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The thermal-expansion data of %'hite, Roberts, and Fawcett for Cr and antiferromagnetic Cr V
alloys measured relative to paramagnetic Cr95V5 up to temperature 700 K are analyzed. The magne-
tovolume in the ordered state is found to be proportional to the mean-square magnetic moment and
their ratio„being proportional to the magnetoelastic coupling, is discussed in relation to the predic-
tions of a theoretical model. Explanations suggested to account for the experimental magnetovo-
lume being somewhat smaller than theoretical estimates include volume dependence of the exchange
interaction. Griineisen parameters associated with magnetic ordering are evaluated and their large
values are contrasted with the normal value of order unity obtained by comparing the thermal ex-

pansion with the specific heat in the paramagnetic state at temperatures up to 1500 K. The magne-
tovolume in the paramagnetic state is compared with the mean-square moment obtained from in-

elastic neutron scattering.

I. INTRODUCTION

As a prototype itinerant antiferromagnet, chromium is
of great fundamental interest. Accordingly, there is an
extensive literature on the physical properties of chromi-
um and its dilute antiferromagnetic alloys. In particular,
elastic neutron scattering has given us a clear picture of
the magnetic structure of chromium: the paramagnetic
metal undergoes a first-order transition at the Neel tem-
perature, T~ ——311 K, to an incommensurate transverse
spin-density-wave state (the transverse SDW phase) which
becomes longitudinal (the longitudinal SDW phase) at the
spin-flip temperature, TsF ——123 K (see, e.g., Werner, Ar-
rott, and Kendrick). '

Overhauser first realized that this incommensurate
structure corresponds to a spin-density wave produced by
exchange interaction between electrons at the Fermi sur-
face. Lomer showed how the Fermi surface of chromi-
um nests so as to produce a SDW with a wave vector Q of
about the observed magnitude and oriented along a cube
axis. Two-band models based on these ideas were
developed to account for many of the observed magnetic
properties of chromium and its dilute alloys, including
the magnitude and variation with temperature and alloy
concentration of the wave vector Q, the amplitude of the
SDVf, and the ordering temperature.

The magnetic excitations in chromium are much less
understood theoretically, but a clear experimental picture
is now emerging. ' The feature of perhaps greatest in-
terest is the "commensurate-diffuse" scattering in the ter-
minology of Grier, Shirane, and Werner, which is cen-
tered on the commensurate antiferromagnetic I 001 J

points in reciprocal space.

Theoretical discussions based on two-band models
have focused interest on spin waves having high velocities
related to that of electrons at the Fermi surface, which
have been observed in CrMn alloys having a simple com-
mensurate SDW phase. These theories do not, however,
explain the low-energy excitations responsible for the
commensurate-diffuse scattering persisting to high tem-
peratures, which is characteristic of the incommensurate
SDW phase of pure chromium, and little progress has
been made towards providing a satisfactory explanation of
these effects. ' "

In a situation where theoretical models provide little or
no guidance to the interpretation of detailed spectroscopic
data such as that provided by neutron scattering, it is
often rewarding to resort to studies of the fundamental
thermophysical quantities, specific heat and thermal ex-
pansion. In the case of chromium the effect of antifer-
romagnetism on the specific heat is seen clearly at low
temperatures. Heinigqr'i showed that the Sommerfeld
coefficient I of the electronic term linear in temperature
was reduced in antiferromagnetic alloys of chromium
with respect to other transition metals. Interpolation be-
tween the nonmagnetic alloys indicates a reduction of I
by as much as a factor two in pure chromium, with the
depression of I in the alloys matching nicely the curve
showing the concentration dependence of the Ned tem-
perature.

Apart from this low-temperature effect, the effect of
magnetism on the specific heat of chromium is small, and
is seen only in careful measurements close to the phase
transitions. ' ' Indeed, the small size of the latent heat at
the Neel transition was offered by Overhauser as evi-
dence for the itinerant nature of the magnetism in
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chromium. On the other hand, the marked dependence of
the magnetic properties of chromium on elastic strain,
which, as we shall see, results in a large ground-state mag-
netovolume and other magnetic effects in the thermal ex-
pansion, has long been known. '

