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A comprehensive experimental study has been made of the elastic and nonlinear acoustic behavior of a
dilute Cr alloy as it undergoes a commensurate (C)-incommensurate (I) spin-density-wave transition.
Simultaneous measurements of the temperature dependence of ultrasonic wave velocity and attenuation

of longitudinal and shear 10-MHz ultrasonic waves propagated along both the [100] and the [110]direc-
tion of Cr-0.3 at. /o Ru alloy single crystal have been made in the temperature range 200—300 K. The
temperature dependence of ultrasonic attenuation for each mode is characterized by a spikelike peak
centered at Tci (=238.6 K) (on cooling) and at Tic (=255.6 K) (on warming). The velocities of both
longitudinal and shear ultrasonic waves exhibit a large and steep increase at Tci on cooling and a similar

drop at Tic on warming with a pronounced hysteresis between Tic and TCI. These observations show
that the transition between the commensurate and incommensurate phases is first order. Measurements
of the effects of hydrostatic pressure (up to 0.15 GPa) on the velocities of ultrasonic waves, which were

made at several fixed temperatures between 248 and 297 K, show similar features: a steep increase at Pci
(increasing pressure) and a similar drop at P&&- (decreasing pressure) with a well-defined hysteresis. Both

Tci and Tlc increase strongly and approximately linearly with pressure, the mean values of dTCI /dP and

dTIC/dP being (333+3) K/GPa and (277+5) K/GPa, respectively. The pressure and temperature
dependencies of the anomalies in the ultrasonic wave velocity have been used to locate both the C-I and
I-C boundaries on the magnetic P-T phase diagram. There is a triple point (at about 315 K and 0.22

GPa) where the paramagnetic, commensurate, and incommensurate spin-density-wave phases coexist.
Results for the complete sets of the elastic stiffness tensor components and their hydrostatic pressure
derivatives have been used to evaluate the acoustic-mode Gruneisen parameters in both the commensu-

rate and incommensurate phases. These quantify the vibrational anharmonicity of each acoustic phonon
mode in the long-wavelength limit and establish which acoustic modes interact strongly with the spin-

density waves. Pronounced longitudinal acoustic-mode softening under pressure results in negative

Gruneisen parameters, a particularly marked feature of the commensurate phase.

I. INTRODUCTION

Below the Neel temperature Ttt (=312 K) chromium
has an antiferromagnetic structure with spin polarization
described by a spin-density wave (SDW). ' ' The wave
vector Q =(2tr/a)(1 —5) of the spin-density wave is in-

commensurate with the lattice spacing a. The incom-
mensurability parameter 5 is about 5% (Refs. 2 and 4—6)
and is related to the difference in size of the electron and
hole Fermi surface sheets centered, respectively, at I and
H points of the Brillouin zone. Since the electron Fermi
surface is slightly smaller than that containing holes, the
nesting between the two Fermi surface sheets, which sta-
bilizes the SDW, can be improved by dilute alloying
to increase the electron to atom (e/a) ratio. Neutron
diffraction experiments have established that alloying of
Cr with small amounts of metallic atoms (such as Mn,
Ru, and Os) with more outer electrons raises the Fermi
level, thereby increasing the size of the electron Fermi
surface while at the same time decreasing that of the
holes. This causes Q to increase. For an e/a ratio only
slightly larger than the value of six for Cr, the antiferro-

magnetic SDW periodicity jumps from an incommensu-
rate (I) to a commensurate (C) state. ' Application of
hydrostatic pressure can also introduce a change in the
electronic structure (and hence in the SDW characteris-
tics) of Cr and its dilute alloys.

The magnetic phase diagram of many dilute Cr alloys
exhibits a triple point where the paramagnetic, the
commensurate-SDW (CSDW) and the incommensurate-
SDW (ISDW) phases coexist. " The CSDW to paramag-
netic or the ISDW to paramagnetic transitions at the
Neel temperature of these alloys are usually character-
ized by large anomalies in the temperature dependence of
their physical properties. The anomalies at T~, and their
concentration and pressure dependences, have been ex-
tensively studied in several dilute Cr alloys through elec-
trical resistivity, magnetic susceptibility, thermal expan-
sion, and neutron diffraction measurements. ' However,
studies of the behavior of physical properties with pres-
sure in the vicinity of the incommensurate-commensurate
transition temperature ( Ttc ) are less extensive than those
at T~, since the electron transport properties, such as the
electrical resistivity, usually show either no effect or only
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small effects at Trc.
Several experimental studies have been made of the

elastic stiffness moduli of Cr and dilute Cr alloys and
their behavior with temperature. ' Recently, it has
been found' ' that the elastic stiffness of dilute Cr-Ru
alloys show well-defined anomalies at TIc. This is the
only Cr alloy system known for which all the single-
crystal elastic stiffnesses show marked anomalies near
Tic. Thus ultrasonic wave velocity measurements can
provide a sensitive tool for studying the ISDW to CSDW
transition. However, with the exception of an initial
study on the longitudinal modes only, ' there has been no
work on the effects of hydrostatic pressure on the elastic
and an elastic behavior in the vicinity of any I-C SDW
transition. The preliminary work on Cr-0.3 at. % Ru in-
dicated that there is a strong magnetoelastic interaction
leading to softening of the long-wavelength longitudinal
acoustic phonons under pressure, which had not been
previously recognized. Although the data ' for the pres-
sure dependence of the longitudinal-mode ultrasonic
wave velocities relate directly to the pressure dependence
of the elastic stiffness, the actual values of the pressure
derivatives (BClzlBP) of the elastic tensor components
CIJ could not be extracted because a complete set of data
was not obtained. A complete study of each of the
stiffness tensor components is essential for understanding,
and developing, a fundamental microscopic theory of the
magnetoelasticity of SDW systems which is still lacking.

