PHYSICAL REVIEW B 81, 054432 (2010)

Relation between Ga ordering and magnetostriction of Fe-Ga alloys studied
by x-ray diffuse scattering
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Transmission synchrotron diffraction was employed to characterize the Ga ordering in magnetostrictive
Fe go-,Ga, alloys with Ga concentrations from 0 to 20.3 at. %. The experiments focused on the development
of atomic short-range ordering (SRO) by analysis of the diffuse scattering appearing at superlattice positions of
the D05 ordered alloy structure. No SRO was found for Ga concentrations less than 4 at. %. Between 13 and
20.3 at. %, DOs-type SRO clusters are observed whose size increases with Ga concentration for both slow-
cooled and quenched samples. Thermal quenching of the samples suppresses the cluster sizes when compared
to slow-cooled samples of the same concentration. For quenched samples with large Ga concentration, Ga
pairing is evidenced by growing B2-type correlations. At low concentrations, the presence of SRO appears to
have little (if any) effect on the enhanced magnetostriction. However, the dramatic suppression of magneto-
striction near ~20 at. % Ga can be linked rapid growth of SRO just before the onset of long-range chemical

order.
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I. INTRODUCTION

Magnetostrictive materials are widely used in making
electronic parts such as actuators and sensors. However, ma-
terials with large magnetostriction (MS), such as Terfenol-D,
are both brittle and expensive, which limits their application.
The addition of Ga to a-Fe greatly enhances the saturation
MS along [100] direction up to tenfold.! Moreover, Fe-Ga
alloys exhibit superior mechanical properties compared to
other materials with large MS.! Although the maximum mag-
netostrictive strain of Fe-Ga is not the largest compared to
other magnetostrictive materials, Fe-Ga is still a promising
functional material with enhanced MS because of its good
mechanical properties. The origin of enhanced MS in Fe-Ga
is unclear despite the fact that significant efforts have been
made to understand it. Wu et al.>? suggested that the en-
hanced MS was related to local ordering of Ga atoms; the B2
structure which gave rise to the pairing of Ga atoms played a
positive role while the D05 structure was determined to be
detrimental to MS. On the other hand, Khachaturyan and
Viehland*> suggested that reorientation within tetragonal
nanoclusters in Fe-Ga resulted in the enhanced MS.

MS is usually expressed by the magnetostrictive coeffi-
cient \. From Kittel,® the saturated MS along [100] direction
(tetragonal MS) can be expressed by

3o b
p M0 o

where b, is magnetoelastic coupling factor and ¢’ is tetrag-
onal shear modulus.

Figure 1 shows the dependence of MS on Ga
concentration.” Based on the work of Xing et al., the mag-
netostrictive behavior is separated into four regions. In re-
gion I, MS increases monotonously with concentration and
reaches the first maximum at about 18—20 at. % Ga depend-
ing on heat treatment. A gradual softening of the shear modu-
lus with Ga concentration is reported to occur up to 27 at. %
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Ga and the second peak appearing at about 27 at. % Ga
(between regions IIT and TV) has been attributed to the mini-
mum of the shear modulus since there is no corresponding
maximum with magnetoelastic coupling factor.%°

While the shear-modulus softening also explains, in part,
the general increase in the MS in region I, it cannot account
for the existence of the first MS peak occurring between
regions I and II. The first peak may result from an unusual or
nonmonotonic evolution of the magnetoelastic coupling fac-
tor with Ga concentration. Comparison of the MS to the
metastable phase diagram shown in Fig. 2 serves as a guide
to the behavior of the MS in Fe-Ga alloys. The first MS peak
occurs close to the transformation from a disordered alloy
with A2 structure, to an ordered alloy with D05 structure.
This provides a clue that details of the Ga chemical ordering
play some role in the enhanced MS. In particular, the sensi-
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FIG. 1. Saturated MS for quenched (filled squares) and slow-
cooled Fe-Ga (circles) along [100] direction verses Ga concentra-
tion. Solid and dashed lines are guide to the eyes for slow-cooled
and quenched MS curves, respectively. Different regions of MS
behavior (I, II, IIT, and IV) are described in the text. From Ref. 7.
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FIG. 2. Metastable phase diagram for Fe-Ga alloys (Ref. 10).
Solid lines describe solid-solid phase transformations between the
A2, B2, and D05 ordered alloy phases. The dash-dotted line indi-
cates the ferromagnetic ordering (Curie) temperature.

tivity of MS to heat treatment, most notably the retention of
large MS by quenching, indicates that MS is maximized in
the A2 phase, where Ga atoms form short-range ordering
(SRO).

