikb;, b, changes sign. The sign

change inb, occurs at nearly the same composition as the

Resonant ultrasqund SpeCtrQSCOWUS) techniques eak inb4, indicating an ordering transition that affects both
were used to determine the elastic constants of Fe-Ga ov t them. Whenb —b,, the material is magnetoelastically
. 1— 3

fche same range of Ga concentrqtion. Single crystal S‘f:lrm:’l(?gotropic. Thus the Fe-Ga alloys system exhibits a largé “
in the shape of small parallelepipeds, wi{tt0@ faces and magnetoelastic anisotrofgharacteristic of Fefor small x,

unequal principal axes, were mounted at their corners bef)ut reverts to a large %" anisotropy for largex (see Tables

tween two transducers, and the resonant frequencies re-and Il). Since the calculated values fog andb, at 77 K

corded. Using normal mode frequency analysis, density, angre comparable to those at room temperature, this behavior

sample dlmen5|qn$11, C12, ANOAC,, fOr the samples were can be seen as a fundamental property of the Fe-Ga system.
calculated. Elastic constant measurements were made over

the temperature range fro4 K to room temperature. ACKNOWLEDGMENTS
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5These anomalously soft values for affect the relative accuracies of the
DISCUSSION different elastic constants that are obtained from the RUS normal mode

_ analysis. Values forc’ are fitted with high accuracy due to the large
From a knowledge of magnetostriction constants and Lo
. L. . number of low frequencysoft) tetragonal shear modes. But the individual
elastic C_0n5tants Itis pOSSIF)Ie to compute the values of theejastic constants,;,c;,, andc,, are determined from a proportionately
conventional magnetoelastic energy constamgsand b,. smaller number of modes, leading to a larger experimental uncertainty in
From KitteP bi=—(3/2)\ 19(C11— C12) and b,= their values, and perhaps accounting for the scatter in Fig. 4.

_ ; . .
—3\111Ca4. Table | displays values af’, (3/2)A100, andb; 8?:"' I\é\iltttj(tetllgly?lt_a.\/Dl\élill(’) ;”Shi'sgi%ﬂea'gﬁgp" Phys. Le80, 1135(2002.
for Fe-Ga alloys at room temperatugote that this calcu- s\ p MasonpPhysical Acoustics and the Properties of Solian Nos-

lation yields only one peak in the values of versus con- trand, Princeton, NJ, 1958p. 358.
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