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Abstract. Measurements are reported of the temperature dependence of the elastic constants,
ultrasonic attenuation and thermal expansion of dilute Cr—Ga alloy single crystals containing
0.16, 0.42 and 0.88 at.% Ga. Well defined magnetic anomalies were observed in all of
these physical properties at thee® temperaturé7y ), at the incommensurate—commensurate
(I-C) spin-density-wave (SDW) transition temperatu®c) and at the spin-flip transition
temperaturéTy ;). The complete magnetic phase diagram of the OBa, alloy system has been
determined forx < 1 at% Ga from the temperatures of these anomalies. The magnetovolume
(Aw) and the magnetic componeqh B) to the bulk modulus were both found to vary as

a + bT? + ¢T*, as predicted by theory, in the ISDW phases of all three of the crystals.
Values of the pressure derivatives of; for the crystals containing 0.16 at.% Ga and 0.42
at.% Ga were calculated from the results 8B and Aw. dTy/dw = (0.094+ 0.02) x 10° K
calculated for the Cs- 0.16 at% Ga crystal compares very well with the valugyddw =
(0.108 4+ 0.006 x 10° K obtained from direct high-pressure measurements. High-pressure
measurements have not been made on the- C42 at% Ga crystal for a comparison. The
value dy¢/dw = (0.594+ 0.03) x 10° K calculated fromAw and AB for Cr+ 0.88 at% Ga

does not compare well withTtlc/dw = (0.17 + 0.07) x 10° K obtained from direct high-
pressure measurements. This may point to inadequacies in the thermodynamic model used for
the calculations. Predictions of microscopic theories for the temperature dependence of the
ultrasonic attenuation, magnetovolume and the magnetic components of the elastic constants
close to7Ty do not fit the present measurements.

1. Introduction

The magnetic phase diagrams [1] of Cr alloys with group-3 nontransition metals Al and Ga
contain a triple-point where the incommensurate (1) spin-density-wave (SDW) phase, the
commensurate (C) SDW phase and the paramagnetic (P) phase coexist. The triple-point
concentration X;) is around 2.2 at.% Al for the Cr—Al system and around 0.6 at.% Ga
for the Cr—Ga system. The magnetoelasticity of polycrystalline Cr—Al and Cr—Ga alloys
shows extraordinary effects [1]. It shows a singularity at a certain impurity concentration
where the absolute values of certain of the magnetiin€isen parameters [1] reach
unusually large peak values. For polycrystalline Cr—Al alloys the singularity occurs [1]
at a concentration close to., whereas it occurs at ~ 2x; for polycrystalline Cr—-Ga
alloys. The last observation is unexpected as the singularity for Cr—Ga alloys is also
expected [1] att ~ x;, where the el transition atTy changes from an ISDW-P to

a CSDW-P transition. Furthermore, the pressure derivative of the ISDW-CSDW phase
transition temperaturel; ¢, of Cr—Ga alloys is negative, in contrast with the case for all
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other Cr alloys studied up to now for whicig:/dp > 0. dI;¢/dp calculated from the
magnetoelastic data for polycrystalline Cr—Ga alloys, using a thermodynamic model [1], is
of opposite sign to that directly measured. For all other Cr alloy systems studied in the past,
the signs of the directly measured;d /dp agrees with that calculated from magnetoelastic
data. d;¢/dp has not yet been calculated from magnetoelastic data or measured directly
for Cr—Al alloys for a comparison, as the ISDW-CSDW transition is not readily observed
in the physical properties of this alloy system.

Magnetoelastic measurements on polycrystalline material are only of limited value
and measurements of elastic constants on single-crystalline alloys are needed for a better
understanding of the observed phenomena in Cr alloys with group-3 nontransition metals.
Up to now the elastic tensor components, c44 andc’ = %(cll—clz) and their temperature
dependences have only been studied experimentally [2-5] for single-crystalline Cr—Al alloys.
These quantities for Cr—Al alloys show several interesting features. Both the longitudinal
(c11) and shear modec{4 and ¢’) elastic constants of Cr—Al alloys exhibit a well defined
anomaly at the spin-flip transition temperatufg,, where the transverse ISDW state
transforms to a longitudinal ISDW state on cooling. ThéeNtransition is characterized
by deep minima inc1; for ISDW Cr-Al alloys (¢ < x.) and by nearly steplike increases
in ¢11 on increasing the temperature througjh for CSDW Cr-Al alloy ¢ > x;) single
crystals [3]. Forx not close tox; the shear mode constatit of Cr—Al alloys has a well
defined anomaly aTy, while the shear mode constant, shows only a weak anomaly, or
for some Al concentrations none at all, at this temperature. A further interesting feature
is that, for ISDW Cr-Al alloys £ < x.), magnetic contributions te;; persist up to
T ~ 3Ty, whereas magnetic contributions ¢odisappear abruptly ay. A Cr-Al alloy
single crystal withx close to the triple-point concentratior; ~ 2.2 at.% Al, shows
most interesting SDW effects in its elastic constants. For such an alloy the magnetic
contributions to the bulk modulusB = %(cn + 2c17), at low temperatures are [2]
outstandingly large, being about 50% near 0 K. Furtherm@&efor x = 2.2 at.% Al
reaches [2] a shallow minimum at about 50 K after which it increases continuously, and
linearly by about 50% on increasing the temperature up to 400 K. This means that a
Cr—Al crystal with this critical composition becomes less compressible by about 50% as
the temperature is increased from 50 K up to 400 K, in contrast with what is expected
for normal metals. The SDW contributions to the shear constaftsand ¢’ of this
critical-concentration Cr—Al alloy crystal, on the other hand, amount to less than 1% at
0 K and persist only up to about 100 K fogs and to about 200 K for’. Experiments
[6] on polycrystalline Cr—Al alloys show that the polycrystalline shear constantaries
continuously through all of the magnetic phase transition temperatures without any trace
of SDW effects, while the polycrystalline bulk modulus shows well defined anomalies of
SDW origin at bothTy; and Tyy. The ISDW-CSDW phase transition was not observed in
the elastic constants of Cr—Al alloys, neither in those of polycrystalline nor single-crystalline
alloys [3, 6].

