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Acoustic-mode vibrational anharmonicity in Cr-Si alloy single crystals

A. R. E. Prinsloo, H. L. Alberts, and P. Smit
Department of Physics, Rand Afrikaans University, P.O. Box 524, Auckland Park 2006, Johannesburg, South Africa
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Measurements are reported of the hydrostatic-pressure dependences of the elastic constants of Cr10.5 at. %
Si and Cr11.6 at. % Si alloy single crystals through the Ne´el transition. In the former crystal the Ne´el
transition is a second-order incommensurate~I! spin-density-wave~SDW!-to-paramagnetic~P! transition,
while it is a first-order commensurate~C! 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-mode Gru¨neisen
parameters, which quantify the vibrational anharmonicity, as a function of temperature through the Ne´el
transition of each crystal. For the Cr10.5 at. % Si crystal the mean long-wavelength acoustic mode Gru¨neisen
parameter,ḡel'25, jumps byDḡel530, from ḡel'25 to ḡel5125, in going through the second-order
ISDW-P Néel transition, and then decreases to a value ofḡel'15 at temperatures well into the paramagnetic
phase. This jump is much larger,Dḡel5170, from ḡel5250 to ḡel51150, in going through the first-order
CSDW-P Néel transition of Cr11.6 at. % Si, after whichḡel decreases toḡel'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 fluctuations aboveTN .
The present measurements are compared with anharmonic effects observed through the second-order CSDW-P
Néel transitions of Cr10.3 at. % Ru and Cr13.5 at. % Al alloy single crystals.@S0163-1829~97!00342-1#
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I. INTRODUCTION

Nonlinear acoustic properties of antiferromagnetic Cr
loys are presently receiving attention in the literature.1–3 Ex-
perimental studies of the vibrational anharmonicity were
ported for Cr10.3 at. % Ru~Refs. 1 and 2! and Cr13.5 at. %
Al ~Ref. 3! dilute alloy single crystals through the incom
mensurate ~I!-to-commensurate ~C! spin-density-wave
~SDW! magnetic phase transition of the former crystal a
through the CSDW-paramagnetic phase~P! Néel transitions
of both. Unusual behavior was found for the anharmonic
in the SDW phases of these two alloys. The anharmonicit
quantified by the acoustic-mode Gru¨neisen parameters whic
give information on the interaction of the acoustic phono
with the SDW as well as on the role of volume and sh
strains in the different magnetic phase transitions in the
loys. The long-wavelength acoustic Gru¨neisen paramete
(gp) was found1,2 to be large and negative, which is unusu
in the CSDW and ISDW phases of Cr13.0 at. % Ru, withgp
being substantially larger negative for the CSDW than
the ISDW phase.gp for the CSDW phase of Cr13.5 at. %
Al is3 also negative and jumps to a very large positive va
just above the Ne´el temperature (TN), which is also unusua
and not expected for the paramagnetic phase.4 On the other
hand, the shear acoustic-mode Gru¨neisen parameters fo
@100# propagation behaves normally for both alloys, bei
small and positive like that4 for a Cr15 at. % V alloy which
remains paramagnetic at all temperatures above 0 K, and
only slightly affected by the different magnetic phase tran
tions. In both Cr10.3 at. % Ru and Cr13.5 at. % Al the
SDW was found1–3 to couple strongly with the longitudinal
mode acoustic phonons. Coupling with the shear-m
acoustic phonons is relatively weak. Nonlinear acous
properties have not yet been studied for dilute Cr-Si allo
560163-1829/97/56~18!/11777~9!/$10.00
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These alloys are of interest as they form together with Cr
alloys, the only Cr systems that show5,6 first-order CSDW-P
Néel transitions, in contrast with Cr-Ru and Cr-Al alloys, fo
which this transition is a second-order one. It should the
fore be of interest to study the nonlinear acoustic proper
of a Cr-Si alloy through the Ne´el transition. Also of interest
is a study of these properties for a Cr alloy through
ISDW-P Néel transition. This was not done before since t
only two alloys studied up to now, Cr10.3 at. % Ru and
Cr13.5 at. % Al, both show CSDW-P Ne´el transitions. The
magnetic phase diagram of the Cr-Si alloy system contain
triple point concentration (ct) where the CSDW, ISDW, and
P phases coexist. For concentrationsc,ct the Néel transi-
tion is a second-order ISDW-P transition and forc.ct it is a
first-order CSDW-P one.7 The Cr-Si system is thus ideall
suited for studies of anharmonic effects through both a fi
order CSDW-P and a second-order ISDW-P Ne´el transition,
depending on the alloy concentration chosen.