In the present work we shall analyze the experimental
data for the thermal expansion of chromium and dilute
Cr V alloys over the temperature range 1.5—700 K
described by White, Roberts, and Fawcett. ' Although we
shall not be concerned here with anisotropic effects, we
should take note also of the thermal expansion work'
on single-Q chromium which shows that the anisotropy
of the thermal expansion is small. We shall, in any case,
be using only data taken with polycrystalline or single-
crystal (but still multidomain) samples, so that we can ig-
nore anisotropic effects when deriving the magnetovolume
from linear thermal expansion data. We shall not be con-
cerned here particularly with the thermal expansion below
100 K, which was treated by Kaiser, White, and
Fawcett. '

The importance of magnetovolume effects in magnetic
metals has long been recognized, the most intensively
studied and the most important technically being the In-
var alloys. 2 Holden, Heine, and Samson2' developed a
model to consider the thermal expansion of transition
metals, which they applied to Fe, Ni, and Cr. They
showed that the magnetic pressure and hence, with a
temperature-independent bulk modulus, the magnetovo-
lume, may be expressed as a function of temperature T up
to and beyond the ordering temperature in terms of the
mean-square magnetic moment (M (T) ), the exchange
interaction parameter I, and the volume dependence of
the density of states in the d band.

We shall use the formulation of this model given by
Kaiser and Haines in which J is assumed also to be
volume dependent. They obtain, for the magnetovolume
in chromium,

V(T) Vo—
Vp

by neglecting the weak temperature dependence of the
magnetic part of the internal energy and by using, like
Holden, Heine, and Samson, ' the zero-temperature value

80 of the bulk modulus at atomic volume Vo. In Eq. (1}
the parameters Pi and —PiP2 are, respectively, the volume
dependencies of the density of states N at the Fermi sur-
face and of the exchange interaction parameter J,

d 1nN d lnI
1 dc' leoi 2

Holden, Heine, and Samson ' adopted the values,

Pi ——5/3, P2 ——0, thus obtaining

~M(T) C 5 I 5I
or C=

(M~(T) ) 80 12 BOVO 12VO

It should be pointed out that the relation (1) between
the magnetovolume and the mean-square magnetic mo-
ment for the case of ordered moments goes back a long
way in the history of ferromagnetism. Wohlfarth " dis-

cussed earlier work in the context of magnetostriction of
ferromagnetic metals. We note that, for an incoinmensu-
rate SDW system like chromium, (M ) is obtained by
spatial as well as thermal averaging of the magnitude of
the moment M(r, T). Thus at zero temperature, a
sinusoidal SDW of amplitude Mo gives (M ) = —,

' Mo.
In the experimental studies of White, Roberts, and

Fawcett' the magnetic contribution to the thermal expan-
sivity of chromium was separated out from the total by
comparing pure chromium with a dilute paramagnetic al-
loy of chromium with another metal. Vanadium was
chosen since the addition of small amounts of V to Cr
quickly reduces Tz and no magnetic ordering occurs for a
V concentration above about at. 4%. Thus a coinparison
of pure Cr with the paramagnetic alloy Cr95V5 will pro-
vide a measure of the effects associated with magnetic or-
der in the thermal expansion of Cr. A comparison of the
dilute antiferromagnetic alloys Cr, oo „V„for x &4 at. %
with Cr95V5 provides another experimental parameter, the
concentration x of V, by means of which the Neel tem-
perature can be progressively depressed and the magnetic
effects turned off.

This method may fail to separate out one magnetic ef-
fect, namely the spin fiuctuations predicted by Moriya,
since it is suggested that these can occur in a transition
metal or alloy which does not exhibit any long-range mag-
netic order. Spin fluctuations have associated magnetovo-
lume and their amplitude increases with temperature, so
that at high temperatures, well above T~, we might ex-
pect their effect on the thermal expansion to be very simi-
lar in Cr95V5 and in pure Cr. Thus the differential
method may be unable to reveal such effects.

The plan of the paper is as follows. We first, in Sec. II,
define rather carefully the physical quantities "magneto-
volume" and magnetic thermal expansivity. " In Sec. III,
where we consider the thermal expansion in the ordered
state, we discuss some anomalous features of neutron dif-
fraction data which should be taken into account when a
comparison is made between the temperature dependence
of the magnetovolume co~(T} in the ordered state with
(M (T)) determined from the intensity of the magnetic
satellites.

We proceed, in Sec. IV, to analyze the thermal expan-
sion in chromium around its Neel temperature Tz. Com-
parison with the specific-heat data of Williams, Gopal,
and Street' gives large negative values for the Gruneisen
parameter, as does the pressure dependence of T~ itself.
We discuss in Sec. V the remarkable change in the nature
of the Neel transition when chromium is diluted by as lit-
tle as 0.5 at. % V: although the Neel temperature is
depressed by only about 15%, the clearly first-order tran-
sition in pure Cr becomes an apparently continuous tran-
s1t1on 1n CI99 5VO 5.

