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Acoustic-mode vibrational anharmonicity in Cr-Si alloy single crystals
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Measurements are reported of the hydrostatic-pressure dependences of the elastic constaits et Cb
Si and Cr-1.6 at. % Si alloy single crystals through the edransition. In the former crystal the "Me
transition is a second-order incommensuréte spin-density-wave(SDW)-to-paramagnetidP) transition,
while it is a first-order commensurat€) SDW-to-P transition in the latter crystal. The pressure derivatives of
the elastic constants at different constant temperatures are used to calculate the acoustic-meiderGru
parameters, which quantify the vibrational anharmonicity, as a function of temperature throughethe Ne
transition of each crystal. For the €0.5 at. % Si crystal the mean long-wavelength acoustic modedisen
parameter,y®'~ —5, jumps byAy®'=30, from y*'~—5 to y®'=+25, in going through the second-order
ISDW-P Neel transition, and then decreases to a valug®t + 5 at temperatures well into the paramagnetic
phase. This jump is much largeky®'=170, fromy®'= —50 to y*'= + 150, in going through the first-order
CSDW-P Nel transition of Cr-1.6 at. % Si, after which®' decreases t9®'~0 at temperatures deep into the
paramagnetic phase. The results show very strong coupling of the SDW to the long-wavelength longitudinal-
acoustic phonons in both crystals. Coupling to the long-wavelength shear acoustic phonons is relatively weak.
In both crystals there is also strong coupling of the longitudinal phonons with the spin fluctuationsTahove
The present measurements are compared with anharmonic effects observed through the second-order CSDW-P
Neel transitions of C#0.3 at. % Ru and C¢3.5 at. % Al alloy single crystal§S0163-18207)00342-1

I. INTRODUCTION These alloys are of interest as they form together with Cr-Fe
alloys, the only Cr systems that shoWfirst-order CSDW-P
Nonlinear acoustic properties of antiferromagnetic Cr al-Neel transitions, in contrast with Cr-Ru and Cr-Al alloys, for
loys are presently receiving attention in the literattireéEx- ~ which this transition is a second-order one. It should there-
perimental studies of the vibrational anharmonicity were refore be of interest to study the nonlinear acoustic properties
ported for Cr-0.3 at. % RuRefs. 1 and Rand Cr+3.5at. %  of a Cr-Si alloy through the N transition. Also of interest
Al (Ref. 3 dilute alloy single crystals through the incom- is a study of these properties for a Cr alloy through an
mensurate (I)-to-commensurate (C) spin-density-wave ISDW-P Neel transition. This was not done before since the
(SDW) magnetic phase transition of the former crystal andonly two alloys studied up to now, €10.3 at. % Ru and
through the CSDW-paramagnetic phd® Neel transitions  Cr+3.5 at. % Al, both show CSDW-P Meétransitions. The
of both. Unusual behavior was found for the anharmonicitymagnetic phase diagram of the Cr-Si alloy system contains a
in the SDW phases of these two alloys. The anharmonicity igriple point concentrationd;) where the CSDW, ISDW, and
quantified by the acoustic-mode @risen parameters which P phases coexist. For concentratiansc, the Neel transi-
give information on the interaction of the acoustic phonongion is a second-order ISDW-P transition and ¢orc, it is a
with the SDW as well as on the role of volume and sheaffirst-order CSDW-P oné.The Cr-Si system is thus ideally
strains in the different magnetic phase transitions in the alsuited for studies of anharmonic effects through both a first-
loys. The long-wavelength acoustic ®erisen parameter order CSDW-P and a second-order ISDW-PeNeansition,
(vp) was found?to be large and negative, which is unusual, depending on the alloy concentration chosen.
in the CSDW and ISDW phases of €8.0 at. % Ru, withy, In the present work a detailed study of anharmonic effects
being substantially larger negative for the CSDW than foras a function of temperature, is reported for two dilute Cr-Si
the ISDW phasey, for the CSDW phase of Gt3.5 at. % alloy single crystals, containing, respectively, 0.5 and
Al is® also negative and jumps to a very large positive valuel.6 at. % Si. For the former crystakc, and the Nel tran-
just above the Na temperatureTy), which is also unusual sition is a second-order ISDW-P transition, while for the
and not expected for the paramagnetic pifa®a the other latterc>c;, giving a first-order CSDW-P transition.
hand, the shear acoustic-mode “@eisen parameters for
[100] propagation behaves normally for both alloys, being
small and positive like th&ffor a Cr+5 at. % V alloy which
remains paramagnetic at all temperatures above 0 K, and are The two crystals used in the present study are the same
only slightly affected by the different magnetic phase transi-ones previousf/used for measurements of the temperature
tions. In both C#-0.3at. % Ru and Cr3.5at. % Al the dependence of the elastic constants at atmospheric pressure.
SDW was foundto couple strongly with the longitudinal- The preparation of the crystals was previofislgscribed. As
mode acoustic phonons. Coupling with the shear-modéhe acoustic-mode Gngisen parameters of a crystal are ob-
acoustic phonons is relatively weak. Nonlinear acoustidained from measurements of the pressure dependences of
properties have not yet been studied for dilute Cr-Si alloysthe second-order elastic constants, we measured the elastic