In the present work a detailed study of anharmonic effe
as a function of temperature, is reported for two dilute Cr
alloy single crystals, containing, respectively, 0.5 a
1.6 at. % Si. For the former crystalc,ct and the Ne´el tran-
sition is a second-order ISDW-P transition, while for th
latter c.ct , giving a first-order CSDW-P transition.

II. EXPERIMENTAL METHODS

The two crystals used in the present study are the s
ones previously8 used for measurements of the temperat
dependence of the elastic constants at atmospheric pres
The preparation of the crystals was previously8 described. As
the acoustic-mode Gru¨neisen parameters of a crystal are o
tained from measurements of the pressure dependence
the second-order elastic constants, we measured the e
11 777 © 1997 The American Physical Society
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11 778 56A. R. E. PRINSLOO, H. L. ALBERTS, AND P. SMIT
constants of the Cr10.5 at. % Si and Cr11.6 at. % Si alloy
single crystals as a function of applied pressure at differ
constant temperatures throughTN . Elastic constants were
obtained from ultrasonic~10 MHz! wave velocity measure
ments in the@100# and @110# propagation directions. The
data at atmospheric pressure were previously8 reported. Stan-
dard pulse-echo overlap ultrasonic techniques9 were used for
wave velocity measurements. Velocity data were correc
for transducer diffraction effects by using methods dev
oped by Kittinger.10 The sensitivity of the measuring tech
nique was 1 part in 105 and the error in the absolute values
the sound velocity is about 0.5%. Hydrostatic pressure in
range of 0–0.16 GPa was generated by a high-pressure
system using nitrogen gas as the pressure medium. Pre
measurements were done at constant fixed temperatur
the temperature range 230–380 K. The temperatures w
kept constant to within 0.2 K or better during pressure ru
At the lowest temperatures~about 230 K! the maximum
available pressures were restricted to about 403106 to
603106 Pa, due to leaks occuring in the system above th
pressures at the lowest temperatures. At room tempera
and above, 0.16 GPa was attainable. Velocity measurem
were also done on the Cr10.5 at. % Si alloy as a function o
temperature at different constant fixed pressures in orde
determine the pressure dependence of the Ne´el temperature
(TN). In this case pressure could be kept constant to be
than 1023 GPa during the temperature runs.

III. HYDROSTATIC PRESSURE DERIVATIVES
OF THE SECOND-ORDER ELASTIC CONSTANTS

The pressure derivatives of the second-order adiab
elastic constants,ci j , were determined from the ultrason
wave velocity measurements as a function of pressure
each propagation mode, by using the equation

S ]ci j

]P D
P50

5~ci j !P50F2
]W/]P

W
1

1

3BG
P50

. ~1!

HereW is the natural velocity, defined11 as the path length a
zero pressure divided by the transit time at pressureP.

Due to the large ultrasonic attenuation in the CSD
phase for the c11 propagation mode,8 we obtained
@dci j /dP#P50 for both crystals only from@110# wave propa-
gation measurements. This means that the experimental
in @dc11/dP#P50 , calculated from the sums and differenc
between the measured values of@dcL /dP#P50 ,
@dc44/dP#P50 , and@dc8/dP#P50 , is larger than that in the
last mentioned three quantities. HerecL5 1