The occurrence of SRO in the Fe-Ga alloys in region I
was clearly shown by the synchrotron diffraction work of
Xing et al.,” and later by the neutron-diffraction work of Cao
et al.' However, the SRO has not been fully characterized in
previous structural studies. An FegyGa,, sample prepared by
blade milling of arc-melted alloy was reported to be com-
pletely disordered from Mossbauer spectroscopy results!?
while the Fe-Ga alloys were claimed to have some degree of
Ga SRO in another Mossbauer investigation of the Fe-Ga
prepared by rapid solidification.!® Transmission electron mi-
croscopy (TEM),'? neutron diffraction,!"-'* and conventional
x-ray diffraction'>!¢ studies did not report the presence of
the SRO in the single crystals of Fe-Ga alloys prepared via
water quenching or rapid solidification. In conventional
x-ray diffraction studies, SRO is difficult to quantitatively
characterize because of the extremely weak peak intensity of
the SRO diffuse scattering due to the close x-ray atomic
factors between Fe and Ga atoms. However, high-energy
x-ray diffraction performed at a synchrotron source with suf-
ficient flux can be used to characterize the SRO in the Fe-Ga
alloys.” Furthermore, the high-energy x-ray fully penetrates
the sample volume and therefore reveals the bulk structural
properties of the alloys.

In this work, we systematically investigated the SRO in
Fe-Ga alloys with a concentration range from 0 to
20.3 at. % Ga quantitatively using high-energy x-ray dif-
fraction. The Ga ordering is characterized around the bound-
ary between region I and region II in order to determine the
role that Ga atomic ordering plays in MS. Comparison is also
made for some alloys at both slow-cooled and water-
quenched conditions because of the importance of the ther-
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mal history on MS in Fe-Ga alloys as shown in Fig. 1. Re-
sults show that DOs-type SRO peaks have appeared when Ga
concentrations are as low as 13 at. %. The presence of D03
SRO in samples with low Ga concentrations plays little (if
any) effect on MS. However, MS is suppressed when the size
of SRO experiences a dramatic increase and reaches certain
value in samples with ~18-20 at. % Ga concentrations de-
pending on different thermal histories.

II. EXPERIMENT
A. Sample preparation

Gallium (99.999 wt % pure) and electrolytic iron
(99.99 wt % pure) were cleaned and arc melted together
several times under an argon atmosphere. To prepare single-
crystal samples, the as-cast ingot was placed in an alumina
crucible and heated under a vacuum to 1500 °C. After reach-
ing 1500 °C, the growth chamber was backfilled with
ultrahigh-purity argon to a pressure of 2.76X 10° Pa. Fol-
lowing pressurization, heating was continued until the ingot
reached a temperature of 1600 °C and held for 1 h before
being withdrawn from the furnace at a rate of 5 mm/hr. Fol-
lowing crystal growth, the ingot was annealed at 1000 °C
for 168 h (using heating and cooling rates of 10 °C/min).
Small parallelepipeds (5 mmX5 mmX0.5 mm) were cut
from the ingot by wire electrical discharge machining with
either [001] or [110] direction normal to the surface. Some
samples were sealed in a quartz tube filled with high-purity
argon and annealed at 1000 °C for 4 h then quenched by
water. Sample orientation was determined by backreflection
Laue diffraction to within =0.25° of the desired orientation.
Oriented samples were then prepared using standard metal-
lographic procedures with the final polishing step using dia-
mond paste, followed by a Nital etch. Concentration mea-
surements were done with energy-dispersive spectrometers
in a JEOL 840A scanning electron microscope, using Fe and
Ga standards for calibration.

B. X-ray diffuse-scattering measurements

The metastable phase diagram in Fig. 2 indicates that
three different crystallographic phases may appear in our
samples; A2 is a disordered bcc structure with Ga distributed
randomly, B2 is a simple cubic structure (CsCl structure)
with Fe or Ga occupying the center position of the bcc struc-
ture at random, and DOj is related to the B2 structure but
now the Ga only randomly occupies the center of alternating
cubes. The resulting larger unit cell is fcc based. These struc-
tures are schematically shown in Fig. 3.