The shear constang, of polycrystalline Cr—Ga alloys also varies [7] smoothly, without
any anomaly, through all of the magnetic phase transition temperatures. Deep minima
were however observed [7] in these alloys ®rnear Ty but 7;c was not well defined
in B—T measurements [7]. No anomaly was observed in eitBeor G at the spin-
flip transition temperature of polycrystalline Cr—Ga alloys. This is surprising as most
Cr alloys show a magnetic anomaly # at 7, [1]. In order to get more insight into
the complex magnetoelastic behaviour of Cr alloys with group-3 nontransition metals, we
report here a study of the elastic constants, attenuation of ultrasonic waves and thermal
expansion for three Cr—Ga alloy single crystals. Two of these crystals undergo ISDW-P
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Figure 1. The absolute valugAw|, of the magnetovolumeAw, as a function of temperature

for single crystals of (a) C# 0.16 at% Ga, (b) Cr+ 0.42 at% Ga, (c) Cr+ 0.88 at% Ga and

(d) pure Cr. The solid curves are best fits of the equafian= Ag+ A1T2+ A>T*. The upper
broken line, marked CSDW, in (c) represents thes|-T curve expected if the crystal remains

in the CSDW state from the paramagnetic state down to the lowest temperatures, without making
a CSDW-ISDW phase transition. Similarly the lower broken line, marked ISDW, represents
the |Aw|-T curve if the crystal remains in the ISDW phase at all temperatures below that of
the paramagnetic state without making an ISDW—CSDW transition. The experimental points
are marked:O. Only a fraction of the measured points are shown for the sake of clarity.

phase transitions &ty and the third, of which the composition is just above the triple-point
concentration, undergoes both an ISDW-CSDW and a CSDW-P phase transifign at
and Ty, respectively.

2. Experimental methods

Three Cr-Ga alloy single crystals, containing 0.16, 0.42 and 0.88 at.% Ga, were grown
by the floating-zone technique using RF heating in a pure argon atmosphere as previously
described [8]. The starting materials were 99.996% pure Cr and 99.999% pure Ga. The
actual concentrations of 06+ 0.02 at.% Ga, %2+ 0.03 at.% Ga and .88+ 0.06 at.% Ga

were determined using electron microprobe analysis techniques. The crystals were prepared
with a pair of flat and parallel (110) faces and for some crystals also with flat and parallel
(100) faces. The distance between these parallel faces was about 6 mm and the area of
the flat surface about 30 nfin Standard ultrasonic techniques, phase comparison [9] and
pulse—echo overlap [10] techniques, were used to measure the velocities for longitudinal or
shear wave propagation along the [110] and [100] directions. 10 MHz quartz transducers
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were used for these measurements. The sensitivity of the former technique is 1 part in 10

or better and that of the latter about 1 part ir?.1The error in the absolute values of the
ultrasonic wave velocities is about 0.5 to 1%. The phase comparison method was more
useful for measurements over a wide temperature range where the changes in ultrasonic
wave velocity with temperature are large while the pulse—echo overlap technique was used
for studies around the phase transition temperatures and for measuring ultrasonic wave
attenuation near these temperatures. Measurements were made in the temperature range
from 77 K to 450 K for the ultrasonic wave velocities while heating the sample slowly at

a rate of about 0.5 K mirt.

Thermal expansion measurements were made, as previously [8], by using a strain
gauge technigue. The measurements were done relative +05Cat% V, which remains
paramagnetic at all temperatures and serves to simulate [1, 6] the nonmagnetic component
of the Cr-Ga crystals, i.&AL/L)yeas = (AL/L)crevs — (AL/L)cr—ca- The error in the
absolute values oAL/L is about 5%, while changes of>310~7 with temperature could



The elasticity of Cr—Ga alloy single crystals 9965

38 H T T T
E 35t H— Ty
z T " J, ~
= A~
= 32 Tsf .\.
&
(a) :
29 l i i i
100 200 300 400
T T T T
- 34 - T\\ i
.E \ TN ’/—
Z
=) T A
= 31 sf V4 .
o :
(b) .
28 | i [ H
100 200 300 400
36 T T T 7]
o r,. T
§ B coN :
K l/
= /
e 30 / _ Figure 3. The temperature dependence (on
© ‘\/, heating) of the elastic constant = %(cll +
© ] . , c12+ 2caq) for (a) Cr+ 0.16 at% Ga, (b) Crr
27 0.42 at% Ga and (c) CH- 0.88 at% Ga. The

100 200 300 400 500 solid curves show the expected nonmagnetic
behaviour determined using results on €r
TK) 5 at% V [17].

be detected easily. Thermal expansion was measured along [100]. Measurements for the
thermal expansion were recorded at 0.1 K intervals while slowly heating or cooling the
samples at a rate of about 0.3 K miin the temperature range 77 K to 450 K.

3. Results

3.1. Thermal expansion

As the crystals of this study are of cubic symmetry and as thermal expansion is represented
by a tensor of the second rank, we do not expect [11] anisotropy in the thermal expansion for
these alloys. The magnetovolume is directly givenAywy = 3(AL/L)eqs- It iS Negative

and its absolute value is shown as a function of temperature in figure 1. The results of
Robertset al [12] for the coefficient of thermal expansio®g,.v., of Cr+ 5 at% V were

used to calculate the coefficient of thermal expansien, g, of the Cr—Ga single crystals

from (AL/L)ueqs- The results are shown in figure 2. Also shown in figure 2dg,v.(T)
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which simulates [6] the nonmagnetic componentagf_ca(T). acr_ca(T) is shown as

a smooth curve in figure 2. The scattering of the calculatedg,-values around this

curve is to within 01 x 1078 K=1, Heating and cooling runs show no hysteresis effects in
(AL/L)eqs- For comparison the thermal expansion of a pure Cr single crystal was also
measured. The results are shown in figure 1. No thermal hysteresis effects were observed
during heating and cooling runs for pure Cr.