2 (c111c12
12c44) andc85 1

2 (c112c12).
The Néel temperature of Cr10.5 at. % Si is 278 K and for

Cr11.6 at. % Si it is 253 K on heating and 245 K o
cooling.8 The differentTN values for the latter crystal stem
from the first-order nature of its Ne´el transition. High-
pressure ultrasonic wave velocity measurements were d
at ten different constant temperatures for Cr10.5 at. % Si in
the temperature range 240 to 380 K and at ten different t
peratures for Cr11.6 at. % Si in the temperature range 230
380 K. For both crystals these temperature ranges include
Néel point. To save space we will only show representat
results for the longitudinal wave propagation mode of
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Cr10.5 at. % Si crystal and only at three of the above te
peratures; at a temperature belowTN , close toTN and one
aboveTN . We will furthermore not show the data for th
shear propagation modes, thec44 andc8 modes, of this crys-
tal graphically, but will only discuss the observations f
these modes qualitatively. Figure 1 shows the pressure
pendence ofDW/W0 for the longitudinal wave propagatio
mode at constant temperatures of, respectively, 250, 275,
331 K for the Cr10.5 at. % Si crystal. HereDW/W0
5WP /W021, whereW0 is the natural velocity atP50 and
WP is that at pressureP. The interesting features of th
pressure behavior ofDW/W0 are:

~1! For all temperatures studied well belowTN , DW/W0
for thecL longitudinal wave propagation mode changes o
slightly with pressure and the change is hysteretic@Fig. 1~a!
as an example#. At a temperatureT,TN , but close toTN ,

FIG. 1. Pressure dependence of the relative change in na
velocity, DW/W0 , for the cL mode of Cr10.5 at. % Si at~a! T
5250 K, ~b! T5275 K and~c! T5331 K. In ~a!, ~b!, and ~c! s

represents the results for increasing andd for decreasing pressure
Note the different pressure scales.
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the change inDW/W0 with pressure for thecL propagation
mode decreases slowly at first up to a critical pressure, a
which it increases very rapidly on further increasing of pr
sure@Fig. 1~b!#. There are no hysteresis effects. This beh
ior is ascribed to the ISDW-P transition being induced by
critical pressure. At all temperatures studied aboveTN ,
DW/W0 for thecL propagation mode changes relatively ra
idly and approximately linearly with pressure, without a
hysteresis effects@Fig. 1~c! as an example#. The slope of
theseDW/W02P curves atT.TN is very large close toTN

@'1.8 ~GPa!21 at T5256 K# and decreases on further in
creasing the temperature to aboveTN @'0.03~GPa!21 at T
5279 K#. The pressure behavior ofDW/W0 of the cL mode
is anomalous at all temperatures. For a normal paramagn
material, like for instance a Cr15 at. % V alloy that is
taken12 to represent the nonmagnetic state of an antife
magnetic dilute Cr alloy, one usually observes4 a small linear
increase with pressure, without any hysteresis, forDW/W0

of the cL propagation mode. For Cr15 at. % V the slope of
the DW/W02P curve for this mode at room temperature
about4 0.01~GPa!21 and is not expected to change much
the temperature range of the present study.

~2! Well belowTN , DW/W0 for thec44 propagation mode
of Cr10.5 at. % Si decreases slightly with increasing pr
sure with a slope of about20.02~GPa!21 up to
403106 Pa, which is an anomalous behavior, as the o
previous study1 done in the ISDW phase of a Cr allo
(Cr10.3 at. % Ru! gives an increase inDW/W0 with pres-
sure for this propagation mode. Close toTN and atT.TN ,
DW/W0 for the c44 mode behaves normally with pressu
with a small positive slope of about10.01~GPa!21, similar
to the behavior for a paramagnetic Cr alloy.4 The behavior of
the c8 mode is normal, giving a small positive slope, at
temperatures except nearTN where theDW/W02P curve
shows signs of the Ne´el transition, as was also observed f
the longitudinal mode in Fig. 1~b!. No hysteresis effects wer
observed for the shear modeDW/W02P curves.