To search for evidence of SRO/LRO (long-range order-
ing) alloy structures, review of the diffraction conditions for
each structure type is useful. The A2 structure has the same
Bragg condition as the bcc structure: h+k+[=even, where h,
k, and [ are Miller indices. For a cubic structure, Miller in-
dices are defined as

2 - - ~
G=—(h-i+k-j+1-k),
a

where ¢ is the vector in reciprocal space and a is cubic lattice
constant. The simple cubic B2 structure allows all integers A,
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FIG. 3. Crystal structures for (left) A2, (center) B2, and (right)
DOj5 structures of Feq_,Ga, alloys.

k, and [. The DO; arrangement of Ga atoms can be repre-
sented as an fcc structure with a doubled unit cell. The Bragg
condition for fcc structure is A, k, and [ are all even or odd.
Due to the doubling of the unit cell in the D05 structure, the
peak condition is: 2h, 2k, and 2/ are all even or odd where £,
k, and [ refer to the original cubic cell of bcc. Table I shows
the first few allowed peaks for each type of chemical order-
ing.

For the remainder of the paper, we refer to the diffraction
peaks stemming from the parent A2 structure as fundamental
Bragg peaks, as these are very strong peaks arising from the
average bcc structure and occur in each ordered/disordered
structure. The additional weak peaks resulting from Ga or-
dering in either the B2 or DOj structure are referred to as
superlattice peaks. In the region of the phase diagram ap-
proximately below and left of the first maximum in the MS,
it is expected that Ga ordering is short ranged. In this case,
instead of the sharp and narrow superlattice peaks, we expect
broad and diffuse intensity arising from SRO at the superlat-
tice position. Diffuse SRO peaks observed in reciprocal
space are indicative of arrangement of Ga within the SRO
regions which we expect to be either B2 or D05 in character.

Experiments were performed in sector 6 station D (6ID-
D), u-CAT, Advanced Photon Source (APS), Argonne Na-
tional Laboratory, using 99.6 KeV x-rays. Single-crystal
samples were mounted to the center of a 6-circle diffracto-
meter. Due to the high-energy x-ray beam, scattering angles
were typically below 10° and experiments were performed in
transmission geometry. Given the sample thickness of

TABLE 1. Three different structures and their corresponding
peak conditions. “v"” indicates that a reflection is observed in the
given structure while “X” indicates that it is forbidden by symme-
try. Reflections appearing in all three alloy structure types are la-
beled as fundamental peaks. Those appearing only weakly due to
ordering are called superlattice peaks.

Reflection condition

(HKL) A2 B2 DO,
(0.50.50) X X X
(0.5 0.5 0.5) (superlattice) X X v
(100) (superlattice) X v v
(110) (fundamental) v v v
(111) (superlattice) X v v
(200) (fundamental) v v v
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~0.5 mm and the lateral extent of the beam size of
~0.5 mm, the beam will sample thousands of magnetic do-
mains with characteristic size of order 10 pwm. We employed
two different detectors for our measurements. (1) To get an
overview of the diffuse-scattering features, a Mar 345 image
plate detector was used. The distance between sample and
detector was 961.6 mm. The samples were aligned with the
incident x-ray beam along either the [011] or [001] crystal-
lographic directions. Based on this geometry, the surveys of
reciprocal space on the Ewald sphere was tangential to either
the (HLL) or (HKO) plane, respectively. Figure 4(a) shows
the result obtained with the image plate detector for slow-
cooled Feg;,Ga;g; and indicates typical diffuse-scattering
features to be discussed below. (2) For quantitative scans of
the diffuse intensity in well-defined symmetry directions, a
Canberra germanium point detector was used. To reduce the
background, an energy window of ~2 keV was defined at
the nominal energy for elastic scattering so that most of in-
elastic contributions, such as Compton scattering, were not
counted. Several line scans in reciprocal space were repeated
for each concentration and heat treatment. Scans were made
along various directions in the [HLL] plane through various
peak positions corresponding to A2, B2, and/or D05 Bragg
positions. The counts of the detector were normalized to the
corresponding x-ray flux measured by a beam monitor.