Il. EXPERIMENTAL METHODS
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constants of the Gr0.5 at. % Si and Cr1.6 at. % Si alloy 2 T T
single crystals as a function of applied pressure at different °
constant temperatures throudh,. Elastic constants were
obtained from ultrasoni€10 MHz) wave velocity measure- ® 0
ments in the[100] and [110] propagation directions. The 1r o)
data at atmospheric pressure were previduglported. Stan- o

dard pulse-echo overlap ultrasonic techniduesre used for o ©

wave velocity measurements. Velocity data were corrected oo © |
for transducer diffraction effects by using methods devel- (a)
oped by Kittingert® The sensitivity of the measuring tech- | \

nique was 1 part in T0and the error in the absolute values of 0 25 50
the sound velocity is about 0.5%. Hydrostatic pressure in the

range of 0—0.16 GPa was generated by a high-pressure gas

system using nitrogen gas as the pressure medium. Pressure
measurements were done at constant fixed temperatures in 60
the temperature range 230—380 K. The temperatures were
kept constant to within 0.2 K or better during pressure runs.
At the lowest temperaturet@bout 230 K the maximum
available pressures were restricted to aboutk 4¢P to

60x 10° Pa, due to leaks occuring in the system above these
pressures at the lowest temperatures. At room temperature
and above, 0.16 GPa was attainable. Velocity measurements 0 [ Coge® (b) +
were also done on the €0.5 at. % Si alloy as a function of ' L L
temperature at different constant fixed pressures in order to 0 50 100 150
determine the pressure dependence of thel Namperature
(Ty)- In this case pressure could be kept constant to better
than 10 3 GPa during the temperature runs.
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The pressure derivatives of the second-order adiabatic @
elastic constants;;;, were determined from the ultrasonic St PR _
wave velocity measurements as a function of pressure for 9.9
each propagation mode, by using the equation 0 re® © |
| | 1
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HereW is the natural velocity, definétias the path length at  FIG. 1. Pressure dependence of the relative change in natural
zero pressure divided by the transit time at pres§ure velocity, AW/W,, for the ¢, mode of CH-0.5at. % Si at(@ T
Due to the large ultrasonic attenuation in the CSDW=250K, (b) T=275K and(c) T=331K. In (a), (b), and(c) O
phase for the cq; propagation mod®, we obtained represents the results for increasing #hdor decreasing pressure.
[dc;; /dP]p_q for both crystals only fronf110] wave propa-  Note the different pressure scales.
gation measurements. This means that the experimental error
in[dcy1/dP]p_g, calculated from the sums and differencesCr+0.5 at. % Si crystal and only at three of the above tem-
between the measured values ofdc /dP]p_g, peratures; at a temperature beldy, close toTy and one
[dcys/dP]p—g, and[dc’/dP]p—g, is larger than that in the aboveTy. We will furthermore not show the data for the
last mentioned three quantities. Here =3(cy;+cy,  Shear propagation modes, thg andc’ modes, of this crys-
+2¢C40) andc’ =3(Cy3—Cpp). tal graphically, but will only discuss the observations for
The Neel temperature of C¢0.5 at. % Siis 278 K and for these modes qualitatively. Figure 1 shows the pressure de-
Cr+l.6at.% Si it is 253 K on heating and 245 K on pendence oAW/W, for the longitudinal wave propagation
cooling® The differentTy values for the latter crystal stem mode at constant temperatures of, respectively, 250, 275, and
from the first-order nature of its Né transition. High- 331 K for the Cr-0.5at.% Si crystal. HereAW/W,
pressure ultrasonic wave velocity measurements were dorreWp/Wy— 1, whereW, is the natural velocity aP=0 and
at ten different constant temperatures for-Or5 at. % Siin ~ Wp is that at pressuré®. The interesting features of the
the temperature range 240 to 380 K and at ten different tempressure behavior akW/W, are:
peratures for G¢1.6 at. % Si in the temperature range 230— (1) For all temperatures studied well beldwy, AW/Wq
380 K. For both crystals these temperature ranges include tHer thec, longitudinal wave propagation mode changes only
Neel point. To save space we will only show representativeslightly with pressure and the change is hysterffig. 1(a)
results for the longitudinal wave propagation mode of theas an example At a temperaturd <Ty, but close toTy,
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the change imMW/W, with pressure for the, propagation 7.0 T .
mode decreases slowly at first up to a critical pressure, after
which it increases very rapidly on further increasing of pres-
sure[Fig. 1(b)]. There are no hysteresis effects. This behav- s L
ior is ascribed to the ISDW-P transition being induced by the ~
critical pressure. At all temperatures studied abdyg, ME
AWI/W, for thec propagation mode changes relatively rap- &
I