Figure 2~a! shows the temperature dependence of the l
gitudinal ultrasonic wave velocity for thecL , propagation
mode at different constant pressures of the Cr10.5 at. % Si
alloy single crystal. As usual,TN is defined at the minimum
point on the curve for each pressure in this figure. Fig
2~b! shows the pressure dependence ofTN for this crystal.
TN varies nearly linearly with pressure withdTN /dP5
280610 K/GPa. This value is to be compared todTN /dP
'258 K/GPa estimated for Cr10.5 at. % Si from neutron-
diffraction data of Endoh, Mizuki, and Ishikawa13 ~their Fig.
6!. It is hard to speculate on possible reasons for the diffe
dTN /dP results obtained for Cr10.5 at. % Si in the presen
ultrasonic investigation and in the previous13 neutron-
diffraction measurements. One may argue that the devia
may be attributed to different qualities of the crystals used
the two different studies. In both studies the crystals w
however grown using the same methods with starting m
rials of the same purities. Furthermore, theTN values for
Cr10.5 at. % Si obtained in the two studies compare reas
ably well with each other and fit both well in with th
known7 magnetic phase diagram of Cr-Si alloys. This c
safely rule the quality of the crystals out as a possible rea
for the observed difference indTN /dP. Except the fact that
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different physical properties were used to follow the press
dependence ofTN in the two studies, they also differ in th
pressure ranges used during measurements. In our studTN
was measured for pressures up to a maximum of 0.12 G
while Endoh, Mizuki, and Ishikawa13 measuredTN only at
two applied pressures, at 0.18 and at 0.35 GPa~which fall
outside the pressure range of our experiment!, without giving
experimental errors. This complicates a proper compari
as it may just be that theTN2P curve of Cr10.5 at. % Si
shows some curvature, with an initial slope that is sligh
larger than the slope at higher pressures. Figure 2~a! clearly
shows the marked difference in the pressure dependenc
the wave velocity below and aboveTN . The velocity is
strongly dependent on pressure near and aboveTN , while it
is nearly pressure independent atT,TN , in agreement with
the results in Fig. 1.

In the case of the Cr11.6 at. % Si crystal theDW/W0
2P curves behave anomalously in several aspects. Re
sentative examples are shown in Fig. 3 and the results of
measurements are discussed qualitatively below. The in
esting features of theDW/W02P measurements of this crys
tal at different constant temperatures are:

FIG. 2. ~a! Longitudinal ultrasonic wave velocity for propaga
tion along@110# as a function of temperature for Cr10.5 at. % Si.
The runs for different constant pressures are denoted byP
50 GPa,s; P50.03 GPa,,; P50.07 GPa,h; P50.12 GPa,n.
~b! Pressure dependence ofTN for Cr10.5 at. % Si obtained from
the measurements of the effect of hydrostatic pressure on the u
sonic wave velocities given in~a!.
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11 780 56A. R. E. PRINSLOO, H. L. ALBERTS, AND P. SMIT
~1! Below TN , in the case of the CSDW phase,DW/W0
for the cL propagation mode of Cr11.6 at. % Si behaves
unusually with pressure; it decreases sharply with increa
pressure@for example, Fig. 3~a!#, in contrast with the behav
ior of a paramagnetic Cr15 at. % V alloy for whichDW/W0
for the cL mode increases only slightly with pressure.4 The
anomalous behavior belowTN is due to the CSDW and wa
previously also observed in the CSDW phases of Cr-
~Ref. 1! and Cr-Al ~Ref. 3! alloys. When compared to
Cr15 at. % V the behavior ofDW/W0 for the cL mode at
T.TN is also anomalous. AlthoughDW/W0 was observed
to increase with pressure atT.TN , as expected for the para
magnetic Cr alloy, the rate of increase is very large, abou
times larger close toTN than for Cr15 at. % V.4 The rate
decreases, tending to the paramagnetic value of Cr15 at. %
V when the temperature is increased to well aboveTN .

FIG. 3. Pressure dependence of the relative change in na
velocity, DW/W0 , of Cr11.6 at. % Si for~a! the cL mode atT
5241 K, ~b! thec44 mode atT5241 K and~c! thec8 mode at 260
K. In ~a!, ~b!, and~c! s represents the results for increasing andd