The Aw-T curves in figure 1 for pure Cr, Gr 0.16 at% Ga and CH 0.42 at% Ga
single crystals are very similar in shape. All three of these crystals remain in the ISDW
phase at alll < Ty with no I-C phase transition belo@y. The Aw-T curve for the
Cr+ 0.16 at% Ga single crystal shows a more prominent ‘kink’Zat than that observed
for a polycrystalline Cr—Ga alloy of the same concentration [7]. Also shown in figure 1(c)
are two broken lines which represent what the—T behaviour of Cr+ 0.88 at% Ga
would be if it was to remain in either the ISDW or CSDW phase frone= Ty down to
T = 0K, without any I-C transition|Aw| at 0 K aswell as the Neel temperature is expected
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[13] to be larger for a CSDW phase Cr—Ga alloy than for an ISDW phase one. This justifies
the choice of the two different broken lines to represent the expected ISDW and CSDW
curves for Cr+ 0.88 at% Ga in figure 1(c). For single-crystalline &r0.88 at% Ga the
transition from theAw—T broken curve, marked ISDW, to thtew—T broken curve, marked
CSDW, in figure 1(c), occurs at a sharp ‘knee’ point, followed by a smooth crossover in
a more horizontal direction parallel to ttfe-axis. This gives rise to the low-temperature
minimum in thex—T curve of figure 2(c). The temperature of this minimum was taken
as the ISDW-CSDW phase transition temperatdie, of the Cr+ 0.88 at% Ga crystal.
Contrary to this, the crossover from the ISDW to CSDW phasg,atfor polycrystalline
Cr+0.83 at% Ga, in terms of figure 1(c), occurs by a smooth crossover in a more vertical
direction parallel to thg Aw|-axis (figure 2(a) of reference [13]), resulting in a peak on
the |Aw|-T curve and a maximum ia—1 nearT;c [7]. There is a second minimum at

T > T;c on thea—T curve (figure 2(c)) of single-crystalline Gr0.88 at% Ga, similarly

to what was observed [7] &ty for polycrystalline Cr+ 0.83 at% Ga. We tookTy for

the Cr+ 0.88 at% Ga single crystal at the temperature of this minimum (figure 2(c)). The



9968 A R E Prinsloo et al

16 H H T T
-~ k T
(\'IE ‘l N
z ~ L
= 15f T ,
S
o sf
(a)
14 | | i 1
100 200 300 400
T T T T
o
=)
Z
=
<
=
k)
H T li T
ST B -
=}
Z.
=
=)
o)
e Figure 6. The temperature dependence of the
l | ) | elastic constant’ = %(cn — c1p) for (@) Cr+
14 0.16 at% Ga, (b) Cr+0.42 at% Ga and (c) Cr-
100 200 300 400 0.88 at.% Ga. The solid curves show the exp-
T(K) ected nonmagnetic behaviour determined using
results on Cr-5 at% V [17].

reason thatt(7T") of the present C# 0.88 at% Ga single crystal behaves differently during
the I-C phase transition to that for the polycrystalline+30.83 at% Ga alloy is currently
unknown. The possibility of the existence of mixed ISDW/CSDW phases for temperatures
in the transition region may partly be responsible for this. Evidence of such mixed states
was previously found [8, 14] for instance for Cr—Si single crystals.

Both Cr+ 0.16 at% Ga and CH- 0.42 at% Ga crystals show a sharp minimum in the
a—T curves of figure 2, similarly to the results obtained previously [7] for polycrystalline
Cr—Ga alloys of similar concentrations. For-€0.16 at% Ga and Cr 0.42 at% Ga, Ty
was defined at the minimum on the-T curve for each as shown in figure 2. This gives
Ty =298+ 2 K for Cr+0.16 at% Ga andly = 2924 2 K for Cr+ 0.42 at% Ga which
correspond well with the valuegy = 297 K andTy = 290 K obtained from measurements
[7] on polycrystalline CH 0.15 at% Ga and Cr 0.42 at% Ga alloys, respectively. For
the Cr+ 0.88 at% Ga single crystalTy = 335+ 10 K andT;¢c = 270+ 5 K from figure
2(c). These two values agree well wiify = 335 K and7;¢c = 258 K obtained [7] for
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polycrystalline CH 0.83 at% Ga.

As for most other Cr alloy systems thus far studied, the curves of the Cr—Ga
single crystals show very distinct minima &{. In the case of Cr-Al alloys withh <« x,
a(T) also shows [6] a minimum &fy that becomes smaller [6] for close tox;, tends
to disappear [2] atr; and changes to a steplike anomaly7at for x > x; [6]. The
Cr—Ga system differs from the Cr—Al system in this regard as it shows, for both of the
present studies on a single crystal as well as previous [7] studies on polycrystalline alloys,
a minimum atTy for x > x; instead of a steplike increase with increasing temperature.

3.2. Elastic constants

The elastic constants were obtained from ultrasonic wave velocities and densities of the
crystals by using standard equations [15] for cubic crystals. The densities were determined
by hydrostatic weighing in water. Ultrasonic wave velocity data were corrected for
transducer diffraction effects by using methods developed by Kittinger [16]. The elastic
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constants were corrected for the effects of thermal expansion of the sample by using the
thermal expansion measurements reported in the previous section.

The temperature dependences of the elastic constgnis% (c11+ c12+ 2¢44), C11, Caay
= %(611—612), andB = %(c11+2c12) are shown, respectively, in figures 3, 4, 5, 6 and 7.
c11 = ¢ + ¢ — caq and the adiabatic bulk modulu® = %(Cll + 2c12) = ¢ — Ca4 — %C’
were calculated from the data obtained &1, c44 and¢’. The solid lines in these figures
represent the expected nonmagnetic behaviour and were obtained from the temperature
dependences of the elastic constants [17] of a+Ck at% V crystal that remains
paramagnetic at all temperatures down to 0 K. The magnetic contribution to the bulk
modulus,AB = Bcr,.v, — Bcr—ca IS Obtained by subtracting the measured values of the Cr—
Ga crystals from the broken curves in figure 7. Figure 8 shows the temperature dependence
of AB.