Ruthenium is a nonmagnetic element and should not
introduce local magnetic moments in the Cr host. The
magnetic phase diagrams of dilute Cr-Ru alloys contain-
ing 0.3 and 0.6 at. % Ru exhibit three antiferromagnetic
phases: ' (i) at low temperatures, a longitudinal incom-
mensurate phase existing up to the spin-flip temperature
Ts„, (ii) above TsF, a transverse incommensurate phase
up to Tic (the incommensurate to commensurate transi-
tion temperature), (iii) above Tic and below Tz, a mag-
netic structure commensurate with the lattice for which
the SDW wave vector Q is equal to 2nla. For a Cr alloy
containing nominally 0.3 at. % Ru, the following transi-
tion temperatures at atmospheric pressure have been
measured on the warming cycle: TsF, 114 (Ref. 24) and
87 K; TJC, about 250 K [which was observed to be
broad, ranging from 240 to 270 K (Ref. 24)] and 257 K;
Tz, 377, 380, and 402 K. For concentrations in the
range between about 1 and 5 at. % Ru the commensurate
phase only has been found between 4 K and the Neel tem-
perature.

The aim of the present work has been to measure all
the elastic stiffness tensor components as a function of
temperature and hydrostatic pressure in an antiferromag-
netic Cr-0.3 at. % Ru alloy single crystal in both the
commensurate and incommensurate phases as well as
through the CSDW-ISDW transition. This concentra-
tion is ideally suited for such a study as the CSDW-
ISDW transition at atmospheric pressure occurs at about
250 K, which is readily accessible to high-pressure ul-
trasonic experiments. Measurements of the elastic
stiffness tensor components and their hydrostatic pres-
sure derivatives quantify the acoustic-mode vibrational

anharmonicity, through the mode Gruneisen parameters.
This information is necessary for an understanding of the
acoustic-phonon interaction with the SDW and addresses
the question of whether the strong magnetoelastic cou-
pling at the CSDW-ISDW transition takes place solely
with the volume strain or if there are also contributions
from shear strain. ' In addition, any theoretical study
of the magnetovolume and magnetoelastic effects requires
data on the bulk modulus and its hydrostatic pressure
derivative; these have been obtained with precision over a
wide range of temperature from the present high-pressure
ultrasonic experiments. Another outcome relevant to the
theoretical understanding of the CSDW-ISDW transition
in these alloys is an accurate determination of the pres-
sure dependence dTci/dP of the transition temperature
and hence the corresponding magnetic Gruneisen param-
eter. ' The results have also been used to map the bound-
ary between the CSDW and ISDW phases in the P-T
phase diagram.

II. EXPERIMENTAL PROCEDURES

The Cr-0.3 at. % Ru single crystal is the same as that
used by Alberts et al. ' It was grown from high-purity
elements by a floating-zone technique using rf heating.
Electron microprobe analysis showed that it was reason-
ably homogeneous with an actual composition of
(0.28+0.02) at. %%uoRu . Th ecrysta 1 wa soriente d to+0.5'
using Laue back-reflection photography. An ultrasonic
sample was cut and polished, using a spark cutter, having
two pairs of parallel faces, normal to the required propa-
gation directions along the [100] and [110] crystallo-
graphic axes.

Ultrasonic wave velocity and attenuation measure-
ments were made along the [100] and [110] directions.
10-MHz ultrasonic pulses were generated and detected by
X- and Y-cut quartz transducers bonded to the sample us-
ing Nonaq for low-temperature experiments or Dow resin
for high-pressure experiments. Ultrasonic pulse transit
times were measured using the pulse-echo overlap tech-
nique which is capable of resolving velocity changes of
1 part in 10 and is particularly well suited to determina-
tion of pressure- or temperature-induced changes in ve-
locity. A correction was applied to the ultrasonic wave
velocity for multiple reflections at the sample-transducer
interface. The measurements of the temperature depen-
dences of ultrasonic wave velocity and attenuation were
performed simultaneously in a closed cycle refrigerator in
the temperature range 200—300 K. The temperature was
changed at a rate of about 0.2 K min ' during both cool-
ing and warming cycles. In the transition region the tern-
perature was altered in steps of 0.1 K and controlled to
+0.02 K. The attenuation measurements were made by
matching a calibrated exponential curve to the ultrasonic
pulse-echo train. The dependence of ultrasonic wave ve-
locity on hydrostatic pressure was measured at several
fixed temperatures between 248 and 297 K. Hydrostatic
pressure up to about 0.15 GPa was applied using a piston
and cylinder apparatus sealed with Teflon and piton 0
rings. Silicone fluid was used as the pressure transmitting
medium. The pressure was measured using the change in
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resistance of a precalibrated manganin wire coil (fixed on
the sample holder) inside the cell. Temperatures below
room temperature were reached by cooling the pressure
cell using alcohol, which is precooled with liquid nitro-
gen, circulating in a coil wrapped around the outside of
the pressure cylinder. During pressure runs it was essen-
tial to ensure that velocity measurements were made at
the same controlled temperature to within 0.2 K.