In See. VI we discuss in some detail the recent work on
inelastic neutron scattering in chromium as it relates to
the high-temperature thermal expansion of chromium and
Cr V aBoys in the paramagnetic phase. We assemble the
several magnetic Gruneisen parameters in Table I and dis-
cuss the significance of the fact that they are all large
while the overall Gruneisen parameter at high tempera-
tures above about 500 K is small. In Sec. VII we discuss
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the magnitude of the ground-state magnetovolume that
we have deduced in Cr and antiferromagnetic Cr V alloys

in comparison with theoretical estimates. %'e attempt to
explain the fact that the experimental value of the
ground-state rnagnetovolume is about three times smaller

than the value predicted by the theory of Holden, Heine,
and Samson. ' %e complete the paper with our con-

clusions in Sec. VIII.

II. DEFINITION OF MAQNETOVOI. UME
AND MAGNETIC THERMAL EXPANSIVITY

We have referred in Sec. I to a magnetovolume co~(T),
which was defined as a theoretical quantity in Eq. (1). We
now wish to define a corresponding experimental quanti-
ty, for which we shall use the same notation since the con-
text will make it clear to which we are referring. Some
care is necessary in making a precise definition since, as
seen in Eq. (1}, coM(T} is a fractional volume change,
which can be defined operationally in a magnetic material
only if we can compare it with the nonmagnetic state of a
fiducial material which otherwise has essentially the same
properties.

In the case of chromium and dilute antiferromagnetic
alloys Cr V we use as reference material the paramagnetic
alloy Cr95V5. We define the magnetovolume cour(T) for
an antiferromagnetic alloy A by use of the equations

b, V„(T}—b, Vp(T)
~~(T)=a~„(T) S~,(T)=— (4)

~o
with

The reference temperature Tz is chosen to be sufficiently
high that the thermal expansivities a(T) of pure Cr,
a„(T) of the antiferromagnetic alloys, and az(T) of the
paramagnetic alloy Cr95V5 are all equal for T) TI, . The
highest temperature 700 K in the measurements of White,
Roberts, and Fawcett' is sufficiently high to be a suitable
choice for T~, since the three curves showing the thermal
expansivities of pure Cr, Cr9q 5V05, and Cr95Vs all con-
verge at least 100 K below this temperature. Because the
expansivities are all equal, it is likely that the contribution
of spin fluctuations or of disordered local moments to the
volume is the same in these three samples even at Tl, .
The observation' of a similar convergence for Cr V alloys
with 1.5, 2.5, and 3.4 at. % V reinforces this conclusion.
The only other possibility is a temperature-independent
additional moment in the ordered systems well above the
ordering temperature.

%'e show in Fig. l the magnetic thermal expansivity
a~(T) of chromium determined from the data of White,
Roberts, and Fawcett' and a~ (T) defined in a way simi-
lar to the definition of co~(T) in Eq. (4):

aM(T)=ay(T) —ap(T) .

III. THERMAL EXPANSION
IN THE ORDERED STATE

We have in Eq. (1) a relation between the magnetovo-
lume arM(T) of chromium and the spatial and thermal

200 400

FIG. 1. Temperature dependence of the magnetic thermal ex-

pansivity 0,~ in chromium { ) and a~ in the antiferromag-
netic alloy Cr99 &Vo 5 {———) measured relative to the
paramagnetic alloy Cr9$V5.

average of the square of its magnetic moment (Mi(T}).
The spatial average of the ordered moment can be deter-
mined from the intensity of elastic neutron scattering
(neutron diffraction) at the magnetic reciprocal-lattice
points. Kaiser first pointed out that, in the case of
chromium, the decrease of neutron diffraction intensity
and therefore (M (T)) with increasing temperature T
throughout the ordered state' parallels roughly the tem-

perature dependence of the magnetovolume. '

This behavior, which is illustrated in Fig. 3, tells us that
the magnetoelastic coupling constant C is indeed constant
and positive as we expect from Eq. (3}. We shall obtain
the value of C when we come, in Sec. VII, to compare the
change in magnetovolurne with the change in the mean-

square magnetic moment of chromium determined from
neutron diffraction experiments.