III. RESULTS

Now, we will describe the general features contained in
the diffuse scattering. In Fig. 4(a), the round features appear-
ing at superlattice positions such as (100) (DO; or B2) and
(0.5 0.5 0.5) (D053) are SRO peaks. The SRO peaks are ob-
served at other symmetry equivalent positions throughout the
[HLL] plane, although the signal gets weaker for higher-
order indices. The weaker signal is due to the sampling of
scattering on the Ewald sphere, as higher-order index posi-
tions are further from the actual [HLL] symmetry plane. The
irregularly shaped (elongated or butterfly shaped) features
appearing in the vicinity of fundamental Bragg positions are
thermal diffuse-scattering (TDS) peaks. TDS arises from
phonon scattering and is only weakly affected by chemical
SRO, as will be discussed below. Finally, the rings of scat-
tering are due to a small volume fraction of polycrystalline
alloy on the surface of the samples. The amount of polycrys-
talline alloy, formed during surface polishing, was reduced
by acid etching, as described in the sample preparation.
Other contributions to the diffuse scattering are possible in
an alloy, such as Huang scattering due to long-range strains.
However, this is usually only important near the fundamental
Bragg positions and will not be considered further.

We now turn to the line scans performed in the symmetry
plane. Figure 4(a) illustrates the two reciprocal space scan
directions that cut through the SRO diffuse scattering, as
shown in Figs. 4(b)-4(e). Figures 4(b) and 4(c) show data for
quenched samples while Figs. 4(d) and 4(e) show data for
slow-cooled samples with corresponding concentrations in-
dicated in the figures. The estimated background (shown as a
hatched region) was determined from scans performed with-
out a sample and arises mainly from air scattering, which
will be described below.
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FIG. 4. (a) Image of x-ray dif-
fuse scattering using Mar 345 im-
age plate from a single crystal of
slow-cooled Feg;,Ga;g3  with
[011] direction aligned along the
incident x-ray beam. Diffuse fea-
tures are labeled as either originat-
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4 scattering, as described in the text.
Linear scans measured along
[0.5LL] direction are shown in (b)
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Based on Figs. 4(b)-4(e), the general trends are: (I) for a
given Ga concentration, slow-cooled samples have much
more intense and narrower peaks than quenched ones; (I)
for the same heat treatment, samples with higher Ga concen-
tration have higher and narrower peaks; (IIT) the SRO peak
positions deviate from their nominal position in reciprocal
space, especially for (100) peaks where the peak position is
as high as (1.2,0,0) for the lower Ga concentrations.

IV. DATA ANALYSIS

There are several components contributing to the data
shown in Fig. 4. (I) The background due mainly to air scat-
tering; (IT) TDS from the thermal vibration of the atoms; (III)
“Size-effect” scattering due to the bigger Ga atoms in the
alloy pushing the Fe atoms away from the cubic lattice po-
sition; and (IV) SRO diffuse scattering due to clustering of
solute atoms. Besides these four components, there are other
contributions to the background such as Compton scattering.
As mentioned before, an energy window was set to minimize
most of the inelastic spectrum such as Compton scattering.

The observed background scattering arises primarily from
small-angle air scattering of x rays from the direct beam.
This becomes a serious issue at very small angles and is
mitigated to some extent by the placement of a small tung-
sten beamstop behind the sample. This removes a significant

portion of the air scattering and nonscattered direct beam but
limits the minimum attainable scattering angle. The remain-
ing air scattering that bypasses the beamstop was measured
by removing the samples. After considering the attenuation
of the incident-beam intensity due to sample absorption, the
measured air scattering was subtracted from the data.

The TDS of Fe-Ga is caused by thermal vibrations of the
atoms and can be estimated by the TDS of a-Fe which is
calculated based on the phonon dispersion of a-Fe.!” Figure
5 shows an example of the calculated TDS compared to the
normalized data (measured with background removed) along
[1LL] direction in reciprocal space. The calculated results are
useful for identifying features of the diffuse scattering that
arise from thermal vibrations, as opposed to Ga ordering.
However, the TDS calculations based on phonon models
give only qualitative agreement with the data, therefore we
ultimately used analytical functions to fit the TDS portion of
the total scattering. The chosen analytical functions vary
based on the type of reciprocal space scan that was per-
formed. In defining these functions, we assume that the
phonons do not change dramatically when Ga is substituted
for Fe. This is true for most of the phonon branches with the
exception of the transverse [110] phonons that are known to
soften with the addition of Ga.!”