III. EXPERIMENTAL RESULTS
FOR THE TEMPERATURE DEPENDENCES

OF THE ELASTIC STIFFNESS TENSOR
COMPONENTS, BULK MODULUS

AND ULTRASONIC ATTENUATION

The temperature dependences of the three independent
adiabatic elastic stiffness tensor components C», C44,
and C'[=(C» —C»)/2] and the bulk modulus B
(=C» —4C'/3), determined at zero pressure from the
ultrasonic velocity data and sample density (=7160
kgm ), are shown in Fig. 1. The effects of thermal ex-
pansion' on these elastic moduli have been estimated
and found to be negligible, being within the experimental
error. The results obtained during both cooling and
warming cycles are shown. In the commensurate phase,
on cooling from 300 K down to about 245 K, C» [Fig.

1(a)] and B [Fig. 1(d)] increase; in contrast, the shear
stiffness moduli C44 [Fig. 1(b)] and C' [Fig. 1(c)] decrease.
On further cooling all the elastic moduli show a sharp in-
crease centered at the same temperature (=238.6 K),
which corresponds to the commensurate to incommensu-
rate transition temperature T&1. In the incommensu-
rate phase, below about 235 K, all the elastic moduli
stiffen in the usual way as the temperature is decreased
(Fig. 1). The relative increases incurred at TCI in C&&,

C44, C', and 8 with respect to the bottom of the step are
6.1%, 2.1%, 4.4%, and 8.2%, respectively: although the
magnetoelastic coupling is significantly stronger for the
volume-dependent longitudinal modes, it also affects the
shear modes. The data obtained in the warming cycle
show a smooth decrease with temperature followed by a
sharp drop centered at 255.6 K, which corresponds to the
incommensurate to commensurate transition temperature
TIC. There is a pronounced hysteresis between about 235
and 257 K; the width AT( = Tic —Tci ) of the hysteresis
is the same for all modes. Above about 257 K the elastic
moduli show no thermal hysteresis between cooling and
warming. When the temperature returns to 300 K the
sound velocity and attenuation (see below) are restored to
their initial values: the sample recovers back to its initial
thermodynamic condition. In the incommensurate phase
there is some hysteresis probably due to the domain wall
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FIG. 1. Temperature dependence of the adiabatic elastic stiffness tensor components (a) C», (b) C44, (c) C', and (d) bulk modulus
8 of Cr-o. 3 at. % R.u. The crosses correspond to ultrasonic wave velocity measurements made with decreasing temperature and the
open squares to data as the temperature was increased.
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structure, which produces a similar thermal hysteresis in
the neutron diffraction data in pure Cr. Because of the
pronounced thermal hysteresis of the I-C SDW transi-
tion, it is essential to state whether experiments are made
under conditions of increasing or decreasing temperature.
The sharp increase in all elastic moduli at about 238.6 K
(during cooling) and the similar drop at about 255.6 K
(during warming), together with the hysteresis between
about 235 and 257 K, is consistent with the phase transi-
tion between the commensurate and incommensurate
phase being erst order. Hysteresis effects in the tempera-
ture dependence of neutron diffraction intensities have
also been found near Tlc in experiments made on a Cr-
0.3 at. % Ru single crystal cut from the same boule as the
present sample.

The wave vector Q of the SDW in pure Cr and incom-
mensurate Cr-based alloys is independent of temperature
below about 100 K and then increases with tempera-
ture. ' ' However, in pure Cr the commensurate phase
does not occur: its formation requires donation of elec-
trons to the d band to expand the electron Fermi surface
relative to the hole surface. The e/a ratio of Cr-0.3 at. %
Ru is 6.006. The I-SDW phase is stable at low tempera-
tures; on heating, the wave vector Q of the SDW of this
alloy jumps to the commensurate value of 2~/a at a TIC
of 255.6 K. In the case of the dilute Cr-Mn alloys, which
have a similar magnetic phase diagram to that of Cr-Ru
alloys, the transition from the ISDW phase to the
CSDW phase is accompanied by a large expansion of the
lattice in the CSDW phase which stabilizes this
phase. ' Inspection of thermal expansion results for
polycrystalline Cr-0.3 at. %%uoRusamples 'show s tha t the
unit cell volume in the CSDW phase is much larger than
that in the ISDW phase. Thus it can be inferred that, for
the case of Cr-0.3 at. % Ru as well, the anomalous
thermal expansion of the lattice at Tl~ causes the relative
shift of the energy bands required to expand the electron
jack and contract the hole octahedron: the lattice ex-
pands spontaneously to lock in the SDW wave vector Q
to the lattice and hence stabilizes the commensurate
phase at the expense of the incommensurate phase.