idly and approximately linearly with pressure, without any 6.6 - .
hysteresis effect§Fig. 1(c) as an example The slope of

theseAW/W,— P curves afT>Ty is very large close td

[~1.8(GPa ! at T=256 K] and decreases on further in- »

creasing the temperature to abolg [~0.03GPa t at T
=279 K]. The pressure behavior &fW/W, of thec_ mode 250 275 300
is anomalous at all temperatures. For a normal paramagnetic
material, like for instance a G5 at. % V alloy that is
takert? to represent the nonmagnetic state of an antiferro-
magnetic dilute Cr alloy, one usually obseftasmall linear
increase with pressure, without any hysteresis, Xo¥/W, ®)
of the ¢, propagation mode. For G5 at. % V the slope of
the AW/Wy— P curve for this mode at room temperature is 25 L i
abouf 0.01(GPa ! and is not expected to change much in
the temperature range of the present study.

(2) Well below Ty, AW/W, for thec,, propagation mode
of Cr+0.5 at. % Si decreases slightly with increasing pres- 270
sure with a slope of about—0.02(GP3™ ! up to
40x10° Pa, which is an anomalous behavior, as the only
previous study done in the ISDW phase of a Cr alloy
(Cr+0.3 at. % Ru gives an increase inW/W, with pres- 265 ) | . .
sure for this propagation mode. CloseTQ and atT>Ty, 0 4 8 12
AW/W, for the ¢,y mode behaves normally with pressure P (10'Pa)
with a small positive slope of about0.01(GPa 1, similar
to the behavior for a paramagnetic Cr alfb¥he behavior of FIG. 2. (a) Longitudinal ultrasonic wave velocity for propaga-
the ¢’ mode is normal, giving a small positive slope, at all tion along[110] as a function of temperature for €60.5 at. % Si.
temperatures except ned, where theAW/W,— P curve The runs for different constant pressures are denotedPby
shows signs of the N transition, as was also observed for =0 GPa,0; P=0.03 GPa,V; P=0.07 GPa[l]; P=0.12 GPa,A.

the longitudinal mode in Fig.(b). No hysteresis effects were (b) Pressure dependence Bj for Cr+0.5 at. % Si obtained from
observed for the shear mode\/W,— P curves. the measurements of the effect of hydrostatic pressure on the ultra-

Figure Za) shows the temperature dependence of the |opSonic wave velocities given if®).

gitudinal ultrasonic wave velocity for the , propagation different physical properties were used to follow the pressure
mode at different constant pressures of the-@b at. % Si  dependence of  in the two studies, they also differ in the
alloy single crystal. As usual;y is defined at the minimum pressure ranges used during measurements. In our $tudy
point on the curve for each pressure in this figure. Figurevas measured for pressures up to a maximum of 0.12 GPa,
2(b) shows the pressure dependenceTgffor this crystal.  while Endoh, Mizuki, and Ishikawld measuredTy, only at

Ty varies nearly linearly with pressure witdTy/dP= two applied pressures, at 0.18 and at 0.35 @Maich fall

— 80+ 10 K/GPa. This value is to be comparedd®d,/dP  outside the pressure range of our experimesithout giving

~ —58 K/GPa estimated for Gr0.5 at. % Si from neutron- experimental errors. This complicates a proper comparison
diffraction data of Endoh, Mizuki, and IshikaWa(their Fig.  as it may just be that th&€y— P curve of Cr-0.5 at. % Si