The longitudinal mode elastic constamfsandcii, as well asB, show deep and sharp
minima in figures 3, 4 and 7 for Gr 0.16 at% Ga and Cr 0.42 at% Ga. These two
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crystals show |I-P phase transitions7at and do not contain the CSDW phase in their
magnetic phase diagram®y for them was taken at the temperature of the deep minimum
of thec;—T curves of figures 3(a) and 3(b). This is similar to what was done previously [7]
for polycrystalline Cr—Ga alloys withh < x;. For Cr+ 0.88 at% Ga, for whichx > x;,

cr, c11 and B also show deep minima in figures 3, 4 and 7, but for this crystal the minima
are very broad. The broadness of these minima may be ascribed to the closefgsaraf

Ty in this crystal that is of a concentration just above the triple-point concentration. The
inflection points to the left and to the right of the minimum in figures 3(c), 4(c) and 7(c) of
Cr+0.88 at% Ga, agree very closely with;- and toTy, respectively, obtained from the
thermal expansion measurements of figure 2(c). In previous studies [7] on polycrystalline
Cr+ 0.83 at% Ga the two inflection points at the broad minimum on thel’ curve were

used to definel;- and Ty. A similar definition seems to be appropriate for the present
Cr+ 0.88 at% Ga crystal. Table 1 gives the transition temperatures obtained in this study
from ultrasonic and thermal expansion measurements. BH¥# minima observed for the
Cr—Ga single crystals afy are very similar in shape to that observed for polycrystalline
Cr—Ga alloys [7] with similar concentrations. The only difference is that the minimum
for the Cr+ 0.42 at% Ga crystal is much narrower than that observed [7] for & Cr
0.42 at.% Ga polycrystalline alloy.
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Figure 9. The temperature dependencecgi near the spin-flip transition temperatuf®, of
(a) Cr+ 0.16 at% Ga and (b) Cr- 0.42 at% Ga. Also shown is the temperature dependence
of ¢’ nearTy; of (c) Cr+ 0.16 at% Ga and (d) Cr- 0.42 at% Ga.

No magnetic anomalies were observed in the temperature range 77 K to 500 K for
the shear modulus of polycrystalline Cr—Ga alloys [7]. For the+d.16 at% Ga and
Cr+0.42 at% Ga alloy single crystals, however, figures 5 and 6 depict small anomalies at
Ty and very distinct anomalies di, for the shear constantss andc¢’. The behaviour of
cas andc’ for these two crystals close ®; is shown in figure 9. For thess-mode,T;; was
taken at the minimum of the curves shown in figures 9(a) and 9(b) fer CL6 at% Ga
and Cr+ 0.42 at% Ga, respectively. In the case of themode, T;; was taken at the
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Table 1. Magnetic transition temperaturégy, 7;c and Ty for Cr—Ga alloy single crystals
obtained from thermal expansion, velocity of sound and ultrasonic (10 MHz) attenuation

measurements.

Transition From From From

temperature  thermal ultrasonic ultrasonic
(at.% Ga) (K) expansion  velocity attenuation
0.16 Ty — 122+2 120+ 1

Tn 298+2 3023+0.9 3031+0.6
0.42 Tyy — 115+1 1135+ 05

Ty 292+2 292+ 1 2933+0.3
0.88 Tic 270+5 272+ 1 266+ 6

Tn 335+ 10 328+8 332+ 2

inflection point at the sharp rise of the curves as shown in figures 9(c) and 9(d). Values of
T,; obtained from these two figures correspond well with each other and the average value
for each alloy is shown in table 1.

It is of interest to compare the behaviour of the elastic constants of Cr—-Ga and Cr—Al
alloy single crystals as both of these two systems belong to the group of Cr alloy systems
containing group-3 nontransition metals. First of all, the magnetic contributions, t@ 1
and to B are considerably less at low temperatures in Cr—Ga than in Cr—Al crystals. For
instance, for Cr—Al [4] atc > x;, AB reaches values of ¥ 101 N m~2 while it is only
about 1x 10 N m~2 for the Cr+ 0.88 at% Ga crystal withx > x;. Furthermore, a
sharp anomaly is observed A, on the B-T curve for a Cr—Al alloy single crystal with
x < x; while it is negligibly small in figures 7(a) and 7(b) for Cr—Ga crystals witk x; .

The absence of th@-anomaly in Cr—Ga may be ascribed to its smallnesg;atfor ¢,

and to a near cancellation of the effects of the, css- and ¢’-anomalies in the equation

B =c; —can— %c’. Another difference between Cr—Ga and Cr—Al single crystals is the
absence of any magnetic anomalylat in the elastic constants [4] and thermal expansion
[6] of the latter, while both of these physical quantities show anomalies for the former at
TIC-

The ultrasonic attenuation coefficiemt, for the c11, ca4, ¢, @andc¢’ propagation modes,
y11, Yaa, YL @ndy’ respectively, near the transition temperatures for-@x16 at% Ga,
Cr+0.42 at% Ga and Cr 0.88 at% Ga are shown in figures 10, 11 and 12, respectively.
The crystals used in this study were in the m@tiSDW state since they were not field
cooled throughTy. y was also previously measured [18] for a €10.5 at% V single
crystal, for longitudinal sound propagation only, in both the m@tand singleg) states.

For the multiQ) state this sample shows a small steplike decrease when the TISDW phase
is entered with increasing temperature throdgh This is to be compared with the minima
observed iny 1 andy;, at T, for the Cr4- 0.16 at% Ga and CrH- 0.42 at% Ga crystals

in figures 10(a) and 10(b) and 11(a). Recently [¥9fvas also studied nedfs for Cr—Ir
alloy single crystals in the mult) state containing 0.07 and 0.17 at.% Ir. For these crystals
small peaks were observed B, for y11, y44 andy’. This behaviour differs from that of
the Cr+ 0.16 at% Ga crystal of the present study which shows minima g7 and
yi—T at Ty and more steplike decreasesyff-T andyss—T. On the other hand, although
y.—T for Cr+0.42 at% Ga also shows (figure 11) a minimum%g, it does show a peak
for y’—T there, in line with the case of the Cr-Ir alloys. No anomaly was observeg,in
for Cr+ 0.42 at% Ga atTy;.
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Figure 10. The temperature dependence of the ultrasonic (10 MHz) attenuation coefficients
y11, YL, yaa and y’, respectively for thecii, cr, cas and ¢ wave propagation modes of
Cr+ 0.16 at% Ga. Panels (a), (b), (c) and (d) show the behaviour near the spin-flip transition
temperature7;s, and panels (e), (f) and (g) that near théeNtemperatureTy. In panels (e)

and (f), measurements could not be done above aboul® dB m~! as this is the limit for

the instrument used.