The temperature dependence of the ultrasonic attenua-
tion of the longitudinal and the two shear modes is
presented in Fig. 2. The attenuation for each mode is
practically independent of temperature in both the
CSDW and ISDW phases. The attenuation of the 1ongi-
tudinal C&& mode and the shear C' mode is slightly small-
er in the low-temperature ISDW phase than in the high-
temperature CSDW phase. The C-I and I-C SDW transi-
tions, which take place on cooling and warming, respec-
tively, are characterized by a sharp attenuation peak
(effectively a spike) of only about 0.4 K in width at half
amplitude. The position of this attenuation peak, which
corresponds to the rniddle of the steep changes in elastic
stiffness moduli (Fig. 1), determine the CSDW-ISDW
transition temperature T&1 at 238.6 K during cooling,
and the ISDW-CSDW transition temperature TIc as
255.6 K during warming.

Outside the transition region the ultrasonic echo trains
showed the normal exponential decay. However, in the
transition region, the ultrasonic pulse-echo train
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FIG. 2. Temperature dependence of the attenuation of 10-
MHz ultrasonic waves: (a) longitudinal mode propagated along
the [100] direction, (h) (001) polarized shear mode propagated
along the [100] direction, (c) [110]polarized shear mode pro-
paged along the [110]direction in Cr-0.3 at. % Rn. The crosses
correspond to measurements made with decreasing temperature
and the open squares to data as the temperature was increased.

developed a pronounced interference pattern as the tem-
perature was swept through the transition; the echoes
chosen (second and third) to measure the attenuation
were sited before the 6rst interference zero. The interfer-
ence pattern is temperature dependent and its features
near the transition temperature are consistent with the
coexistence of macroscopic domains of different phases in



14 374 CANKURTARAN, SAUNDERS, WANG, FORD, AND ALBERTS 46

which the ultrasonic velocity is appreciably different as
shown in Fig. 1. These observations provide additional
evidence that the commensurate-incommensurate transi-
tion is first order. The spike in the attenuation delineates
the temperature region where macroscopic domains of
the two phases coexist in the sample so that its position
can be used to define the transition temperature.

A first-order phase transition in localized antifer-
romagnets is often accompanied either by a sharp peak or
a sharp step in attenuation as a function of temperature. '

Although in some cases the mechanism responsible for
this behavior may be the coupling of ultrasonic waves to
low-frequency spin waves, in general it is thought to be
due to domains of the two phases coexisting near the
transition. Ultrasonic attenuation at the phase transition
may result from entropy production associated with the
periodic motion of the domain walls due to the different
magnetoelastic coupling with the ultrasonic stress in the
two phases.

IV. EXPERIMENTAL RESULTS
FOR THE HYDROSTATIC PRESSURE

DEPENDENCES OF THE ELASTIC STIFFNESS
TENSOR COMPONENTS
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creasing pressure and the filled circles to data as the pressure
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The results of the measurements of the effects of hydro-
static pressure on the velocities of longitudinal and shear
waves propagated along the [100] and [110]directions of
Cr-0. 3 at. % Ru are presented in Figs. 3—5. These data
correspond to the stiffnesses C» (Fig. 3), C~4 (Fig. 4), and
C' (Fig. 5). To show the evolution of the effects of pres-

sure with temperature, the velocity versus pressure data
for each mode have been plotted on the same scale at
each temperature. The behavior under pressure of the
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FIG. 4. Hydrostatic pressure dependence of the velocity of
shear (001) polarized 10-MHz ultrasonic waves propagated
along the [100] direction in Cr-0.3 at. % Ru at the temperatures
quoted. The open circles correspond to velocity measurements

made with increasing pressure and the filled circles to data as

the pressure was decreased. The filled squares in the last panel
show the data obtained at 248 K by further pressure cycling
after the first cycle and correspond to the frozen-in ISDW
phase.

velocities of all modes is most unusual. At room temper-
ature, the velocity of the longitudinal C&& mode decreases
with increasing pressure: there is pronounced long-
wavelength longitudinal-mode acoustic-phonon softening
in the commensurate-SDW phase. Both shear mode ve-
locities have a negligible pressure dependence up to about
0.13 GPa. Below room temperature, the pressure depen-
dences of the velocities of each mode are characterized by
a steplike increase at a pressure Pcl (corresponding to the
CSDW-ISDW transition) when the pressure is increased
and a similar decrease at Plc (corresponding to the
ISDW-CSDW transition) when the pressure is reduced.
There is marked hysteresis. Similar results to those
found here for the pressure dependence of the velocity of
the longitudinal C» mode were observed ' for the longi-
tudinal mode propagated along the [110]direction which
relate to the stiffness CL [=(C»+C,2+2C«)/2].
These observations also point to strong interactions be-
tween the acoustic phonons and the SDW.