6). It is hard to speculate on possible reasons for the differerdhows some curvature, with an initial slope that is slightly
dTy/dP results obtained for Gr0.5 at. % Si in the present larger than the slope at higher pressures. Figiae dearly
ultrasonic investigation and in the previdtisneutron- shows the marked difference in the pressure dependence of
diffraction measurements. One may argue that the deviatiothe wave velocity below and abovEy. The velocity is
may be attributed to different qualities of the crystals used irstrongly dependent on pressure near and aldguewhile it

the two different studies. In both studies the crystals werds nearly pressure independentTat Ty, in agreement with
however grown using the same methods with starting matethe results in Fig. 1.

rials of the same purities. Furthermore, thg values for In the case of the CGrl.6 at. % Si crystal theAW/W,
Cr+0.5 at. % Si obtained in the two studies compare reason-P curves behave anomalously in several aspects. Repre-
ably well with each other and fit both well in with the sentative examples are shown in Fig. 3 and the results of the
known’ magnetic phase diagram of Cr-Si alloys. This canmeasurements are discussed qualitatively below. The inter-
safely rule the quality of the crystals out as a possible reasoesting features of thAW/W,— P measurements of this crys-
for the observed difference Ty /dP. Except the fact that tal at different constant temperatures are:

280 T T T T

Ty, (K)
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FIG. 4. Pressure dependencelgffor Cr+1.6 at. % Si obtained
4 N from measurements of the pressure dependence of the relative
change in natural velocity AW/W,, for the c,, mode of
Cr+1.6 at. % Si at different constant temperatu@sdenotes data
2 F — obtained during increasing ar@ during decreasing pressure runs.
[0 denotes the data obtained at atmospheric pressure for increasing
(b) and B for decreasing temperature runs reported by Anderson, Al-

berts, and SmitRef. 8. The inset shows the results obtained by

' Fernandez-Bacat al. (Ref. 14.
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(2 At T>Ty andT<Ty, AW/W, for thecy, shear mode
of Cr+1.6 at. % Si increases slowly with increasing pres-
0.0 - é | sure, similarly to the observation for paramagnetic

: O (©) Cr+5 at. % V* For T<T, but close toTy [Fig. 3b)], the
i o AW/W,—P curve for thec,, mode behaves anomalously.
°®

There appears a transition, both during increasing and de-
O creasing pressure runs, that is accompanied by hysteresis ef-
fects and by a near discontinuity at a certain critical pressure.
O We interpret the discontinuity to occur at the first-order
® 5 4 oe CSDW-P Nel transition on applying the critical pressure. A
Py O. 3 similar behavior was observed for tkké mode.AW/W, for
-0.4 1 ' L ' thec,. mode could not be measured to high enough pressures
0 20 40 60 80 for the pressure-induced transition to occur. The reason be-
P(106 Pa) ing very high ultrasonic attenuation for this mode at the
CSDW-P transition. Belowr \ the AW/W,— P curve for the
FIG. 3. Pressure dependence of the relative change in natur&l mode behaves normally with a small positive slope. At
velocity, AW/W,, of Cr+1.6 at. % Si for(a) the c, mode atT  T>Ty it however behaves unusually in thaW/W, for this
=241 K, (b) thec,, mode atT=241 K and(c) thec’ mode at 260 mode at first decreases with increasing pressure and then
K. In (a), (b), and(c) O represents the results for increasing #d increases agaifFig. 3(c)]. This behavior was found at all
for decreasing pressure. Note the different pressure scales. temperatures studied aboVg and the reason for this behav-
ior is presently unknown. The pressure-induceaINeansi-
(1) Below Ty, in the case of the CSDW phas&W/W, tion was studied in detail for the,, propagation mode at
for the ¢ propagation mode of Grl.6 at. % Si behaves constant temperatures of 237, 241, and 246 K. An example
unusually with pressure; it decreases sharply with increasingf the measurements is shown in Figb)3 The critical pres-
pressurdfor example, Fig. 8], in contrast with the behav- sure for the transition, both for increasing and decreasing
ior of a paramagnetic Gf5 at. % V alloy for whichAW/W,  pressures, is taken at the midpoint of the sharp rise, or sharp
for the ¢, mode increases only slightly with pressdréhe  drop, respectively, for each temperatiisee the example of
anomalous behavior beloily, is due to the CSDW and was Fig. 3(b)]. Figure 4 shows the pressure dependencgdr
previously also observed in the CSDW phases of Cr-RuCr+1.6 at. % Si obtained from the resul®, decreases lin-
(Ref. 1) and Cr-Al (Ref. 3 alloys. When compared to early with pressure, giving dTy/dP (increasing
Cr+5 at. % V the behavior oAW/W, for the c, mode at  pressurg=—(410+10) K/GPa and dTy/dP (decreasing
T>Ty is also anomalous. AlthoughW/W, was observed pressurg=—(440+30) K/GPa. Neutron-diffraction experi-
to increase with pressure &t> Ty, as expected for the para- ments were recent done on a G+ 1.6 at. % Si crystal, cut
magnetic Cr alloy, the rate of increase is very large, about 6tom the same crystal boule as the present one, during in-
times larger close td than for Cet5 at. % V# The rate creasing temperature runs at different constant pressures up
decreases, tending to the paramagnetic value 6fSCit. % to 0.69 GPaT, obtained from the neutron-diffraction ex-
V when the temperature is increased to well abdye periments decreases nonlinearly in the pressure range as
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FIG. 5. The pressure dependencedafdc, /dP, (b) dc;;/dP, (c) dB/dP, (d) dc,,/dP, and(e) dc’'/dP for Cr+0.5 at. % Si. The
smooth curves through the data points are guides to the eye. Error bars are shown. For points without an error bar the error is within the size
of the point itself.