Small static displacements of atoms from their nominal
positions in an alloy are caused by size differences of the two
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FIG. 5. Intensity of calculated TDS (a) obtained from a phonon
model for a-Fe (Ref. 17) as compared to the normalized data (back-
ground removed) and (b) along [1LL] direction for quenched
Feg, 3Ga 77 in reciprocal space. TDS peaks are indicated by bold
arrows while SRO peaks are indicated by ordinary arrows.

species. Such displacements give rise to diffuse scattering
called size-effect (SE) scattering, which is given by

2 B Fy explig - 7). (1)
i’

where B; is size-effect parameter and defined as

fe PFe P PGa
hi= <fcaffFe){_ <i * “")SJFW <f ’ “f’)

X(i);_::){"\é}aGa}’ (2)

where f is the atomic scattering factor; « is the short-range
ordering parameter; €,p is the change from average distance
for A-B pair; and p is the concentration of atom.'8 Since the
size of Ga is larger than that of Fe, £g,g, 1S positive while
€rere 1S negative. The sign of B is hence the same with that of
(fga—/fre), the difference in the atomic scattering factors of
the two atoms. For our x-ray scattering experiment at 100
keV, fG.> fre, leading to a positive value of S.

By limiting consequences of the size effect to nearest
neighbors and next-nearest neighbors, formula (1) can be
simplified. Formulas (3) and (4) give simplified fitting func-
tions along [0.5LL] and [HO0], respectively, and were used
to fit the size-effect scattering,

153" = = 2B {cos(2mL) + 1} — 87, L sin(2wL), (3)

I8 = — 87B\ H sin(wH) — 47B,H sin2wH).  (4)

The size-effect scattering generally can give an asymmetric
contribution in the vicinity of a peak in the SRO scattering
and lead to a shift of the SRO peak from the nominal super-
lattice position, as observed here. However, as described be-
low, our approach of using only the simplified formulas in
Eqgs. (3) and (4) cannot fully account for the peak shift. How-
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FIG. 6. Fitting of diffuse-scattering data from (a) quenched and
(b) slow-cooled Feg, 3Ga, 77 along [0.5LL]. The dots correspond to
the raw data with background removed. The hatched regions corre-
spond to the contributions of SRO, TDS, and SE scattering to the
total fit (solid line).

ever, accounting for this contribution leads to more reliable
description of the SRO.

After accounting for background, TDS, and size-effect
scattering, the remaining intensity is assumed to arise from
SRO correlations of the atoms. The SRO diffuse-scattering
peaks are fit with a Lorentzian function, which has the form
of

2A w(q)

— 05 o (5)
T 4|61 - 4]0|2 + WZ(Q)

Ispo =
where w(g) is the full width at half maximum (FWHM), A is
the integrated area for a one-dimensional cut through the
data, and ¢, is the peak position or the maximum of SRO
diffuse scattering (normally close to the superlattice peak
position). The inverse of the FWHM can be used to evaluate
the correlation length of SRO. Finally, the peak position is
strongly affected by size-effect scattering. Size effect tends
to shift the SRO peak away from the nominal position and
lead to an asymmetric profile around the superlattice peak
positions.

Simultaneous fits of the SRO, size-effect, and TDS con-
tributions to the diffuse scattering were made for each of the
line scans. Figure 6 shows an example of the fitting of both
slow-cooled and quenched Feg, :Ga,; along [ 1LL] direction
in reciprocal space. The different hatched areas indicate the
different contributions of size-effect, TDS, and SRO scatter-
ings to the total intensity.

V. DISCUSSION
A. SRO or LRO

After fitting the data, information about systematic evolu-
tion of the peak width, area, and position for SRO peaks is
obtained. The peak width can also be discussed in terms of
the correlation length, defined as i(a), where a is the lattice
constant in real space. The correlation length represents the
average size of the SRO clusters. Figure 7(a) shows the evo-
lution of the correlation length as a function of concentration
and heat treatment along different crystallographic directions
based on (0.5 0.5 0.5) and (100) peaks.