for decreasing pressure. Note the different pressure scales.
g

u

0

~2! At T.TN andT,TN , DW/W0 for thec44 shear mode
of Cr11.6 at. % Si increases slowly with increasing pre
sure, similarly to the observation for paramagne
Cr15 at. % V.4 For T,TN but close toTN @Fig. 3~b!#, the
DW/W02P curve for thec44 mode behaves anomalousl
There appears a transition, both during increasing and
creasing pressure runs, that is accompanied by hysteres
fects and by a near discontinuity at a certain critical press
We interpret the discontinuity to occur at the first-ord
CSDW-P Néel transition on applying the critical pressure.
similar behavior was observed for thec8 mode.DW/W0 for
thecL mode could not be measured to high enough press
for the pressure-induced transition to occur. The reason
ing very high ultrasonic attenuation for this mode at t
CSDW-P transition. BelowTN theDW/W02P curve for the
c8 mode behaves normally with a small positive slope.
T.TN it however behaves unusually in thatDW/W0 for this
mode at first decreases with increasing pressure and
increases again@Fig. 3~c!#. This behavior was found at al
temperatures studied aboveTN and the reason for this behav
ior is presently unknown. The pressure-induced Ne´el transi-
tion was studied in detail for thec44 propagation mode a
constant temperatures of 237, 241, and 246 K. An exam
of the measurements is shown in Fig. 3~b!. The critical pres-
sure for the transition, both for increasing and decreas
pressures, is taken at the midpoint of the sharp rise, or s
drop, respectively, for each temperature@see the example o
Fig. 3~b!#. Figure 4 shows the pressure dependence ofTN for
Cr11.6 at. % Si obtained from the results.TN decreases lin-
early with pressure, giving dTN /dP ~increasing
pressure!52~410610! K/GPa and dTN /dP ~decreasing
pressure!52~440630! K/GPa. Neutron-diffraction experi-
ments were recently14 done on a Cr11.6 at. % Si crystal, cut
from the same crystal boule as the present one, during
creasing temperature runs at different constant pressure
to 0.69 GPa.TN obtained from the neutron-diffraction ex
periments decreases nonlinearly in the pressure rang

ral

FIG. 4. Pressure dependence ofTN for Cr11.6 at. % Si obtained
from measurements of the pressure dependence of the rel
change in natural velocity,DW/W0 , for the c44 mode of
Cr11.6 at. % Si at different constant temperatures.s denotes data
obtained during increasing andd during decreasing pressure run
h denotes the data obtained at atmospheric pressure for incre
and j for decreasing temperature runs reported by Anderson,
berts, and Smit~Ref. 8!. The inset shows the results obtained
Fernandez-Bacaet al. ~Ref. 14!.
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FIG. 5. The pressure dependences of~a! dcL /dP, ~b! dc11/dP, ~c! dB/dP, ~d! dc44/dP, and ~e! dc8/dP for Cr10.5 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 with
of the point itself.
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shown in the inset of Fig. 4. The present experiments w
done only up to 0.04 GPa and the slope of theTN2P curves
obtained in our study fits well in with the initial slope of th
curve in the inset.dTN /dP of the Cr11.6 at. % Si crystal is
relatively large when compared with other Cr alloys with
CSDW-P Néel transition.7 Similar large values fordTN /dP
were however previously also reported by Jayaramanet al.15

for Cr11.38 at. % Si and Cr11.85 at. % Si and by Hochhe
imer and Münch16 for Cr11.85 at. % Si.

The Clausius-Clapeyron equation17 for first-order phase
transitions can be used to calculate the latent heat,DL, as-
sociated with the first-order CSDW-P Ne´el transition of
Cr11.6 at. % Si by using our measurements fordTN /dP and
previous8 measurements for the discontinuity in the volum
(DV/V'431024) at the first-order Ne´el transition of this
crystal. The calculated value isDL55.0 J mol21. This value
compares well with direct measurements ofDL
54.2 J mol21 for a Cr11.67 at. % Si alloy by Benediktsso
et al.18

Figures 5 and 6 show the temperature dependen
of (dcL /dP)P50 , (dc11/dP)P50 , (dB/dP)P50 ,
(dc44/dP)P50 , and (dc8/dP)P50 for Cr10.5 at. % Si and
Cr11.6 at. % Si, respectively, calculated from the init
slopes of theDW/W02P curves using Eq.~1!. The outstand-
ing features of those two figures are the very sharp rises f
largely negative to largely positive values of (dcL /dP)P50 ,
(dc11/dP)P50 , and (dB/dP)P50 nearTN and the peaks in
(dc44/dP)P50 and (dc8/dP)P50 near this temperature fo
both crystals. The peaks in (dc44/dP)P50 and
re