shown in the inset of Fig. 4. The present experiments weredc’/dP)p_,, for Cr+0.5 at. % Si are broad compared to
done only up to 0.04 GPa and the slope of The-P curves  {hose for Cr-1.6 at. % Si. The data fordc'/dP)p_, for
obtained in our study fits well in with the initial slope of the ;10 5 at. % Si show some scatterifigig. 5. The trend is
curve in the insetd Ty /dP of the Cr_+1.6 at. % Si crystal_is however for a peak nedr,, as shown by the curve drawn as
relatively large when compared with other Cr alloys with a, guide to the eye in the panel fod¢'/dP)p_, in Fig. 5
vc\:/gr[e),\vr\:;:vg\[/ilr tr?enji'ot'ggl' ng(l)la;relirgg dvglu‘tja; fggTN/ dllF; The general behavior of the temperature dependence of the
for Cr+1.38 atpfy Sj an():i/ Crl 85pat o Siyandyb Hocﬁhe— pressure derivatives of the elastic constants of both the
' oy ' Cor y Cr+0.5 at. % Si and Cr 1.6 at. % Si crystals is very similar

i d Munch'® for Cr+1.85 at. % Si. .
IMEr anc MInch - Tor 1 a 7o ! to that previously observédor a Cr+3.5 at. % Al crystal.

The Clausius-Clapeyron equatidrfor first-order phase X ; .
transitions can be used to calculate the latent h&ht, as- The behavior for the three crystals differs however in one

sociated with the first-order CSDW-P “Bletransition of ImPortant aspect. The sharp increases of about 2000 ob-

Cr+1.6 at. % Si by using our measurementsddy, /dP and ~ Seérved in ¢, /dP)p_o, (dcy1/dP)p-o, and @B/dP)p_o

previou§ measurements for the discontinuity in the volumeat the first-order CSDW-P N transition of Cr-1.6 at. % Si

(AVIV~4x10"%) at the first-order Nel transition of this IS much larger than thaabout 300 observed at the second-

CrystaL The calculated value &L =5.0 J moi'L. This value order ISDW-P Nel transition of Cr-0.5 at. % Si and thﬁt

compares well with direct measurements oAL (about 500 observed at the second-order CSDW-PeNe

=4.2 Jmol ! for a Cr+1.67 at. % Si alloy by Benediktsson transition of C#3.5 at. % Al. Large increases in the pressure

et all® derivatives of the longitudinal elastic constants in going
Figures 5 and 6 show the temperature dependencebrough a CSDW-P Na transition were previouslyalso

of  (dc /dP)p-o, (dcy1/dP)p_g, (dB/dP)p_g, observed for Cr0.3at.% Ru crystal for which these

(dcga/dP)p_g, and @c'/dP)p_ for Cr+0.5at. % Si and changes are about 700.