We note, however, that a closer examination of the neu-

tron diffraction data of Werner, Arrott, and Kendrick' re-
veals two features that appear to be at variance with Eq.
(3). The first is the apparent discontinuity in the intensity
at the spin-flip transition at temperature TsF-123 K (see
Fig. 2 of Ref. 1). This occurs because, in the transition
from a longitudinal SDW to a transverse SDW, the distri-
bution of intensity changes between the different magnetic
satellites, depending as it does upon the relative directions
of the neutron scattering vector and the SDW polarization
direction, i.e., the direction of the moment. Since the ex-
tinction due to multiple Bragg scattering is different for
each magnetic satelhte, it is difficult to tell from neutron
diffraction data whether there is a real discontinuity in
&M'(T)).

The discontinuity in volulDe at Tsp is

5'(TsF) =co( TsF+ ) co(TsF }=—1.4X—10

while the ground-state magnetovolume is cour(0)
=1.4)& 10 (see Fig. 3). We can use this information in

Eq. (3) to estimate the fractional change 5(M (Ts„)) rel-
ative to (Mo) and hence the relative change ~ in the
neutron scattering intensity at Tsp



5(M ) 5'
Wo (MIO) ~~(0)

This is very much smaller and of opposite sign to the ap-

parent discontinuity in the intensity of about 10% ob-

tained directly from the neutron scattering data.
The other feature of the neutron diffraction data in Fig.

2 of Werner, Arrott, and Kendrick, ' which appears to
disagree with the behavior expected from our thermal ex-

pansion results, is the apparent linear variation with tem-

perature T of the intensity at low temperatures. Kaiser,
White, and Fawcett' pointed out, on the other hand, that

Eq. (3), in light of the third law of thermodynamics, re-

quires a quadratic temperature dependence.
%e suggest tentatively that the observed, roughly linear

temperature dependence of the neutron diffraction intensi-

ty, may be connected with the temperature variation of
"domains" of the longitudinal SDW phase, resulting in

temperature-dependent extinction effects in the neutron

diffraction. The existence of such domains seems likely in

view of the observation at low temperatures of hysteresis

of the pressure dependence of the Fermi surface s and also

hysteresis in the magnetostriction.
The thermal expansion of a series of antiferromagnetic

Cr V alloys'6 provided good evidence to support the pro-

portionality between the ground-state magnetovolume

coq (0) [coo(x) in the notation of Ref. 19] and the square of
the Neel temperature, which had been found to be ap-

proximately proportional to the low-temperature mean-

square magnetic moment. The large magnitude of this

linear thermal expansivity (and its sign) relative to the

corresponding specific heat sliows that 1'I,y (1'~ iii Table
III of Ref. 16), the average low-temperature (LT}
Gruneisen parameter, is large and negative, yL&- —10.

IV. THERMAL EXPANSION
AROUND THE NEEL TRANSITION

When we compare the thermal expansion results of
White, Roberts, and Fawcett' for chromium and the al-
loy Cr99 5VO 5 with the corresponding results of Williams,
Gopal, and Street' for the specific heat (Fig. 2), we note
first that the thermal expansivity anomalies are much
larger than the specific heat anomalies near the Neel tran-
sition. This indicates at once the strong volume depen-
dence of the magnetic effects responsible for the
anomalies. We shall proceed to express the volume depen-
dence in terms of magnetic Griineisen parameters, post-
poning until Sec. V a discussion of the singular behavior
at the first-order transition itself.

We shall first consider the behavior in Cr above Tz.
TRle specific heat of C195V5 was IHeasu1 ed by Schr oder
and Shable, but we shall use Cr99 5VO q as reference ma-
terial since the data of Wilhams, Gopal, and Street' for
this alloy are more accurate. Cr995VO 5 is effectively a
paramagnetic reference material in the temperature re-
gion, T ~ T&. This may be seen in Fig. 1, where the mag-
Ilctlc contribution Q~ ( T~ ) to thc cxpaIlslvlty of tliis saIII-
pie at T~ ——311 K has decreased to less than 10% of its
value at T~ ——263 K.