es

m

(dc8/dP)P50 , for Cr10.5 at. % Si are broad compared
those for Cr11.6 at. % Si. The data for (dc8/dP)P50 for
Cr10.5 at. % Si show some scattering~Fig. 5!. The trend is
however for a peak nearTN , as shown by the curve drawn a
a guide to the eye in the panel for (dc8/dP)P50 in Fig. 5.
The general behavior of the temperature dependence o
pressure derivatives of the elastic constants of both
Cr10.5 at. % Si and Cr11.6 at. % Si crystals is very simila
to that previously observed3 for a Cr13.5 at. % Al crystal.
The behavior for the three crystals differs however in o
important aspect. The sharp increases of about 2000
served in (dcL /dP)P50 , (dc11/dP)P50 , and (dB/dP)P50

at the first-order CSDW-P Ne´el transition of Cr11.6 at. % Si
is much larger than that~about 300! observed at the second
order ISDW-P Ne´el transition of Cr10.5 at. % Si and that3

~about 500! observed at the second-order CSDW-P N´el
transition of Cr13.5 at. % Al. Large increases in the pressu
derivatives of the longitudinal elastic constants in goi
through a CSDW-P Ne´el transition were previously1 also
observed for Cr10.3 at. % Ru crystal for which thes
changes are about 700.

The volume of SDW antiferromagnets like Cr and its a
loys increases when the material is cooled throughTN from
the paramagnetic to the SDW phase.7 One then expects2,3 the
latter phase to be more sensitive to the effects of the app
pressure than the former. This may partly account2,3 for
much larger values ofudcL /dPu, udc11/dPu, and udB/dPu
observed in the present study for the volume-dependent
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FIG. 6. The pressure dependences of~a! dcL /dP, ~b! dc11/dP, ~c! dB/dP, ~d! dc44/dP, and ~e! dc8/dP for Cr11.6 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 with
of the point itself.
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gitudinal modes in the SDW phase just belowTN than in the
paramagnetic phase well aboveTN . Previous measurements8

show that the volume increase through the first-or
CSDW-P transition of Cr11.6 at. % Si is much larger tha
that through the second-order ISDW-P transition
Cr10.5 at. % Si, accounting in part for the larger absolu
values of the pressure derivatives of the longitudinal mo
elastic constants in the SDW phase of the former crystal t
of the latter.

Large negativedcL /dP, dc11/dP, anddB/dP observed
in the ISDW phase of Cr10.5 at. % Si and in the CSDW
phase of Cr11.6 at. % Si were previously also observed
the CSDW phase of Cr13.5 at. % Al and in both the ISDW
and CSDW phases of Cr10.3 at. % Ru and are due to larg
magnetoelastic interactions in the crystals. The magnetoe
tic interactions seem to be much larger in the CSDW Cr
alloy than in the ISDW one.

IV. GRÜNEISEN PARAMETERS OF Cr 10.5 at. % Si
AND Cr 11.6 at. % Si ALLOY SINGLE CRYSTALS

The volume dependence of the long-wavelength acous
mode frequencyvp in a phonon branchp, is expressed by a
mode Gru¨neisen parameter defined by

gp52S ] lnvp

] lnV D
T

. ~2!

gp is obtained from the measurements of the elastic c
stants and their pressure dependences using equations
r