Cr+1.6 at. % Si, respectively, calculated from the initial The volume of SDW antiferromagnets like Cr and its al-

slopes of the\W/W,— P curves using Eq.1l). The outstand- loys increases when the material is cooled throlighfrom

ing features of those two figures are the very sharp rises frorthe paramagnetic to the SDW phds@ne then expects the

largely negative to largely positive values afq /dP)p_g, latter phase to be more sensitive to the effects of the applied

(dcy1/dP)p—q, and @B/dP)p_o nearTy and the peaks in pressure than the former. This may partly accotirfor

(dcyy/dP)p_o and @dc'/dP)p_, near this temperature for much larger values ofdc, /dP|, |dcy;/dP|, and|dB/dP|

both crystals. The peaks in d€u./dP)p_, and observed in the present study for the volume-dependent lon-
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FIG. 6. The pressure dependencedafdc, /dP, (b) dc;;/dP, (c) dB/dP, (d) dc,,/dP, and(e) dc’'/dP for Cr+1.6 at. % Si. The
smooth curves through the data points are guides to the eye. Error bars are shown. For points without an error bar the error is within the size
of the point itself.

gitudinal modes in the SDW phase just bel®ythan in the by Brugger and Frit? for the anisotropic continuum model.
paramagnetic phase well aboVg. Previous measuremefits These type of calculations, as applied to+Or3 at. % Ru
show that the volume increase through the first-orde;and Cr+3.5at. % Al, were described in some detail
CSDW-P transition of Ct1.6 at. % Si is much larger than previously>® y, was calculated along those lines at each
that through the second-order ISDW-P transition ofconstant temperature as a function of mode propagation di-
Cr+0.5 at. % Si, accounting in part for the larger absoluterection for both the G£0.5 at. % Si and CGr1.6 at. % Si
elastic constants in the SDW phase of the former crystal thag, 11 g at. % Si. at temperatures below, close to and above
of the latter. ' X .

. Tn. The temperature dependence of the acoustic-mode
. It_harglesgt\a/satlr\]/ejq/ ?ngcslll tdIOD/ gﬁddgfdptﬁbsgrsvgev Gruneisen parameters for all three propagation modes of
In the phase o ~at. 7o Sl and In the Cr+0.5 at. % Si and Cr1.6 at. % Si is shown, respectively,

phase of Ct#+1.6 at. % Si were previously also observed in. . . . :
0 ; in Figs. 8 and 9. Relatively large anisotropy for the different
the CSDW phase of Gr3.5 at. % Al and in both the ISDW mode y,'s are observed at temperatures closeTtpof the

and CSDW phases of €10.3 at. % Ru and are due to large ) : :
magnetoelastic interactions in the crystals. The magnetoelag:-rJr_l'6 at. % Si crystafFig. 7). These qmsotropy effects are
relatively small at other temperaturésig. 7). For this crys-

tal the longitudinal-modey, is largely negative at alll

<Ty, jumping to largely positive values @, (Fig. 9). This

IV. GRUNEISEN PARAMETERS OF Cr +0.5 at. % Si behavior |os similar to the prewogs observation for

AND Cr +1.6 at. % Si ALLOY SINGLE CRYSTALS Cr+3.5 at. % Al(Ref. 3 and Cr_+0.3 at. % RuRef. 1). The
o absolute values of the longitudinal-modg, below and

The volume dependence of the long-wavelength acoustic@bove Ty are, however, much larger for €4.6 at. % Si
mode frequencys,, in a phonon branch, is expressed by a than for Cr3.5at.% Al and C#0.3at. % Ru. For

alloy than in the ISDW one.

mode Grueisen parameter defined by Cr+1.6 at. % Si this mode, reaches values of up te 150
below T and up to+ 300 aboveT, compared to-20 and

d Inw, +120 for CrH3.5at. % Al (Ref. 3 and —100 to +5 for
%= ) 2 cr+0.3at. % Ru(Ref. 1. For Cr+0.5at. % Si relatively

large anisotropy was also observed in the shear mggde
¥p is obtained from the measurements of the elastic connot only close toTy but at all temperatures beloW, . This
stants and their pressure dependences using equations givanisotropy afT <T) is roughly four times smaller than the
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FIG. 7. Long-wavelength acoustic-mode Geisen parameters, T (K)
¥p, for Cr+1.6 at. % Si as a function of mode propagation direc-
tion at (@) T=241K, (b) T=246K and(c) T=256 K. The longi- ¥p, for Cr+0.5at. % Si as a function of temperature for mode

tudinal acoustic modey, is represented ita), (b), and(c) by the . .
dotted curve, while the solid and broken curves represent the Shegrropaganons along) [100), (b) [110], and(c) [111]. The longitu-

acoustic modev.’s in all three cases Inal modey, is represented ifg), (b), and(c) by @, and the shear
p ' mode y,'s by B and V¥ in all three cases. The curves through the
data points are guides to the eye.