Figures 10(e), 10(f) and 10(g) showi, y;, andy’ as functions of temperature near
Ty for the Cr+ 0.16 at% Ga crystal. No attenuation anomaly was observedafor
Both of the longitudinal propagation modes

this crystal in thecyy propagation mode.
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Figure 11. The temperature dependence of the ultrasonic (10 MHz) attenuation coeffigients
andy’, respectively, for the;; andc¢’ wave propagation modes of €r0.42 at% Ga. Panels
(a) and (b) show the behaviour near the spin-flip transition temperafiyreand panels (c) and
(d) that near the Bel temperaturely. In panel (c)y; could not be measured above about 13
dB m~1 which is the limit for the equipment.

show a very large peak in the attenuation7at There is also a peak ip’ at Ty for
Cr+0.16 at% Ga, but it is not as sharp as that far andy,. In figures 10(e) and 10(f)
the attenuation nedfy becomes extremely large, reaching values that are out of the range
of our equipment. That is why we could not measyie and y, for Cr+ 0.16 at% Ga
in a temperature range of aboutd 2 K aroundTy in figures 10(e) and 10(f). This is
also the case in figure 11(c) for Gr0.42 at% Ga. Peaks also occur ip—T andy’-T
at Ty for the Cr+ 0.42 at% Ga crystal as shown in figures 11(c) and 11(d). For the
Cr 4 0.88 at% Ga crystal, a small broad peak, not too well defined, was observed near
Ty for y, (figure 12(c)). They’-T curve of this crystal (figure 12(d)) shows a better
defined peak, although fairly broad, neBy. For Cr+ 0.88 at% Ga the peaks iny;—
T andy’-T nearTy are not as sharp and as prominent as those for Q116 at% Ga
and Cr+ 0.42 at% Ga single crystals. Attenuation was also measuredyfgrfor the
Cr+ 042 at% Ga and Cr+ 0.88 at% Ga crystals but no magnetic anomalies were
observed neafly in this quantity for these two crystals. The valuesTaf, defined at
the temperatures of the peaks of theT curves of the three Cr—Ga crystals, are given in
table 1 and correspond well with values obtained from the thermal expansion and elastic
constant measurements.

Figures 12(a) and 12(b) show—T andy’-T curves for the C#- 0.88 at% Ga crystal
near T;c. Peaks are observed for these two quantities rfear similarly to what was
observed neaf;¢ for Cr—Ir [19] and Cr—Ru [20] single crystals. The valueslpf taken at
the midpoints of the peaks in figures 12(a) and 12(b) are given in table 1 and agree well with
values obtained in the measurements of the thermal expansion and the velocity of sound.
T;c andTy are completely resolved on the-T curves of figure 11 for C+ 0.88 at% Ga,
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Figure 12. The temperature dependence of the ultrasonic (10 MHz) attenuation coeffigients
andy’, respectively for the:, andc¢’ wave propagation modes of Gr0.88 at% Ga. Panels
(a) and (b) show the behaviour near the ISDW-CSDW phase transition tempefaturend
panels (c) and (d) that near thee® transition,7y. T;c and Ty correspond to the values in
figure 2.

as was also the case for theT curves of figure 2(c). These two transitions were however
not that well resolved on the;—T andc1:—T curves of this crystal.

3.3. The magnetic phase diagram

The phase line separating the LISDW and TISDW phases in the magnetic phase diagram
of the Cr—Ga alloy system has not been determined yet. The reason for this is that the
LISDW-TISDW phase transition &, does not show anomalies in physical properties like
electrical resistivity, thermal expansion or elastic constants of polycrystalline Cr—Ga alloys.
The present measurements on the single crystals, however, show well defined anomalies in
the elastic constant ;. The full magnetic phase diagram, constructed up to 1 at.% Ga
from the data of table 1 and previous [7] measurements, is shown in figure 13.

The decrease iffy; on alloying observed in figure 13 confirms the general trend for
dilute Cr alloys and is explained [1] on the basis of the extra degree of freedom that is
present if one has transverse rather than longitudinal polarization of the SDW.

4. Discussion

A thermodynamic model, previously successfully used for several Cr alloys [1, 8, 21-23],
was used to analyse the magnetic contributions to the bulk modulus and the magnetovolume.
The main assumptions of the model are that the magnetic free energy is separable from the
total free energy and that volume strain terms in the free energy dominate shear strain
effects. The last assumption is nearly fully satisfied for the present Cr—Ga alloy single
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100 - LISDW 7 Figure 13. The magnetic phase diagram of Cr—
. . Ga alloys. Points marked are for 7y, from this
0.0 0.5 1.0 study as well as those markexi for 7;c and ¢
. for Ty. Points® are for Ty andO for T;¢ from
Ga concentration (at.%) reference [7]. Point® andA are for pure Cr [1].

crystals for which the magnetic contributions B are very large compared to the very
small, or near-zero, magnetic contributions to the shear elastic consjgi@tsd ¢’ (figures
5, 6 and 7). The free energy in the thermodynamic model is given by

AF(t,®) = ¢(w) f(t(w)) (1)
where the excitation potentigl(w) depends on the volume strain, in the low-temperature
region well belowTy. f(t(w)) is taken [1] asf(t(w)) = (1 — t?)? and the reduced
temperature is given byr = T/ To(w), with To(w) a critical temperature parameter. It was
found, to a good approximation, for Cr—Fe [23] and Cr-Si [8] alloys ffiais given by
Ty. This approximation was also used in analysing the Cr—Ga data. It follows [8, 23] from
equation (1) that

Aw = —(0 AF/dw)7r/B = ag + ait® + at* (2)
and

AB = (0> AF/3w?) 1 = by + bit? + byt* 3)
where AB is the magnetic contribution t8, and Aw is the magnetovolume.

From the theory it follows [23] that

ﬂ + % =-1 (4)
ap ap
ding 8 (dInTy\?(b1 by -t a1 a2\ '/dInTy
=—— g | =4 = 4272
dw Fo( dw ) <bo + bo + <ao + ap dw (5)
and
dlnTN FO bl b2
=——|(5-"+4+3°-+7 6
dow 16( bo + bo + ) ( )
where
To = bo/ Bag = AB(0)/B(0) Aw(0) @

is the zero-temperature magnetici@eisen parameter.

Fawcett and Alberts [21, 22] considered in equation (1) to be constant for the
temperature regions wherE — Ty from above or from below. The above equations
are therefore not valid in this limit. The following magnetici@eisen parameters are then
obtained for these temperature regions:

dinTy 1 i <AB(t)
do  ByTy i—1 A,B(t))

FAF:_ <1 (8a)
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or
dT~:1.im<AB<’>) r<1 (8b)
do ~ By i—1\ AB()
and
__dInTF__ 1 . AB(t)
br=—"4 = BFTFL1<A,3(t)) =1 ()
or
dry _ 1 ”m(AB@> -1 (90)
do ~ Bri—1\ AB()

Here Tr is a characteristic spin-fluctuation temperature &gl = 3 A« is the magnetic
contribution to the coefficient of volume thermal expansion. The requirement Thatdad
and d'r/dw be determined only in the limil' — Ty is not stringent [22]. For several Cr
alloy systems the plots oA B(r) againstAB(r) were found to be linear over a relatively
wide temperature range above and belfw [1, 8, 19, 23]. These linear parts are used
to calculate @y /dw and d'r/dw from equations (8) and (9). Values @&y or Br are
calculated using

f

By Or Bp = <Z [Bc,_ea(t) + % AB(t)D (10)

1=ty

whererg andt; represent the beginning and the end of the temperature intervakfdr or
t > 1 over which theAB—ApB curves are linear.