f
e
e
n

s-
i

c-

-
ven

by Brugger and Fritz19 for the anisotropic continuum mode
These type of calculations, as applied to Cr10.3 at. % Ru
and Cr13.5 at. % Al, were described in some deta
previously.2,3 gp was calculated along those lines at ea
constant temperature as a function of mode propagation
rection for both the Cr10.5 at. % Si and Cr11.6 at. % Si
single crystals. Figure 7 shows a typical example, that
Cr11.6 at. % Si, at temperatures below, close to and ab
TN . The temperature dependence of the acoustic-m
Grüneisen parameters for all three propagation modes
Cr10.5 at. % Si and Cr11.6 at. % Si is shown, respectively
in Figs. 8 and 9. Relatively large anisotropy for the differe
modegp’s are observed at temperatures close toTN of the
Cr11.6 at. % Si crystal~Fig. 7!. These anisotropy effects ar
relatively small at other temperatures~Fig. 7!. For this crys-
tal the longitudinal-modegp is largely negative at allT
,TN , jumping to largely positive values atTN ~Fig. 9!. This
behavior is similar to the previous observation f
Cr13.5 at. % Al~Ref. 3! and Cr10.3 at. % Ru~Ref. 1!. The
absolute values of the longitudinal-modegp below and
above TN are, however, much larger for Cr11.6 at. % Si
than for Cr13.5 at. % Al and Cr10.3 at. % Ru. For
Cr11.6 at. % Si this modegp reaches values of up to2150
below TN and up to1300 aboveTN compared to220 and
1120 for Cr13.5 at. % Al ~Ref. 3! and 2100 to 15 for
Cr10.3 at. % Ru~Ref. 1!. For Cr10.5 at. % Si relatively
large anisotropy was also observed in the shear modegp ,
not only close toTN but at all temperatures belowTN . This
anisotropy atT,TN is roughly four times smaller than th
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anisotropy observed for Cr11.6 at. % Si close toTN in Fig.
7~b!. It becomes a little smaller as the temperature is
creased to aboveTN . Furthermore, the longitudinal-modegp
for Cr10.5 at. % Si is positive well belowTN , becomes
negative close toTN and switches to relatively large positiv
values just aboveTN . Also of interest is the negative shea
modegp values that were observed in the@100# and @001#
directions of Cr10.5 at. % Si at temperatures belowTN and
its change to positive values for these directions close to
aboveTN . A similar effect was observed for Cr11.6 at. %
Si, but in this case the shear modegp is negative along the
@110# and @111# directions and only at temperatures close
TN ~Fig. 7!. The shear-modegp’s are affected differently by

FIG. 7. Long-wavelength acoustic-mode Gru¨neisen parameters
gp , for Cr11.6 at. % Si as a function of mode propagation dire
tion at ~a! T5241 K, ~b! T5246 K and~c! T5256 K. The longi-
tudinal acoustic modegp is represented in~a!, ~b!, and ~c! by the
dotted curve, while the solid and broken curves represent the s
acoustic modegp’s in all three cases.
-

d

the Néel transition than the longitudinal-modegp for both
Cr-Si crystals~Figs. 8 and 9!. For both it is mainly the
longitudinal-mode constant that is affected. Shear-mode
fects are much smaller, particularly for Cr11.6 at. % Si. The
contribution of the acoustic modes at the Brillouin-zone ce
ter to the anharmonicity is given by the mean lon
wavelength acoustic-mode Gru¨neisen parameter

ḡel5

(
p51

3 E
V

gpdV

3E
V

dV

, ~3!

-

ar

FIG. 8. Long-wavelength acoustic-mode Gru¨neisen parameters
gp , for Cr10.5 at. % Si as a function of temperature for mo
propagations along~a! @100#, ~b! @110#, and~c! @111#. The longitu-
dinal modegp is represented in~a!, ~b!, and~c! by d, and the shear
modegp’s by j and. in all three cases. The curves through t
data points are guides to the eye.
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where the integration in Eq.~3! is over the whole of spaceV.
Figures 10~a! and 10~b! show, respectively,ḡel calculated
from Eq. ~3! as a function of temperature for th
Cr10.5 at. % Si and Cr11.6 at. % Si single crystals. Th
large peak inḡel observed close toTN indicates large mean
vibrational anharmonicity of long-wavelength acous
phonons near the Ne´el temperatures of both crystals. Th
anharmonicity is however about four times stronger for
first-order CSDW-P Ne´el transition of Cr11.6 at. % Si than
for the second-order ISDW-P transition of Cr10.5 at. % Si.
The magnetoelastic interactions lead to the longitudin
mode softening in the ISDW phase of Cr10.5 at. % Si and

FIG. 9. Long-wavelength acoustic-mode Gru¨neisen parameters
gp , for Cr11.6 at. % Si as a function of temperature for mo
propagations along~a! @100#, ~b! @110#, and~c! @111#. The longitu-
dinal modegp is represented in~a!, ~b!, and~c! by d, and the shear
modegp’s by j and. in all three cases. The curves through t
data points are guides to the eye.
e

l-

the CSDW phase of Cr11.6 at. % Si. The softening is muc
larger, up to ten times larger in the latter case than in
former ~Figs. 5 and 6!. The unusually large positiveḡel just
aboveTN @Figs. 10~a! and 10~b!# that decreases with increas
ing temperature asT goes deeper into the paramagne
phase, is attributed to strong coupling of the longitudin
phonons to spin fluctuations, similarly to the observation3 in
Cr13.5 at. % Al. This coupling is however much smaller
the case of Cr10.3 at. % Ru.1