FIG. 8. Long-wavelength acoustic-mode Geisen parameters,

anisotropy observed for @11.6 at. % Si close tdy in Fig. i
7(b). It becomes a little smaller as the temperature is inthe Neel transition than the longitudinal-modg, for both
creased to abovEy . Furthermore, the longitudinal-mode, ~ Cr-Si crystals(Figs. 8 and 9 For both it is mainly the
for Cr+0.5at. % Si is positive well belowl, becomes longitudinal-mode constant _that is affected. Shear—_mode ef-
negative close @y, and switches to relatively large positive fECtS are much smaller, particularly for €t.6 at. % Si. The
values just abovd . Also of interest is the negative shear- contribution of the acoustic modes at the Brillouin-zone cen-
mode y, values that were observed in tf00] and [001] ter t? thfh anhartmonlc:;y .ésm.g've” by trle mean long-
directions of Cr-0.5 at. % Si at temperatures beldw; and wavelength acoustic-mode ISeN parameter
its change to positive values for these directions close to and 3

aboveTy. A similar effect was observed for €11.6 at. % E f Ypd(2

Si, but in this case the shear moglg is negative along the 7|:p:1 @

[110] and[111] directions and only at temperatures close to 3f 40 '
Tn (Fig. 7). The shear-mode,’s are affected differently by Q

©)
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mode Grumeisen parameten®, for (a) Cr+0.5 at. % Si andb)
Cr+1.6 at. % Si. The curves through the data points are guides to
2200 the eye.
225

the CSDW phase of Gr1.6 at. % Si. The softening is much

T (K) larger, up to ten times larger in the latter case than in the

former (Figs. 5 and & The unusually large positive® just
FIG. 9. Long-wavelength acoustic-mode ‘Geisen parameters, aboveTy [Figs. 1Ga) and 1@b)] that decreases with increas-

¥p, for Cr+1.6 at. % Si as a function of temperature for mode ing temperature ag goes deeper into the paramagnetic
propagations alongg) [100], (b) [110], and(c) [111]. The longitu-  phase, is attributed to strong coupling of the longitudinal
dinal modey, is represented ife), (b), and(c) by ®, and the shear phonons to spin fluctuations, similarly to the observation
mode y,'s by @ and ¥ in all three cases. The curves through the Cr+3.5 at. % Al. This coupling is however much smaller in
data points are guides to the eye. the case of Ct0.3 at. % RUt

where the integration in Eq3) is over the whole of spad@.

Figures 10a) and 1@b) show, respectivelyy®' calculated V. SUMMARY AND CONCLUSION

from Eq. (3) as a function of temperature for the  The main features of the present results on the two Cr-Si
Cr+0.5at. % Si and Crl.6 at. % Si single crystals. The crystals compared to previous work on Cr-Al and Cr-Ru
large peak iny®' observed close t@ indicates large mean crystals, are summarized as follows:

vibrational anharmonicity of long-wavelength acoustic (1) The Neel transition for C#-0.5 at. % Si is a second-
phonons near the N& temperatures of both crystals. The order ISDW-P transition for which anharmonic effects have
anharmonicity is however about four times stronger for thenot been studied before. The behavior of the longitudinal-
first-order CSDW-P Nel transition of Cr-1.6 at. % Si than mode Gruneisen parameters through the ISDW-P transition
for the second-order ISDW-P transition of €0.5 at. % Si.  of this crystal is in general quite similar to that observéd
The magnetoelastic interactions lead to the longitudinalfor the second-order CSDW-P transitions oft(x.5 at. % Al
mode softening in the ISDW phase of €0.5 at. % Si and and Cr0.3 at. % Ru. There are however important differ-
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ences. Longitudinal-mode softening due to the SDW in thesrder CSDW-P transition of Gr3.5 at. % Al® There is large
ISDW phase of C+0.5 at. % Si, occurs only in a small tem- |ongitudinal-mode softening in the CSDW phases as well as
perature interval of less than about 15 K very clos&jand  large stiffening of this mode just abovEy for both. The

is absent at lower temperatures. On the other hand, this sofinain influence of the first-order CSDW-P transition
ening exist for C#-3.5 at. % Al,(Ref. 3 and Cr-0.3at. % (Cr+1.6at. % Si on these is that both the stiffening and
Ru (Ref. 1) down to temperatures well into their CSDW softening effects are much larger, respectively, nearly two
phases. The longitudinal-mode softening in all three crystalimes and ten times larger, than for the second-order
is largest just below their Ne temperatures, being of about CSDW-P transition(Cr+3.5 at. % A). The discontinuity in
similar magnitudes for the ISDW phase of&.5at. % Si  volume @AV/V~4x10"%) occuring at the first-order