Williams, Gopal, and Street' found that the specific

Tg(0.5}=263 K
I i I

260 280

Tg =311.4 K

I I

300 320

&(K)

I

340 360

FIG. 2. Temperature dependence of the specific heat of
chromium ( ) and the antiferromagnetic alloy Cr995VQ5
(experimental data points), after %illiams et aI. with additional
data supplied by Dr. I. S. %'illiams.

heat of chromium coincides within an experimental accu-
racy of 0.2% with that of Cr99 $V0 I (using the same sam-
ple as was used by White, Roberts, and Fawcett' ) at all
temperatures T above 313 K up to the limit of their mea-
surements, T 360 K, as shown in Fig. 2. Thus the upper
limit for the magnetic contribution to the spmific heat in
this temperature interval is C~ & 2C X 10 =0.05
J mol ' K ', with the specific heat per unit volume of Cr
being C=23.3 Jmol 'K '. Inspection of Fig. 1 shows
that the corresponding magnetic thermal expansivity
difference a~ between Cr and Cr95V5 over the same inter-
val varies between about —1.5 &(10 and —0.8& 10
K '. Thus adopting an average value for the volume
thermal expansitivity,

p~ ——3aM ———3.5 x 10 K

The sign of yrN+ is negative since P~ is negative and

C~, although too small to be measured, is necessarily pos-
itive (as of course is 80).

This Gruneisen parameter y&N+ has been defined in a
temperature region immediately above the Neel transition
where one might expect to see effects due to critical fluc-
tuations. We believe that our chromium sample is of suf-
ficiently good quality that its behavior reflects the intrin-
sic properties of chromium. However, we must keep in
mind the possibility that other physical processes associat-
ed with low-energy excitation of the incommensurate
SOW continue beyond the Neel transition so that y~N+ is

we arrive at an estimate for the lower limit of the magni-
tude of the corresponding Griineisen parameter close to
and above the Neel temperature Tz (TN + ),

PSIJJO
I }'rN+ I

= &100.
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not necessarily characteristic solely of critical fluctua-
tions.

BC10%' thC Neel translt1on~ Cr99 5Vp 5 becoIDCS less Satis-
factory as a paramagnetic reference material, since with
decreasing temperature it progressively develops its own
magnetic thermal expansivity. However at a temperature
of about 300 K, it may be seen in Fig. 1 that a5'r is still
much less than asr for Cr, so that we can roughly esti-
mate a value, p~ —3asr- —10X10 K ', to compare
with the magnetic specific heat, Csi-23 inJcm, ob-
tained from the data shown in Fig. 2. The resultant value
of the Griineisen Parameter is y TN

———75+25.
We note that yTN characterizes the region of tempera-

ture where long-range magnetic order in chromium is de-
creasing rapidly as the Neel transition is approached due
to physical processes which are only poorly understood.
Burke, Stirling, Ziebeck, and Booth believe that magneto-
vibrational modes of excitation are involved, while Grier,
Shirane, and Werner do not propose any specific model
to explain the quasielastic neutron scattering which they
have shown to develop in the transverse SD% phase at the
commensurate point in reciprocal space and to overwhelm
the elastic scattering due to long-range order as the Neel
transition is approached.

The Neel temperature TN of Cr is depressed rapidly
with pressure P, the initial pressure dependence being
dT~/dP = —51 K/GPa. ' McWhan and Rice ~ found
that pressures up to 8 GPa depress Tz down to 84 K and
that in this range T~( V) varies exponentially with volume
if the bulk modulus 8 is assumed to be constant. In fact,
8 changes rapidly with temperature in the neighborhood
of T~, and is likely to change with the roughly 5% de-
crease in volume produced by the highest pressure, so that
the exponential variation over such a wide range is to
some extent fortuitous. In any case, the initial pressure
dependence, with 8 = 160 GPa at T~ under ambient pres-
sure (see Fig. 5 of Ref. 16), gives d lnT&/d lnV=26. 5
which provides an effective measure of the magnitude of
the Griineisen parameter yTN at the Neel temperature of
pure Cr.

The pressure dependence of the Neel temperature T~
for two CrV alloys having compositions Cr9s sV, 2 and
Cr9q 2V2 8 has also been measured, with
d lnT~/d lnV=26 and 28, respectively. Thus yTN ———27
is an average value for Cr and Cr V alloys.

This Gruneisen parameter and the others defined in
Secs. III and IV are collected in Table I. For comparison,
we also give in Table I a high-temperature Gruneisen pa-
rameter, define by use of the specific heat C~,

3a8p
VHT (11)

Cp

which White, Roberts, and Fawcett' found to be essen-
tially constant from about SOO to 1600 K.