The plot indicates that the correlation length increases
with Ga concentration for both quenched and slow-cooled
samples, corresponding to the expected growth of Ga clus-
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FIG. 7. Correlation lengths of
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ters with the addition of Ga. In the slow-cooled samples, the
correlation length experiences a sharp increase occurring
close to the MS maximum around 18 at. % Ga. This indi-
cates that SRO cluster sizes larger than 3—5 nm are detrimen-
tal to MS. The tendency for LRO to suppress MS in slow-
cooled alloys with Ga concentrations larger than 18.7 at. %
has also been noted from TEM studies.” Our results indicate
that fairly small clusters are sufficient to suppress MS, rather
than a requirement of true LRO.

The situation is somewhat different with the quenched
samples. As shown in Fig. 1, quenching extended the en-
hanced MS to higher Ga concentrations when compared to
slow-cooled samples. For the quenched samples, Ga clusters
also increase in size near 18 at. %, however the clusters do
not grow as quickly with concentration as compared to the
slow-cooled samples. The smaller cluster size in quenched
samples likely results from the retention of thermal disorder
in the alloy structure during the quenching process. In the
quenched samples, we also note that maximum MS occurs
when the SRO reach 2-3 nm average size.

B. Shapes of SRO regions

From Fig. 7, the correlation lengths of SRO along differ-
ent crystallographic directions for the same sample could be
compared. When the Ga concentration is less than 18 at. %,
the correlation length of SRO peak is slightly larger along
the [111] direction in comparison to that along either the
[011] or [100] directions. So, for low Ga concentrations,
there is a small tendency for elongated clusters along the
[111] direction. When Ga concentration is larger than
18 at. %, the correlation lengths of the SRO clusters become
the same along different direction, indicating that the larger
SRO clusters are isotropic and spherical in shape.

C. Size effect

Figure 8 shows the fitted peak position of both (0.5 0.5
0.5) and (100) SRO peaks. At lower concentrations, the peak

maximum for both slow-cooled
(~18-18.5 at. %, lighter gray)
and quenched samples
(~19.5-20 at. %, darker gray).

positions are strongly shifted from the nominal superlattice
positions. The shift of the peak intensity and the general
asymmetry of the peakshape [most notably the (100) peak
shown in Figs. 4(c) and 4(e)] indicate the influence of size-
effect scattering.'® In formulas (3) and (4), as mentioned be-
fore, B has the same sign as (fg,—fr.). In x-ray scattering
experiment, fg, is larger than fg., hence B is positive. In
formula (3), the first term is symmetric at L=0.5 while the
second term increases at L=0.5. In formula (4), the first term
increases at H=1. Hence both of the peaks are shifted to the
higher-¢g side of the nominal superlattice peak position and
the size-effect scattering contributes an asymmetric intensity
at the superlattice position. On the other hand, the shift of
(100) peaks is mainly from the first term while that of (0.5
0.5 0.5) peaks is mainly from the second term in formulas

1.2 T T T T T T T T
| --m-- Slow-cooled
—&— Quenched
111 - i
‘;2 L (100) ]
B 10k v m...9 |
2
i::,/ 0.7 ———4+—+——4+—+—+—+—
[
RS I ]
8 06 -
o (0.50.5 0.5) (b)
' | ' | ' | ' |

12 14 16 18 20
x, Ga concentration (at.%)

FIG. 8. Positions of (100) peaks (a) along (100) direction and
positions of (0.5 0.5 0.5) and (b) peaks along (111) direction as a
function of Ga concentration.
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FIG. 9. (Color online) The normalized intensity along the
[HHH] direction for (a) quenched and (b) slow-cooled samples,
respectively, for various Ga concentrations. The black region is
background.

(1), (3), and (4). It is observed that the shift of (100) peak is
more notable. From this we surmise that in formulas (1), (3),
and (4), the terms with lower index of B (nearest neighbors)
are more dominant. However, we are not able to fully de-
scribe the large peak shift based on the simplified formulas
used. Figure 8 shows that the SRO peaks return to the nomi-
nal positions with symmetric peak shapes beyond 18 at. %
Ga concentration. Similar observation was reported for slow-
cooled Feg; (Ga,g, by Huang et al.'® This behavior is ex-
pected and can be explained by reduction in size-effect scat-
tering due to the formation of large clusters. In the large
clusters, the Ga distribution within a cluster is similar to the
LRO structure and hence the local structure is more symmet-
ric. This symmetry will reduce the positional distortions of
the atoms resulting in the reduction in the size-effect scatter-
ing.