V. SUMMARY AND CONCLUSION

The main features of the present results on the two C
crystals compared to previous work on Cr-Al and Cr-R
crystals, are summarized as follows:

~1! The Néel transition for Cr10.5 at. % Si is a second
order ISDW-P transition for which anharmonic effects ha
not been studied before. The behavior of the longitudin
mode Gru¨neisen parameters through the ISDW-P transit
of this crystal is in general quite similar to that observed1,3

for the second-order CSDW-P transitions of Cr13.5 at. % Al
and Cr10.3 at. % Ru. There are however important diffe

FIG. 10. The temperature dependence of the mean acou
mode Gru¨neisen parameter,ḡel, for ~a! Cr10.5 at. % Si and~b!
Cr11.6 at. % Si. The curves through the data points are guide
the eye.
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ences. Longitudinal-mode softening due to the SDW in
ISDW phase of Cr10.5 at. % Si, occurs only in a small tem
perature interval of less than about 15 K very close toTN and
is absent at lower temperatures. On the other hand, this
ening exist for Cr13.5 at. % Al, ~Ref. 3! and Cr10.3 at. %
Ru ~Ref. 1! down to temperatures well into their CSDW
phases. The longitudinal-mode softening in all three crys
is largest just below their Ne´el temperatures, being of abou
similar magnitudes for the ISDW phase of Cr10.5 at. % Si
and the CSDW phase of Cr13.5 at. % Al,3 but nearly five
times larger in the CSDW phase of Cr10.3 at. % Ru.1 There
is very large longitudinal-mode stiffening for th
Cr10.5 at. % Si and Cr13.5 at. % Al. ~Ref. 3! crystals just
above TN , being largest for Cr13.5 at. % Al and nearly
three times smaller for Cr10.5 at. % Si. This stiffening ef-
fect is negligibly small in the case of Cr10.3 at. % Ru.1

Shear-mode softening, comparable to that of the longitud
modes, occurs in the ISDW phase of Cr10.5 at. % Si to
temperatures much lower than the longitudinal-mode sof
ing. Shear-mode softening was previously also observed1,2 in
the CSDW phase of Cr10.3 at. % Ru but in this case it
magnitude is much smaller than the longitudinal-mode s
ening. Shear-mode softening is negligible in the CSD
phase of Cr13.5 at. % Al.3

~2! The Néel transition for Cr11.6 at. % Si is a first-orde
CSDW-P transition, not studied before for anharmonic
fects. The longitudinal-mode Gru¨neisen parameters throug
this transition behave very similar to that for the secon
n

.

l-

V.

ns
e

ft-

ls

al

n-

t-

-

-

order CSDW-P transition of Cr13.5 at. % Al.3 There is large
longitudinal-mode softening in the CSDW phases as wel
large stiffening of this mode just aboveTN for both. The
main influence of the first-order CSDW-P transitio
(Cr11.6 at. % Si! on these is that both the stiffening an
softening effects are much larger, respectively, nearly t
times and ten times larger, than for the second-or
CSDW-P transition~Cr13.5 at. % Al!. The discontinuity in
volume (DV/V'431024) occuring at the first-order
CSDW-P transition in Cr11.6 at. % Si may partly be respon
sible for this difference.

In conclusion, the role of magnetoelastic effects in t
acoustic-mode vibrational anharmonicity near the Ne´el tran-
sition of Cr10.5 at. % Si and Cr11.6 at. % Si alloy single
crystals have been studied through high-pressure elastic
stant measurements. The interaction between the SDW
the long-wavelength longitudinal acoustic phonons play
dominant role in the elastic behavior of both crystals throu
the Néel transition. Shear-mode effects are relatively we
The anharmonicity through the Ne´el temperature of dilute Cr
alloys seems to behave in several aspects very simila
whether it is through a first order CSDW-P, a second-or
CSDW-P or a second-order ISDW-P transition.
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