I =Tka) Vp = 1.3+0.1 Jmol
dI

dT~
(12)

for the latent heat I. which agrees quite well with an aver-
age of the calorimetric values, L =1.1 Jmol ', obtained
by Benediktsson, Astrom, and Rao for increasing and
decreasing temperature for single crystal and polycrystal
samples of Cr, and I. =1.4 Jmol ', obtained by Willi-
ams, Gopal, and Street' by integrating under the
specific-heat anomaly at T~ shown in Fig. 2.

The thermal expansion at the Neel transition in
Cr99 5VO 5 is very different from that in pure Cr (see Fig. 3
of Ref 16). Th. e behavior in dilute alloys having still
smaller concentrations of V suggest that, as V is intro-
duced into Cr, the line of first-order transitions terminates
in a tricritical point between 0.1 and 0.2 at % V, the Neel
transition being continuous for higher concentrations.

V. THE NEEI TRANSITION

White, Roberts, and Fawcett' found the Neel transi-
tion of their Cr sample to be first order, as illustrated in
Fig. 3(a) of this reference. This is seen more clearly in a
plot over a wider range about Tz with better temperature
resolution. There was no observable hysteresis within
about 20 mK on cycling the temperature several times
through the transition. The strain at the transition, es-
timated by extrapolating the data above and below Tz
to intersect a constant temperature line at the

midpoint,T~ ——311.0 K, of the transition, is b,l/I (11X10,cor-
responding to a decrease in the magneto volume,
hco~ & 33 X10,with increasing temperature. This is an
upper limit on the value of b,co~ since it undoubtedly con-
tains below T~ some of the decrease in length associated
with the continuously decreasing amplitude of the SDW,
which is the order parameter in antiferromagnetic Cr and
Cr V alloys. A lower limit is obtained by taking the inter-
val between the extrema of u(T) in Fig. 3(a) of Ref. 16,
b,l/l)8X10 or he@~&24X10 6. We shall adopt a
value, 61/l =(10+1)X10, closer to the maximum,
which gives ha)~ ——(30+3)X 10

Combining this with the pressure dependence of T~
(Ref. 31) in the Clausius-Clapeyron equation, we obtain a
value

TABLE I. Gruneisen parameters in chromium and in antiferromagnetic Cr V alloys.

Physical process and temperature region

Electronic/magnetic excitations at low temperatures
Destruction of magnetic order below T~
Pressure dependence of' T~
Critical fluctuations above T~
Excitations in the paramagnetic phase up to -5T&

Gruneisen
parameter
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VI. THERMAL EXPANSION AND NEUTRON
SCATTERING IN THE PARAMAGNETIC STATE

The most striking feature of the magnetic thermal ex-

pansivity of chromium is perhaps its persistence for at
least 200 K above the Neel temperature, as illustrated in

Fig. l. Today this behavior is not thought to be remark-

able, since we have become accustomed to seeing per-
sistence of magnetic neutron scattering in ferromagnetic
metals far into the paramagnetic state.

Early neutron diffraction measurements on a strain-

annealed single crystal of chromium had shown magnetic
scattering at the commensurate I 100} points in reciprocal
space at temperatures up to about 500 K. In light of re-

cent work ' it is evident that this was caused by quasi-
elastic scattering, observed because of the absence of ener-

gy resolution in the early work.
It is important to make a clear distinction between this

commensurate-diffuse scattering, which Grier, Shirane,
and Werner found to correspond, at all temperatures up
to 500 K in the paramagnetic state, to magnetic correla-
tions over a roughly isotropic region of dimensions about
30 A; and paramagnetic scattering, which usually refers to
scattering by disordered local spins and therefore corre-

sponds to a correlation length of about 3 A. To avoid
confusion we shall refer to the latter as "'paramagnetic-
diffuse" scattering, since such a short correlation length
corresponds to a diffusive mode of excitation having a
wavelength comparable to or less than the correlation
length.

Grier, Shirane, and Werner made a systematic study of
inelastic scattering in chromium through and above the
Neel temperature over a range of energies up to 44 meV
and at a few temperatures up to 650 K. They found no
evidence of paramagnetic-diffuse scattering, thus confirm-
ing earlier work s which showed the absence of disordered
local spins in the paramagnetic state of chromium. On
the other hand, they observed commensurate-diffuse
scattering, which begins in the transverse SDW phase,
peaks at a temperature a little above the Neel transition,
and persists throughout the paramagnetic phase. They
put their measurements on an absolute basis by normaliz-
ing the inelastic scattering to the integrated intensity of
selected phonons. They were thus able to evaluate the ef-
fective moment p,tt, which is equivalent to the root-
mean-square moment, i.e., p,tt= (M ) in our notation, at
three temperatures in the paramagnetic phase.