With increasing pressure at a given temperature, the
crystal transforms from the CSDW to the ISDW phase at
P~l. When the pressure is released, the phase transition
is reversed with a hysteresis. However, for temperatures
below about 258 K, the velocity versus pressure curves
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K. This indicates that the pressure-induced transition
from the commensurate to the incommensurate phase
will cease at this temperature, and this could be taken as
the temperature where the paramagnetic,
commensurate-SDW, and incommensurate-SDW phases
coexist on the pressure-temperature phase diagram of
Cr-0.3 at. % Ru. Support for this suggestion comes from
the temperature dependence of the width of the hysteresis
(bP)T =(Pci Pic)—, which is the difference between the
pressures P&1 and Pic at which the SDW transition
occurs when the pressure is increased or reduced, respec-
tively [Fig. 6(b)]. With increasing temperature (hP }Tde-

creases, reaching zero at about 315 K. Thus the sharp
jump in the ultrasonic wave velocity and the hysteresis
effect which characterize the first-order transition from
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for each mode (Figs. 3—5) show that the high-pressure
ISDW phase remains frozen in, when the pressure is
released. The effect of recycling under pressure on the
velocity of the shear C~ mode in the frozen-in ISDW
phase can be seen in the measurements made at 248 K
without allowing the sample to warm up to room temper-
ature (filled squares in the last panel of Fig. 4).

The transition from the CSDW phase to the ISDW
phase, which occurs at 238.6 K at zero pressure (see Fig.
l), is shifted up to room temperature (295 K) by applying
a hydrostatic pressure of about 0.14 GPa. Therefore the
application of pressure on Cr-0. 3 at. % Ru produces a
similar effect to that induced by a decrease in the e/a ra-
tio, namely, an increase in the temperature range where
the incommensurate-SDW phase is stable.

A. The pressure-temperature phase diagram
of Cr-0.3 at. % Ru

At the C-I and I-C SDW transitions, the difference
(VI —Vc)/Vc between the ultrasonic wave velocities in
the ISDW and CSDW phase decreases with increasing
temperature [Fig. 6(a}]. The normalized velocity change
incurred in the ultrasonic wave velocity is approximately
the same for the C-I and I-C transitions and is markedly
larger for the longitudinal mode than for the shear
modes. The temperature dependence of ( VI —Vc)/Vc
for the two shear modes extrapolates to zero at about 315
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( VI —VC)/V& of the sharp step in the ultrasonic wave velocity
across the transition obtained from the data given in Figs. 1 and
3—5. The squares correspond to the velocity of the longitudinal
mode propagated in the [100]direction, the circles to that of the
[110] polarized shear mode propagated along the [110] direc-
tion, and the triangles to that of the (001) polarized shear mode
propagated along the [100]direction. The open symbols refer to
the C-I transition while the filled ones relate to the I-C transi-
tion. (b) Temperature dependence of the width of the hysteresis.
Symbols are the same as in (a). The cross corresponds to all
three modes and has been obtained from Fig. 7(a) by taking the
pressure difference between the I-C and C-I lines at T&c (=255.6
K).
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the commensurate to the incommensurate phase cease at
the same temperature. In the magnetic P-T phase dia-
gram of Cr-0.3 at. % Ru there must be a triple point at
about 315 K.

Now the data given in Figs. 3 —5 can be used to deter-
mine the position of the boundary between the CSDW
and ISDW phases on the P-T phase diagram for the cases
of both increasing and decreasing pressure. At a given
temperature, the pressure P&z where the CSDW-ISDW
transition occurs can be taken at the rniddle of the sharp
increase in the velocity versus pressure data obtained
with increasing pressure, and likewise the pressure Pic,
which corresponds to the ISDW-CSDW transition with
decreasing pressure, at the middle of the steep drop in the
ultrasonic wave velocity. For Cr-0.3 at. % Ru, both T~l
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FIG. 7. (a) Pressure dependences of T&1 (lower curve) and

T&& (upper curve) for Cr-0.3 at. % Ru obtained from the mea-
surements of the effects of hydrostatic pressure on the ultrasonic
wave velocities given in Figs. 3—5. The filled squares corre-
spond to the longitudinal C„mode, filled circles to the shear C'

mode, and open circles to the shear C44 mode. The data at zero
pressure are those for all three modes given in Fig. 1. The
straight lines are the least-squares fits to the experimental data.
(b) The pressure-temperature phase diagram of Cr-0.3 at. % Ru.
The open circles (I-C transition, on warming) and filled circles
(C-I transition, on cooling) have been obtained from the present
ultrasonic data, the open squares and the full lines from Ref. 23.
The estimated triple point is at about 315 K and 0.22 GPa.

and TIC increase approximately linearly with pressure
[Fig. 7(a)]. The mean values of dTCI/dP and dTlcldP
are (333+3) and (277+5) K/GPa respectively, which are
comparable with, but more accurate than, those previous-
ly quoted in Ref. 21, since the present values have been
determined from much larger data sets for more ultrason-
ic modes. The positive sign of dTI&/dP for Cr-0.3 at. %%uo

Ru is the same as that for Cr-Ge (Refs. 32 and 33) and
Cr-Mn (Refs. 29 and 34) but it is opposite to that found
for Cr-Ga, ' Cr-Fe, ' and Cr-Co (Ref. 34) alloys.
The mean value of dT&&/dP for Cr-0. 3 at. % Ru is of the
same order of magnitude as that found, using other ex-
perimental techniques, for all of these dilute Cr alloys.