The influence of size effect can also be observed by neu-
tron scattering.!" It was reported that the (100) and (300)
peaks are shifted to lower g, which was different from the
result of x-ray diffuse scattering. This observation from the
comparison of the x-ray and neutron data gives convincing
proof that size-effect scattering is the origin of the peak shift.
In neutron scattering, the sign of (fg,—fg.) iS opposite to our
x-ray experiment due to the fact that the neutron-scattering
length of Fe is larger than Ga.

D. Short-range ordered structure

In general, any quantitative description of the local struc-
ture of the SRO (in terms of Warren-Cowley short-range
order parameters, for example), requires Fourier analysis of
the diffuse-scattering data throughout the full reciprocal
space. However, some information about the structure can be
obtained from the line scans. Figure 9 shows a line scan
along the [111] direction. This scan direction is useful since
it contains both (0.5 0.5 0.5)-type positions expected only for
DO; order and (111)-type positions that describe both B2 and
DO; order (see Table I). Both (111) and (0.5 0.5 0.5) diffuse
peaks appear for all Ga concentrations (as low as 13 at. %)
for both quenched and slow-cooled samples. This provides
good evidence of the importance of the D05-type Ga corre-
lations in the clusters. This is perhaps not surprising, as LRO
D05 phase is observed at slightly higher concentrations in the
metastable phase diagram (Fig. 2).

We can refine the discussion of the atomic arrangement
within the cluster by comparing the peak intensities observed
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FIG. 10. Integrated intensity of Ga SRO peaks at (a) (0.5 0.5
0.5) and (b) (100) superlattice positions measured along (111) di-
rection versus Ga concentration for the two different heat
treatments.

along the [111] direction to those expected from LRO B2 or
D05 structures. For the B2 structure, superlattice peaks are
expected only at odd-integer positions along [111]. For DO
long-range order, all half-integer and odd-integer superlattice
positions along the [111] direction are allowed. The mea-
sured intensity of such superlattice peaks is proportional to a
product of the structure factor, Lorentz-polarization factor,
and x-ray atomic form factors.
1+cos(26)

The Lorentz factor is given by =5 7. Since the value
of € in our experiment is very smala, Lorentz factor is
roughly equal to %,. Furthermore, we know in binary systems,
the intensities of superlattice peaks are directly proportional
to (fre—fga)?> and the x-ray form factor decreases with in-
creasing |§|. Hence for D05 ordering, superlattice peaks will
appear at all half integer and integer positions along (111)
and the intensity will decrease with increasing |G|. This trend
is observed in slow-cooled concentrations in Fig. 9 and we
conclude that SRO in the slow-cooled alloys has D05-like
local structure. The quenched concentrations exhibit a differ-
ent trend in intensity. In general, the (111) peak is more
intense than either the (0.5 0.5 0.5) or (1.5 1.5 1.5) peaks.
This is unlike the slow-cooled samples and not expected for
DOs-type SRO, as explained above. Rather, the results sug-
gest that clusters in the quenched alloys have some B2 char-
acter in addition to DO03.

The difference in DO; and B2 structures can easily ex-
plain the variation in the atomic arrangements of clusters in
the slow-cooled and quenched alloys. In the Fe-Ga system,
Ga atoms repel one another. In slow-cooled samples, the Ga
atoms have enough time and thermal energy to move them-
selves as far as possible, resulting in the D05 structure where
the first Ga-Ga coordination shell occurs at the third nearest-
neighbor position. In quenched samples, high-temperature
thermal disorder is frozen in and Ga pairs can be found in the
second coordination shell (i.e., at the body-centered posi-
tions), corresponding to B2 structure. The metastable phase
diagram shown in Fig. 2 indicates that the ordering into the
B2 structure is expected at higher temperatures and plays a
larger role in the cluster formation of the quenched samples,
especially at higher concentrations. This is also supported by
Fig. 10, in which the integrated intensities of (0.5 0.5 0.5)
peaks are notably smaller than that of (100) peaks for large
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Ga concentration. This indicates that B2-like Ga pairing is
much more prevalent at the highest Ga concentrations in the
quenched samples since (0.5 0.5 0.5)-type superlattice peaks
are not allowed for B2 ordering.