Their results are plotted in Fig. 3, where we show the
temperature dependence of the neutron scattering intensi-
ty in comparison with that of the magnetovolume.
Ziebeck, Booth, Brown, Capellman, and Bland have re-
ported commensurate-diffuse scattering up to a tempera-
ture of 687 K but we have not included their results in
Fig. 3, since the normalization procedure they used gave
values of (M ) up to 100 times smaller than those of
Grier, Shirane, and %'erner who state that the discrepan-
cy may result from an improper treatment in the earlier
work of the effects of the shape and orientation of the
resolution function in their polarized beam studies.

dwell below the Neel transition, the magnetovolume
roughly follows the temperature dependence of (M ), but

0.15—
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0
0
gp 0.05-
C
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begins to deviate as the Neel temperature T~ is ap-
proached. Thus when the elastic scattering has virtually
disappeared just above Ttv (see Fig. 10 of Ref. 7) the mag-
netovolume is still about 25% of the ground-state value.
Some of this discrepancy between the temperature
changes of toM and of the mean-square-ordered moment
occurs in the first order change at T~, where
hcoM/co~(0)=2%, while h(M )/(M (0))=6%. Most
of the deviation between the curves occurs, however, as
the temperature increases from about 30 K below Ttv,
peaking at T~ and then decreasing more slowly to zero at
about 250 K above T&.

The cause of this deviation becomes clearer when we
consider the evolution with temperature of the inelastic
neutron scattering. In the transverse SD% phase at a
temperature as low as 200 K Grier, Shirane, and Werner
observed commensurate-diffuse scattering with a charac-
teristic energy of 4 meV superimposed on a quasielastic
background. The latter increases very rapidly with de-
creasing energy (hence the description as "quasielastic")
and also with increasing temperature as Ttt is ap-
proached. This quasielastic component appears to be
diverging at Ttv, and in fact increases exponentally over
the range of temperatures from 200 to 300 K. In the
neighborhood of Ttt, the modes of excitation responsible
for the inelastic scattering overwhelm the ordered struc-
ture of antiferromagnetic chromium, all traces of which
have disappeared by about 15 K above T&, while the
commensurate-diffuse scattering persists as we have seen
up to at least 700 K..

Thus we can understand the temperature dependence of
the magnetovolume in Fig. 3 if we suppose that it is deter-
mined wel1 below T~ by the mean-square-ordered mo-
ment of the incommensurate SD% and in the neighbor-
hood of Ttt and above T& by the mean-square fluctuating

FIG. 3. Temperature dependence of the mean-square mag-
netic moment (M~) compared with the magnetovolume coM of
chromium (and dashed line which is sketched as a guide to the
eye) show (M ) in the paramagnetic phase (Grier et al. ); the
dotted line shows the temperature dependence of (M2) in the
antiferromagnetic phase (data of %'erner et al. smoothed in ac-
cordance with the remarks in Sec. III); the solid line shows the
magnetovolume co~{T), which is normalized so that the curves
coincide at zero temperature. The right-hand ordinate axis is
scaled according to the ratio coM(0)/h(M ) =0.90%pe .
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commensurate moment. The magnetovolume u~ above
T~ is somewhat less than would be expected from the
values of (M ) determined by Grier, Shirane, and
Werner and there is little magnetovolume left at 500 K,
while the value of (M ) is still about 15% of the
ground-state value.

A possible cause of this discrepancy between the high-
temperature thermal expansion and the inelastic neutron
scattering data shown in Fig. 3 may be Moriya-type spin
fluctuations. In the self-consistent renormalization theory
of spin fluctuations a fluctuating magnetic moment ap-
pears, whose mean square increases linearly with tempera-
ture, giving, according to Eqs. (1) and (5), a constant posi-
tive contribution asF to the high-temperature thermal ex-
pansivity. One might expect that, if such a term ap-
pears in pure Cr, it would be essentially identical in mag-
nitude in Cr95V5 (and in the dilute antiferromagnetic Cr V
alloys) at temperatures well above the Neel transition of
Cr. Thus the difference method we have used to obtain
the magnetic contribution to the thermal expansion fails
when, as in the case of spin fluctuations, the two contribu-
tions are identical, i.e., ag(sF)=Qp(sp) (or for pure Cr,
a(sF) =up(sF)) on the right-hand side of Eq. (6).