The pressure-temperature phase diagram of Cr-0.3
at. % Ru is compiled in Fig. 7(b). The boundary between
the paramagnetic phase and incommensurate-SDW phase
was determined earlier by electrical resistance measure-
ments: this boundary is roughly linear and has a slope
of about —50 K/GPa. The phase boundary between the
paramagnetic phase and the commensurate-SDW phase
had previously been inferred by drawing a straight line
from the Neel temperature (377 K) at atmospheric pres-
sure to a point at higher pressure where a sharp change
in the slope of the paramagnetic-ISDW phase boundary
occurred. However, it had not been possible to deter-
mine the I-C boundary, since no anomaly associated with
the I-C transition could be detected in resistance mea-
surements. In the present work the phase diagram [Fig.
7(b)] is made more complete by the inclusion of the first-
order phase boundary between the commensurate and in-
commensurate phases with its hysteresis. The magnetic
P-T phase diagram of Cr-0.3 at. % Ru alloy has a triple
point at about 315 K and 0.22 GPa.

B. Hydrostatic pressure derivatives
of the elastic stiFness tensor components

The pressure derivatives (dCIJ IdP)r p of the adiabatic
second-order elastic stiffness tensor components have
been determined from the slope (Bf/BP) of the pressure
dependence of the frequency f (P) of round-trips of the
ultrasonic pulse in the sample using the relationship

B(pV ) 2Bf IMP l

dP f 3B

where p is the density, V the ultrasonic wave velocity,
and B the bulk modulus. The experimental results for the
temperature dependences of (BCIJ /dP ) r p and
(BB /BP) r p for Cr-0. 3 at. % Ru in both the incommens-
urate and commensurate phases are given in Fig. 8. In
the incommensurate phase the pressure derivatives of the
two shear elastic stiffnesses (BC44 IBP )z' p and

( r)C' IBP )r p are small and positive, while both
(BC»/BP)z. p and (dB /BP)r p are large and negative

[Fig. 8(a)]. Each of these pressure derivatives is only
weakly dependent upon temperature in the incommensu-
rate phase. However, their behavior is strikingly
different in the commensurate phase [Fig. 8(b)], an excep-
tion being (BC44IBP)r p. In this phase, (BC&& /dP)r p
and (r)B /dP)r p are very large negative quantities and
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about 300 K, the thermal expansion coefficient of poly-
crystalline Cr-0.3 at. % Ru has a quite small value which
decreases with increasing temperature towards Tz and
becomes almost zero at about T&. '

As Ru is added to Cr, the stability of the commensu-
rate phase is increased relative to that of the incommens-
urate phase. Volume expansion can also stabilize the
commensurate phase at the expense of the incomrnensu-
rate phase resulting in a decrease of TIC, that is,
d Tlc Id V & 0 which corresponds to d T,c IdP & 0, as dis-
cussed in Sec. IVA. Since the unit cell volume of the
commensurate phase is larger than that of the incom-
mensurate phase, the former should be much more sensi-
tive to volume changes induced by application of hydro-
static pressure than the latter. The bulk modulus of the
commensurate phase is about 8% smaller than that of the
incommensurate phase [Fig. 1(d)]: it is easier to squeeze
the material in the commensurate phase where the SDW
is locked in to the crystal lattice. This feature is con-
sistent with the unusually large negative values of
(dC „IBP ) and (aB'IdP ) p.

-eo
240

S

260 280
Temperature ( K )

300

FIG. 8. Temperature dependences of hydrostatic pressure
derivatives of elastic stiffnesses of Cr-0.3 at. % Ru (a) in the in-
commensurate phase and (b) in the commensurate phase: filled
circles, (BC» /BP ) & p, open circles, (BB/BP ) & p,

' squares,
(aC„/aP); crosses, (BC'/BP) „.
increase dramatically in magnitude with increasing tern-
perature. The pressure derivative (aC'IdP)rr is slightly
positive above about 270 K, then goes negative as the
temperature is decreased, reaching the large value of—7.8 for a shear modulus at about 253 K [Fig. 8(b)]. In
common with its behavior in many magnetic transition
metal alloys, (dC~ IBP )r I, has a normal value and shows
a weak temperature dependence in both SDW phases:
there is little interaction with the SDW for that particu-
lar N(100)U[001] shear mode in contrast to that with
the longitudinal modes and the N(110)U(110) shear
mode (N is the propagation direction and U is the polar-
ization direction).

The application of hydrostatic pressure affects the
magnetoelastic coupling between the long-wavelength
acoustic phonons and the SDW differently in the
commensurate- and incommensurate-SDW phases. In
the commensurate phase the behavior of (BC», IBP)r p
and (dB IdP)r ~ with temperature is most unusual: un-
der compression Cr-0.3 at. % Ru becomes easier to
squeeze. As a consequence of the magnetovolume effect,
there should be a correlation between the hydrostatic
pressure derivatives of the elastic stiffness and thermal
expansion. Both the thermal expansion and the non-
linear acoustic properties involve the cubic term in the
strain energy of the identical irreducible representation
7)o, which is the volume strain (g»+g22+7)33). In accord
with this there is an anomalous behavior in the thermal
expansion: in the commensurate phase, for temperatures