Table 2. Coefficients in the expansionsw = ag + ait? + axt?, for the magnetovolume, and
AB = bg + b1t? + bor*, for the magnetic contribution to the bulk modulus, in the ISDW
phases of the Cr-Ga alloy single crystals. Also given are value&:fof az)/ao.

Aw = ag + a1t? + apt* AB = bg + b11? + bot*

ag ai ar b1 bo ba
(at% Ga) (1073 (1073 (1079 A°NmM2) AP°Nm2 @AEPNmM?2) ag/ag+az/ao

0.16 1.397 -0.64 —-0.20 6.0 14 15 —0.60
+0.003 +0.01  +0.01 +0.3 +1 +2 +0.02

0.42 1493 -0.63 —-0.34 7.1 -1 27 —0.646
+0.003 +0.01 +0.01 +0.2 +1 +1 +0.008

0.88 0.776 —-0.432 -0.074 11.3 -2 64 —0.65
+0.001 +0.004 +0.006 +0.3 +2 +3 +0.01

Equations (2) and (3) fit the experimental results well over a wide temperature range
of about 160 K, or more, below, for the ISDW phases of the three Cr—Ga alloy single
crystals. The fitting parameters obtained are given in table 2. The fitting parameters
are of the same order of magnitude as those previously obtained for Cr—Fe [23] and Cr—
Si [8]. The fitted curves are shown as solid lines in figures 1 and 8. The solid lines
shown in these figures are the best fits of the equatioB$T) = By + B1T? + B,T* and
Aw(T) = Ao + A1T? + A,T*, from which @o, a1, a») and o, b1, by) can be obtained.

For the Cr+ 0.88 at% Ga crystal the fit was done in the ISDW phase belw. This
means thaffy used in the reduced temperature- T/ Ty of the theory, when applied to
this crystal, should b&)y for the Cr+ 0.88 at% Ga crystal if it was to remain in the ISDW
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Table 3. Néel temperatures;y, the magnetovolume at 0 KAw(0), the magnetic contribution

to the bulk modulus at 0 KA B(0), the bulk modulus at 0 KI'g, dInTy /dw, dIn¢/dw and

dTy /dw for Cr alloy single crystals. The value of d¢nfdw in brackets were calculated from
(a0, a1, a) and those not in brackets frotho, b1, b2) using equation (5). The valugy = 300

K for Cr + 0.88 at% Ga was estimated for this crystal if it remains in the ISDW phase from 0
K up to the Neel point (figure 1(c)). The valueTy /dw in the table for this crystal is for this

ISDW phase.
Aw(©) AB(0) B(0) dinTy /de
(at% Ga) Ty (K) (103 @APNm? @A0MNmMm?2 Iy dinTy/do ding/dw (10°)
0.16 303 1.418 6.0 2.09 —-20 329 70 0.100
+1 +0.007 +0.3 +0.02 +1 +03 +20 +0.009
(180)
(£20)
0.42 2932 1.61 7.1 1.914 -23 26 50 0.076
+1 +0.03  +02 +0.007 +1 +2 +20 +0.006
(120)
(£10)
0.88 300 0.77 11.3 1.94 -75 118 200 0.35
+0.01 +03 +0.01 +3 48 +60
(630)
(+40)

phase at all" < Ty, without an ISDW—-CSDW phase transition. THig is not known but
it should be lower than the experiment®| for the CSDW-P transition at 335 K of this
crystal, as shown by the rough extrapolation of the ISDW broken line in figure 1(c). A
rough estimation foffy of the ISDW phase iy (ISDW) ~ 300 K from the ISDW broken
line in figure 1(c). The fitting parameters shown in table 2 for this crystal were obtained
using Ty (ISDW) = 300 K. The experimental errors shown for the fitting parameters of
Cr+ 0.88 at% Ga in table 2 are only that of the fit and do not include the error in the
estimatedTy (ISDW). For Cr+ 0.42 at% Ga and Cr 0.88 at% Ga the coefficienb;
in AB is relatively small. The major contribution to the temperature dependenceBof
in the ISDW phases of these two crystals comes fromtheerm. This was also the
case for Cr—Si alloys [8] but not for Cr—Fe [23] alloys. The left-hand side of equation
(4) was calculated from the results of the fits, and the results are shown in table 2. The
values of(a; +ay)/ap are similar to those obtained in previous studies for Cr-Si [8], Cr—Fe
[23] and Cr—Ir [19] and are in reasonable agreement with the theoretical vdlué the
approximations of the thermodynamic model are kept in mind. Tabulated in table 3 are the
values calculated foFy, dIn¢/dw, dInTy/dw and d'y/dw, using equations (5), (6) and
(7). dTy(1SDW)/dw is given for Cr+ 0.88 at% Ga. Also shown in table 3 are the values
of Ty, AB(0), Aw(0) and B(0) used in these calculations. The valuesTgfused in these
calculations were determined from the minima of the-T curves for Cr+ 0.16 at% Ga
and Cr+ 0.42 at% Ga. Values of dlgp/dw calculated separately fronad, a1, az) or (b,
b1, by), differ by a factor of up to about three (table 3), as was also found for Cr—Fe [23]
and Cr-Si [8]. The reason for the discrepancy is currently unknown but it may partly be
attributed to the approximations in the thermodynamic model.