and the CSDW phase of €8.5 at. % Al} but nearly five ~ CSDW-P transition in G 1.6 at. % Si may partly be respon-
times larger in the CSDW phase of €0.3 at. % RuU- There  sjble for this difference.
is very large longitudinal-mode stiffening for the  In conclusion, the role of magnetoelastic effects in the
Cr+0.5at. % Si and C¥3.5 at. % Al.(Ref. J crystals just acoustic-mode vibrational anharmonicity near theeNean-
above Ty, being largest for C¥3.5at. % Al and nearly sijtion of Cr+0.5 at. % Si and Cr1.6 at. % Si alloy single
three times smaller for Gr0.5 at. % Si. This stiffening ef-  crystals have been studied through high-pressure elastic con-
fect is negligibly small in the case of €0.3at. % RU.  stant measurements. The interaction between the SDW and
Shear-mode softening, comparable to that of the longitudinahe long-wavelength longitudinal acoustic phonons plays a
modes, occurs in the ISDW phase of x5 at. % Si to  dominant role in the elastic behavior of both crystals through
temperatures much lower than the longitudinal-mode softenthe Neel transition. Shear-mode effects are relatively weak.
ing. Shear-mode softening was previously also obséried  The anharmonicity through the Rletemperature of dilute Cr
the CSDW phase of Gr0.3 at. % Ru but in this case its alloys seems to behave in several aspects very similarly,
magnitude is much smaller than the longitudinal-mode softwhether it is through a first order CSDW-P, a second-order
ening. Shear-mode softening is negligible in the CSDWCSDW-P or a second-order ISDW-P transition.
phase of Ci-3.5 at. % Al®

(2) The Neel transition for C#1.6 at. % Si is a first-order
CSDW-P transition, not studied before for anharmonic ef-
fects. The longitudinal-mode Gneisen parameters through ~ We are grateful to the South African FRD for financial
this transition behave very similar to that for the second-support.

ACKNOWLEDGMENT

IM. Cankurtaran, G. A. Saunders, H. A. A. Sidek, Q. Wang, and'°E. Kittinger, Ultrasonicsl5, 30 (1977).

H. L. Alberts, Phys. Rev. B3, 11 408(1996. 1R, N. Thurston, Proc. IEEEB3, 1320(1965.
2M. Cankurtaran, G. A. Saunders, Q. Wang, P. J. Ford, and H. L¥?H. L. Alberts, J. Phys. Condens. Matt2r9707(1990.
Alberts, Phys. Rev. BI6, 14 370(1992. 13y, Endoh, J. Mizuki, and Y. Ishikawa, J. Phys. Soc. Jh.2826
3H. L. Alberts and P. Smit, Phys. Rev. &, 15 146(1995. (1982.
4M. Cankurtaran, G. A. Saunders, H. A. A. Sidek, and H. L. Al- 1*J. A. Fernandez-Baca, E. Fawcett, H. L. Alberts, V. Yu Galkin,
berts, Philos. Mag. B4, 349 (1996. and Y. Endoh, J. Appl. Phy&1, 3877(1997.
5T. Suzuki, J. Phys. Soc. Jp#al, 1187(1976. 15A. Jayaraman, R. G. Maines, K. V. Rao, and S. Arajs, Phys. Rev.
6T. Suzuki, J. Phys. Soc. Jp#3, 869 (1977. Lett. 37, 926 (1976.
7E. Fawcett, H. L. Alberts, V. Yu Galkin, D. R. Noakes, and J. V. 6H. D. Hochheimer and R. fhch, Philos. Mag. B3, 979(1991.
Yakhmi, Rev. Mod. Phys66, 25 (1994). 7E. Reif, Fundamentals of Statistical and Thermal Physics
8R. A. Anderson, H. L. Alberts, and P. Smit, J. Phys., Condens. (McGraw-Hill, Singapore, 1987 .
Matter 5, 1733(1993. 18G. Benediktsson, L. Hedman, H. U.s&om, and K. V. Rao, J.

%E. P. Papadakis, ifPhysical Acoustigsedited by W. P. Mason Phys. F12, 1439(1982.
and R. N. Thurstor{Academic, New York, 1976 Vol. XII. 19k, Brugger and T. C. Fritz, Phys. Re%57, 524 (1967.