V. GRUNEISEN PARAMETERS
AND ACOUSTIC-MODE VIBRATIONAL

ANHARMONICITY OF Cr-0.3 at. % Ru ALLOY
IN THE ISDW AND CSDW PHASES

A negative hydrostatic pressure derivative of an ul-
trasonic mode velocity, and therefore of the associated
elastic stiffness, implies the unusual attribute that under
applied stress the long-wavelength acoustic-mode fre-
quency and energy decrease. The dependence of the
acoustic-mode frequency ~ on volume can be expressed
as a mode Gruneisen parameter

p

8 into&

BlnV T
'

and

wp C] ]k ] +C44k2 +C]2k 3

P

BC),
kp k

&
C

~ ] +3B+3B

BC44—k2 C44+ 3B+3B
BP T

r

BC)2—k C —3B+3B3 12 aP . T.

which can be obtained from the measurements of the
stiffness tensor components and their dependences on
pressure. The acoustic-mode anharmonicity can be
quantified by the Grunesisen parameters. For the partic-
ular case of volume change induced by an applied hydro-
static pressure, the acoustic-mode Gruneisen parameter
y in a phonon branch p of a cubic crystal can be calcu-
lated using

y = — [3B+2w~+k ],1

6Np

where
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with

=Q~U'2 ++~U2 ++2U~

k2 =(N~ Ui+N3 U2) +(N3 U, +N) Ui )

+(N, U2+N~U, )

k3 2(N~Ni U2 U3+N3N, U3 U, +N, NiU, U2 )

Here N; and U, (i =1,2, 3) are the direction cosines of
the wave propagation and the particle displacement
directions, respectively. Since the application of pressure
can induce the transformation from the CSDW to the
ISDW phase at a fixed temperature (Figs. 3 —5), it is pos-
sible to establish and compare the mode Gruneisen pa-
rameters in the two phases at the same temperature. The
long-wavelength acoustic-mode Griineisen parameters y
at 278 K, computed for the CSDW and ISDW phases,
are plotted as a function of mode propagation direction
in Fig. 9. The mode Griineisen parameters, especially
those associated with longitudinal modes, are unusual in
both the CSDW and ISDW phases. The longitudinal and
quasilongitudinal mode y are negative and much larger
in magnitude than those associated with shear and
quasishear modes. Furthermore, the longitudinal mode
anharmonicity is quite different in the two phases: the
absolute values of y for the longitudinal and quasilongi-
tudinal modes in the commensurate phase [Fig. 9(a)] are
about four times larger than those in the incommensurate
phase [Fig. 9(b)]. The mode y's in a given branch do not
vary substantially with propagation direction.

The acoustic-mode Griineisen parameters along the

fourfold [100] axis are plotted as a function of tempera-
ture in Fig. 10. The shear mode ps[100] has a normal,
positive value and is nearly temperature independent in
both phases. However, the longitudinal mode yL [100] is

negative in both phases; it is temperature independent in
the incommensurate phase [Fig. 10(b)] while its magni-
tude increases substantially with temperature in the com-
mensurate phase [Fig. 10(a)]. These results are consistent
with the behavior of the pressure derivatives of elastic
stiffness moduli (Fig. 8), confirming the importance of the
interaction between the zone-center longitudinal acoustic
phonons and the SDW in the commensurate phase.

The mean long-wavelength acoustic Griineisen param-
eter y" can be calculated by summing all of the long-
wavelength acoustic-mode Gruneisen parameters with
the same weight for each mode using

3

y fl, dn
—el (4)

3f dn

Here the integration is over the whole space Q. y" is
negative in both phases; its magnitude increases strongly
with temperature in the commensurate phase, while it is

approximately temperature independent in the incom-
mensurate phase [Fig. 11(a)]. In the incommensurate
phase the y" of Cr-0. 3 at. % Ru has a similar magnitude
to the thermal Griineisen parameter y'" (=1.2) for pure
Cr."

The variation of y" with pressure, at a chosen fixed
temperature (278 K), is presented in Fig. 11(b). The re-
sults obtained for both increasing and decreasing pressure
are shown. The most striking feature of the pressure
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FIG. 9. Long-wavelength longitudinal (solid line) and shear

(dashed and dotted lines) acoustic-mode Gruneisen parameters
of Cr-0.3 at. % Ru at 278 K as a function of mode propagation
direction (a) in the commensurate phase and (b) in the incom-

mensurate phase.

FIG. 10. Long-wavelength longitudinal (filled circles) and

shear (open circles) acoustic-mode Gruneisen parameters of Cr-

0.3 at. % Ru along the fourfold [100] axis as a function of tem-

perature (a) in the commensurate phase and (b) in the incom-

mensurate phase.
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phases. (b) Hydrostatic pressure dependence of y" at tempera-
ture 278 K: the filled circles correspond to data obtained with
increasing pressure and the open circles to data as the pressure
was decreased.

dependence of y" is the enormous peak [reaching about
150 at PCI (pressure up) and about 110 at Plc (pressure

down)] as the alloy is taken across the phase boundary.
This is a consequence of the large change in unit cell
volume associated with the first-order character of this
phase transition, rather than the sudden change in the
mean vibrational anharmonicity of long-wavelength
acoustic phonons in Cr-0. 3 at. %%uoRu in th evicinit yof
the transition.