Plots of AB againstAB at each temperature are shown in figure 14. The curves were
found to be reasonably linear over a relative large temperature range above andrkelow
for both Cr+ 0.16 at% Ga and CH 0.42 at% Ga which remain in the ISDW phase for



The elasticity of Cr—Ga alloy single crystals 9979

1 T 1 T T 1 T
_ 4 t=0.98 4 t=1.01
o + t=1.01 7 = ]
z (=105 e (= 0.99
Z
= _ 4 R 4
= 20 t=1q2 =080 2
< (@) t=0.54 (b)
0 It 1 1 { O ] l 1
0 5 10 15 0 5 10 15
6 6 T T T
- t=0.98
‘g 4 - 4 - -
7.
:2 2 - 4 2r s -
=
< L - L B
0 ‘ @7 0 g4, )
0 2 4 6 0 2 4 6
6 o.-1 6 -1
A (10 K" A0 K
Figure 14. The magnetic contribution to the bulk modulusB, as a function of the magnetic
contribution to the volume thermal expansion coefficiehs, at the same temperature for (a)
Cr+0.16 at% Ga, (b) CH 0.42 at% Ga and (c) and (d) Gr 0.88 at% Ga. In panels (a) and
(b) points markeda are forr = T/Ty > 1 and points marke® are fors < 1. Panel (c) is for
Cr+0.88 at% Ga atr = T/Ty > 1 and panel (d) is for the same crystalrat T/T;c < 1.
For clarity, data are only shown in the linear regions of the plots, and for further clarity, only
a fraction of the data points are shown. The solid curves are least-squares fits to the data and
values oft at the encircled points are given in each panel.
Table 4. Values of Ty, AB(t)/AB(t) determined from figure 14 andy, Br or B;c for
the Cr-Ga alloy single crystals. Also given are values &f (Hw, dT;¢/dw and d'r/dw
calculated using equations (8), (9) and (11). For+(0.88 at% Ga, AB(t)/AB(t) are given
fort=T/Ty > 1and fort =T/T;c < 1.
AB(t)/AB(1) By, BF or Byc
(10'® N m=2 K) (10" N m2)
dTy/dew  dTjc/dw dTr /dw
(a%Ga) Ty (K) t<1 t>1 t<1 t>1 1P K)  (10° K) (10° K)
0.16 303 2.10 1.75 1.95 1.95 0.108 — 0.090
+1 +0.04 +0.06 +0.08 +0.08 +0.006 +0.006
0.42 293 3.03 0.79 1.83 1.74 0.165 — 0.045
+1 +0.02 +0.06 +0.07 +0.07 +0.008 +0.005
0.88 335 10.8 10.91 1.85 1.87 — 0.59 0.58
+5 +0.1 +0.08 +0.07 +0.08 +0.03 +0.03

T < Ty. The Cr+ 0.88 at% Ga single crystal, which lies just above the triple-point
concentration, contains a CSDW phase 1o¢ < T < Ty and we could not find useful

linear regions ofA B againstAg for the CSDW phase. The linear regions shown in figures
14(c) and 14(d) are fof > Ty andT < T;c, respectively. The slopes obtained from these
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curves are tabulated in table 4 together with values calculatedTgydd and d'r/dw
using equations (8) and (9) for Gr0.16 at% Ga and Cr 0.42 at% Ga.

An equation similar to equation (8) holds [21] for the ISDW-CSDW transitiofi;at
that is,

drje 1 “m(AB(t)) a1

do ~ Bici—1\ AB(1)

where B¢ is the value ofB defined similarly to equation (10) fof < T;c. From the
slopes of figures 14(c), & > Ty, and 14(d), atT < T;¢, dTr/dw and d;¢/dw can
thus be calculated for Gr 0.88 at% Ga using, respectively, equations (9) and (11). These
values are also shown in table 4.

For most dilute Cr alloys previously studied, it was found thaf (Hw < d7r/dw [8,
19]. This means that the short-range magnetic order and spin fluctuations Apcwe
more volume dependent than the SDW bel@w. From table 4 the situation is however
just the reverse for G 0.16 at% Ga and CH- 0.42 at% Ga; d'y/dw > dTr/dw. This
phenomenon was recently also observed for a+@17 at% Ir single crystal [19]. The
reason for the unusual behaviour of the Cr—Ga samples is currently not known. For the
Cr+ 0.88 at% Ga crystal it is interesting to note thaf)d/dw is more than six times
larger than that for the other two Cr—Ga crystals. As the latter two crystals have ISDW-P
transitions atly and the former one a CSDW-P transition, it is tempting to conclude that
spin fluctuations at temperatures above a CSDW-P transition in Cr—Ga alloys are more
volume dependent than those above an ISDW-P transition.

The values of @y /dw and dI;¢/dw of table 4, calculated using the thermodynamic
model, are to be compared with values obtained from direct high-pressure measure-
ments. High-pressure measurements were performed on the €t6 at% Ga and
Cr+ 0.88 at% Ga crystals. Figure 15(a) shows the longitudinal wave veloeity,along
[110], as a function of temperature for different constant pressures fer@t6 at% Ga.

The Neel point at each pressure was taken at the minimum omwth& curve. The
pressure dependence B is shown in figure 15(b)Ty varies linear with pressure giving
dTy/dp = —(64+ 4) K GPa . dTy/dw was calculated from By /dp using [24]
-1
dinTy _ —BdTN<1— 3aBdTN> .
dow dp dp

From equation (12) a valuel@ /dw = (0.094 0.02) x 10° K is obtained which comp-
ares reasonably well with the valudg/dw = (0.1084+ 0.006) x 10° K obtained from
an application of the thermodynamic model to the magnetoelastic measurements (table 4).
Direct high-pressure measurements were not performed for the(3t2 at% Ga crystal.

Our high-pressure measurements on the-0188 at% Ga crystal were reported previously
[25]. In that study we obtainedTi./dp = —(174+ 29) K GPa! for this crystal. Using

this value in equation (12) givesTg-/dw = (0.17 £ 0.07) x 10° K compared to a value
dT;c/dw = (0.59+ 0.03) x 10° K (table 4) obtained from the magnetoelastic data. The
reason for the large discrepancy between these two valueg gfdto is currently unknown

and may partly be due to inadequacies of the thermodynamic model. What is however of
importance is that the signs offg-/dw obtained using the two different methods agree:
they are both positive, for single-crystalline €r0.88 at% Ga. In the case of polycryst-
alline Cr—Ga alloys, however, the directly measurefj-gddw (positive) differs in sign
(negative) with that obtained from magnetoelastic measurements, using the thermodynamic
model [1]. We do not know currently why polycrystalline and single-crystalline Cr—Ga
alloys differ in this regard.