E. Relation between MS and SRO in Fe-Ga alloys

The relation between large MS and the alloy structure is
an open question that has been discussed from extremely
different perspectives. One model*> uses strong coupling be-
tween the underlying A2 matrix and tetragonal D05-like pre-
cipitates to explain MS. In this model, DO; precipitates trans-
form into strongly distorted face-centered tetragonal (fct)
islands. The size of the fct strains is thought to control MS.
Due to exchange coupling between fct precipitates and A2
matrix, the application of magnetic field to the multidomain
structure will line up the tetragonal axes, leading to large MS
strain. In principle, such tetragonal domains should be
clearly visible in the x-ray scattering measurements as dif-
fuse scattering with clear shift or split in superlattice peak
due to tetragonal strain. However, based on our results, there
is no evidence to support the existence of this tetragonal
structure since we did not observe any splitting even on the
sharpest superlattice peaks observed in slow-cooled compo-
sitions. This is in apparent conflict with observations of peak
splitting in the neutron data from slow-cooled Fe-Ga alloys
by Cao et al.'! The diffuse peaks are observed to shift from
the nominal superlattice positions to the positive-g side of
(H00), clearly indicating that the shifting is due to atomic
size effect. This fact has been reenforced by recent resonant
x-ray diffraction. In that experiment, we chose different in-
cident energies close to the K edges of Fe and Ga such that
the sign of (fg,—fr.) Was changed. The results showed that
the SRO peaks shifted to either higher ¢ or lower ¢ relative
to nominal position.?”

Another proposed model relates the large MS to Ga pair-
ing found in the B2 atomic structure.>? Band-structure cal-
culations performed using the full-potential linearized aug-
mented plane wave determined the magnetostrictive
coefficient for different Ga ordering patterns. Calculations
predict that the B2 structure contributes positively to MS
while D05 structure will contribute negatively. The negative
effect of the D05 structure appears to be accurate, as the
appearance of large DO; SRO or DO; LRO, sharply de-
creases MS. However, rather small DO; SRO found at lower
concentrations apparently have little or no effect on MS.
From Fig. 1, it is observed that heat treatment has little (if
any) influence on MS at concentrations below the first maxi-
mum. However, different heat treatments give rise to differ-
ent SRO cluster sizes, negating any possible role of very
small clusters. Furthermore in FeycGa,, no SRO is found
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while an enhancement of magnetostriction is observed. Thus,
in the lower concentrations, the enhanced MS arises prima-
rily from shear softening combined with changes in the mag-
netoelastic coupling.

The role that the Ga pairing plays in enhancing MS is still
unclear. At concentrations where MS of slow-cooled samples
reaches the first maximum and quenched samples begin to
possess larger MS, the appearance of B2-like contributions
to the SRO implies a growing amount of Ga pairing. Based
on the band-structure predictions, the increased Ga pairing
should increase the MS. However, it does not appear that it is
possible to retain a higher degree of pairing by thermal treat-
ment beyond ~20 at. % Ga for the first peak. Thus, the gain
in MS from Ga pairing is at most 15 at. %. It is also possible
that quenching simply delays DO ordering, allowing addi-
tional growth of the MS coefficient.

VI. CONCLUSION

Transmission synchrotron x-ray diffraction was used to
investigate the structure of Fe-Ga alloys. The evolution of
SRO was studied as a function of Ga concentration and heat
treatment to clarify the role of Ga ordering in the large MS
along [100] direction.

No SRO was found in FegsGay. Between 13 and
20.3 at. %, the DOs-type SRO increases in size with Ga con-
centration eventually forming the LRO DO0; structure. The
size of D03 SRO is suppressed by quenching for the same
concentration with clusters tending to become isotropic in
shape as Ga concentration increases. These results push for-
ward our understanding of the ordering processes in the
Fe-Ga alloys; addition of Ga into Fe inevitably introduces
SRO in the Fe-Ga solid solutions with Ga concentrations
above certain amount. Nanoscale D05 clusters (>2—5 nm)
and D03 LRO around the first MS maximum suppress MS
dramatically. B2-like contributions to the SRO were ob-
served only in quenched samples for large Ga concentration.
However the relation of Ga pairing expected from the B2
contributions and enhanced MS is unclear.
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