The magnetic anomalies observed in the temperature
dependence of the thermophysical properties of SDW
metals (including Cr and antiferromagnetic Cr alloys) and
ferromagnetic Fe65(Ni, „Mn„)35 Invar alloys have com-

monly been described in terms of magnetic Griineisen pa-
rameters, which are taken as a measure of the strength of
the magnetoelastic coupling. ' ' ' The magnetic
Griineisen parameter yrc can be obtained directly from
the pressure dependence of Trc using

d»Trc Brc dTrc
l IC IC dP T dP

=B
IC

(5)

where Brc is the bulk modulus at Trc. ComParison be-
tween the bulk moduli of the antiferromagnetic Cr-Ru al-
loys and that of Cr-5 at. % V alloy, which does not order
magnetically, has established that there is a strong mag-
netoelastic coupling in dilute Cr-Ru alloys both below
and above Trc. ' ' ' From the present data values of
185 and 245 have been obtained for yrc at Trc and for

ycr at Tcr, resPectively, which have the same order of
magnitude as those determined for other dilute Cr al-
loys. ' However, there are fundamental problems associ-
ated with assumptions used to develop Eq. (5): the mag-
netic contribution to the free energy is taken to be separ-
able and to be a function of a single, volume-dependent
temperature parameter. In practice it is not possible to
separate the magnetic contributions from the electronic
or lattice contributions to the free energy. In fact
the results of the present measurements show that not
only the volume strain but also shear strains are involved
in the commensurate- to incommensurate-SDW transi-
tion. Nevertheless, it is instructive to compare the huge
values of the magnetic Gruneisen parameters with the
similarly large mean acoustic-mode Gruneisen parameter
y" in the transition region [Fig. 11(b)].

VI. CONCLUSIONS

(1) Each of the temperature dependences of the veloci-
ties of longitudinal and shear ultrasonic waves propagat-
ed along the [100]and [110]directions in Cr-0.3 at. % Ru
single crystal shows a sharp increase as the alloy is cooled
through the commensurate-incommensurate transition
temperature Tcr. This feature, together with the pro-
nounced thermal hysteresis, establishes that this transi-
tion is first order in character. The ultrasonic attenua-
tion exhibits a spikelike peak at the transition.

(2) The adiabatic elastic stiffness tensor components
and the bulk modulus are substantially larger in the in-
commensurate than in the commensurate phase. The rel-
ative increases incurred at Tcr in the longitudinal C»
and the bulk B moduli are substantially greater than
those in the shear moduli C44 and C'. However, while
the magnetoelastic coupling is significantly stronger for
the volume-dependent longitudinal modes, it also affects
the shear modes.

(3) The hydrostatic pressure dependence of the velocity
of each ultrasonic mode shows a sharp increase in the
elastic stiffness as the alloy is taken through the C-I SDW
transition and a pronounced hysteresis. The results of
these measurements made at fixed temperatures in the
range 248 —297 K have been used to determine the C-I
and I-C boundaries between the commensurate and in-
commensurate phases on the P-T phase diagram. The
magnetic P-T phase diagram of Cr-0.3 at. %%uoRuallo yha s
a triple point (at about 315 K and 0.22 GPa) where the
paramagnetic, commensurate-SDW, and incommen-
surate-SDW phases coexist.

(4) The incommensurate-commensurate transition tem-
perature increases strongly with pressure; the mean
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values of d Tcr /dP and d Tic /dP are (333+3) and
(277+5) K/GPa, respectively.

(5) The hydrostatic pressure derivatives (BCIJ/~+)y p
of all independent elastic stiffness tensor components and
(BB/dP ) z. p of the bulk modulus have been obtained in

both phases as a function of temperature. There is
marked longitudinal mode softening in the commensurate
and incommensurate phases, that in the former phase be-

ing much the larger and strongly temperature dependent.
(6) The experimental results obtained for the pressure

dependences of the elastic stiffness moduli on both sides
of ric have established how magnetoelasticity affects the
acoustic-mode vibrational anharmonicity in this SDW al-

loy. The acoustic-mode Griineisen parameters, which
quantify the vibrational anharmonicity in the long-
wavelength limit, are negative for longitudinal modes in

both phases, having much larger magnitudes in the com-
mensurate phase. The shear mode Griineisen parameters
are small and positive. The strong magnetoelastic cou-
pling at the I-C SDW transition takes place mainly with
the volume strain, but there are also contributions from
shear strain.

(7) The mean long-wavelength acoustic Griineisen pa-
rameter y" is negative, being substantially larger and

strongly temperature dependent in the incommensurate
phase.

(8) There is an enormous peak [reaching about 150 at
PCI (pressure up) and about 110 at PIC (pressure down),
the same order of magnitude as the magnetic Griineisen
parameter] in the pressure dependence of y

' as the alloy
is taken across the phase boundary. This is attributed to
a large change in unit cell volume associated with the
first-order character of this phase transition.

(9) The effects of hydrostatic pressure on the elastic be-
havior of the commensurate phase are much greater than
on that of the incommensurate phase: the magnetoelastic
interaction between the long-wavelength acoustic modes
and the SDW is much stronger in the commensurate
phase.
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