(12)
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(a) The ultrasonic wave velocityy;, for the ¢, wave propagation mode of

Cr+0.16 at% Ga as a function of temperature at different constant press@re§: GPa;J,
0.04 GPaA, 0.07 GPa; and), 0.12 GPa. (b) The pressure dependence of thel Mmperature

of Cr+ 0.16 at% Ga.

Table 5. Values of the slopem, obtained from the least-squares fits to the linear regions of
plots of logy against log(1 — 7/Ty)| for Cr+ 0.16 at% Ga and Cr 0.42 at% Ga. These

plots were made after subtracting the background attenuation from the measured attenuation
coefficient,y. The temperature range in which the plots are linear is given by the difference

between the temperatur@segin and Teng.

T >Tn T>Ty
(at.% Ga) Mode Tn (K) m Thegin (K) Tend (K) m Thegin (K) Tend (K)
0.16 c11 3026 7.0 303.8 3043 -0.76 298.7 301.6
+0.6 +0.2 +0.02
0.42 cr 293.7 —253 294.5 298.0 — — —
+0.7 +0.06

Sato and Maki [26] studied the ultrasonic attenuation of dilute Cr alloys aliave
theoretically. They found that for both longitudinal and shear wayeshould diverge
as (T/Ty — 1)~Y/2 for a transition from the paramagnetic state into the ISDW state. No
divergence is expected for a transition into the CSDW state. For concentrations in the
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vicinity of the triple-point concentration, a divergence @y Ty — 1)~>* is expected. We
attempted to test Sato and Maki’s theory for the present Cr—Ga alloy single crystals. A
problem is however the determination of the background attenuation below and Bbove

in figures 10, 11 and 12. The background could be determined meaningfully for only
three cases: for the;:—T curve (figure 10(e)), both fof > Ty and T < Ty, for the

y.—T curve (figure 10(f)) atT > Ty of Cr+ 0.16 at% Ga, and for they,—T curve
(figure 11(c)), both forT > Ty andT < Ty, for Cr+ 0.42 at% Ga. Another problem

is that, even for these cases, we could not meaguvery close toTy, due to very high
attenuation that is out of the reach of our equipment in the close proximif ofPlots

of logy, after subtracting the background attenuation, againgt4gdy — 1|) were found

to be approximately straight lines in useful temperature regions both below and &bove
only for y;1 of Cr+ 0.16 at% Ga and fory, atT > Ty for Cr+ 0.42 at% Ga. No useful
linear regions on the log—log plots could be found for the other cases mentioned above.
The Ty-values used in these plots were taken at the midpoints gf HTecurves in figures
10(e) and 11(c). Small adjustments B§ did not improve the fits. The best fits were for

Ty obtained as explained above. The exponenfpf T — 1|, determined from the straight-

line plots, is given in table 5 for the cases for which it could be determined meaningfully.
Both the Cr+ 0.16 at% Ga and CrH 0.42 at% Ga crystals show a transition from the

P to the ISDW phase when cooled throufjt and should therefore give a divergence as
(T/Ty — 1)~Y2 for T > Ty according to Sato and Maki’s theory. From table 5, however,
the measured exponent f@r > Ty is much smaller thar+%. We do not know the reason

for the discrepancy between theory and experiment, but the fact that our measurements
could not be made close enoughZg may play a role in this.

Magnetic anomalies in the elastic constants and thermal expansion of Cr alloys were
recently studied theoretically by Katsnel’'son and Trefilov [27]. They considered the effects
of the disappearance of the antiferromagnetic SDW energy gap in the electron spectrum on
the electron screening and phonon spectrum of the alloys, and showed that there is a negative
SDW contribution to the thermal expansion coefficient7Zat The theory furthermore
predicts a softening in the elastic constant§atwith a much larger softening i than
in the shear constants. Katsnel'son and Trefilov [27] found that the magnetic contributions
to the thermal expansion and to the shear constants should vaiyyas 7)~* if the
density-of-states function in the paramagnetic phase is smooth near the Fermi level and as
(Ty — T)~>4if it has a van Hove singularity there. These power laws are valid [27] if
the temperature is not too close T®. The present measurements on the elastic constants
and thermal expansion of the Cr—Ga alloy single crystals allow for a test of Katsnel'son
and Trefilov’s theory. Only qualitative agreement was found with the theory. As predicted,
the magnetic contribution to the thermal expansion of the Cr—Ga alloys is negative, while
the bulk modulus shows a substantial softening with very slight or no softening ¥&jow
for the shear constants. This qualitative agreement is also found for most other dilute Cr
alloy systems. Quantitatively the theory was only tested up to now for Cr—Ir alloy single
crystals [19] for which the experimental data are not fitted by the power (dws- 7)~*
or (Ty — T)~>“. For the present Cr—Ga alloy single crystals neitheé? or AS could be
fitted successfully to any power law of the forifiy — 7). The theory fails quantitatively
also in this case. The magnetic contributions to the shear mode elastic constants are too
small to allow for a successful testing of the theory.
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5. Summary and conclusions

The elastic constants, ultrasonic attenuation and thermal expansion of Cr—Ga alloy single
crystals were studied for the first time. The spin-density wave has a very large softening
effect on the longitudinal mode elastic constants and on the bulk modulus of these alloys
nearTy while its effect on the shear mode elastic constants is nearly negligible. Volume
strain terms in the magnetic free energy of these crystals therefore seem to dominate shear
terms, making the Cr—Ga system very suitable for testing the predictions of thermodynamic
models for the magnetoelasticity of dilute Cr alloys. The model correctly predicts the
temperature dependence of the magnetic contributions to the bulk modulus and of the
magnetovolume in the incommensurate spin-density-wave state of the alloys. The volume
derivative of the Neel temperature calculated from the magnetoelastic measurements on
the Cr—Ga alloy single crystals, using the thermodynamic model, compares very well with
the results of direct high-pressure measurements. This is however not the case for the
volume derivative of the incommensurate—commensurate spin-density-wave magnetic phase
transition temperature. The short-range magnetic order and spin fluctuations in Cr—Ga alloys
above the Nel temperatureT{y) were found to be less volume dependent than the spin-
density wave belowy, in contrast to what is found for most other dilute Cr alloy systems.
Theoretical predictions of the temperature divergence of the ultrasonic attenuation coefficient
nearTy are not fulfilled by the measurements on the Cr—Ga alloys. This is also the case for
the predictions of recent microscopic theories for the magnetic contributions to the thermal
expansion.
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