However, discounting the problems Ziebeck, Booth,
Brown, Capellman, and Bland encountered in calibrat-
ing their measurements to obtain absolute values of
(M ), we note from Fig. 1 of Ref. 37 that the
commensurate-diffuse scattering is considerably reduced
at temperature 687 K below its value at temperature 473
K. Thus in Fig. 3 we should expect (M ) to continue to
decl'ease beyolld 500 K. This means tliat pai'anlaglletlc
spin fluctuations are unlikely to be responsible for low-

energy commensurate-diffuse scattering in chromium.
One might think that the Griineisen parameter yH& be-

ing of order unity at high temperatures (see Table II in
Ref. 16), in contrast with the very large values associated
with magnetic ordering as listed in Table I, means that the
contribution of spin fluctuations to the thermophysical
properties of chromium is negligible. The small specific-
heat anomaly associated with magnetic ordering (see Fig.
2) shows however that the energy of the SDW ground
state is only a little below that of the paramagnetic state,
whereas spin fluctuations may well be associated with the
high-energy excitations, which persist up to at least 500 K
in the paramagnetic state without apparently diminishing
in intensity, as shown in Fig. 4. The large Gruneisen pa-
rameters mean that the magnetoelastic coupling associat-
ed with the relatively low energy excitations responsible
for destruction of magnetic order with increasing tem-
perature is very strong. There is no apparent reason how-
ever why this should be true also for the high-energy exci-
tation observed at high temperatures in the paramagnetic
state.

VII. MAGNETOEI. ASTIC CGUPLING CONSTANT

In order to obtain an experimental value of the magne-
tcelastic couphng constant C defined in Eq. (1), we need
to relate the change in magnetovolume ca~ to the change
in mean-square moment (M2), keeping in mind that the
bulk modulus is assumed in this definition to be equal to
the zero-temperature value 8o. '%%en comparing experi-
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FIG. 4. Temperature dependence of the neutron scattering
cross section o corresponding to the magnetic fluctuations per
unit energy E for chromium measured at energy E =2 meV (
and left-hand scale) and energy E =44 meV (O and right-hand
scale} as estimated from the data of Grier et a1.

mental data it is more convenient to incorporate the bulk
modulus into the definition and consider the quantity
C/8, where 8 is some average value of the bulk modulus
for the temperature interval over which the changes in co~
and (M ) are measured.

%e must keep in mind also that the magnetovolume
co~(T) in Cr is defined in Eq. (4) relative to that in the
paramagnetic alloy Cr95V&. Kaiser and Haines argued
that co~(T) is zero for T)600 K, this being the tempera-
ture at which the expansivities of Cr, Cry9 5VO 5, and
Cr95V5 are essentially identical. They thus would associ-
ate the mean-square-ordered moment, —,Mo ——0.185pg

1 2= 2

(Mo ——0.62p, ~ being the amplitude of the SDW in Cr at
low temperatures ) with the ground-state magneto-
volume, cop=0. 143%, obtained by integrating the thermal
expansivity difference a~(T) from Tq ——700 K to zero
temperature, as illustrated in Fig. 3. This gives a value,
C/8 =0.8% p, q .

If the commensurate-diffuse scattering corresponding
to a mean-square moment of 0.026p~ at 500 K as ob-
served by Grier, Shirane, and Werner is absent in
paramagnetic Cr9~V&, then the change in (M (T) )
=(0.185—0.026)p~ ——0.159@~ [with (M (500) )
=0.026@ii according to Grier, Shirane, and Werner ]
should be associated with the magnetovolume difference,
coo ——0.141% (the magnetovolume between 500 and 700 K
being b.co~-0.002%). This gives a value C/8 =0.9%
pz, which we shall adopt.

%'e note that, with the bulk modulus 8 having its low-
temperature value, 80 ——195 GPa, ' one obtains C=17
kbarp~, as in Table I of Kaiser and Haines. One
might argue, however, that a somewhat smaller high-
temperature value of 8 should be used to evaluate C from
the quantity co/(M ) determined expi:rimentally.

%e may compare this experimental value of C/8 with



the value obtained from the theory of Holden, Heine, and
Samson ' by substituting in Eq. (3), I =56 mRy and

80 Vo ——1070 mly, corresponding to 80——195 Gpa, to ob-
tain C/8 =2.2% ps . We note that different theoretical
estimates of I for chromium range from 51 to 62 mRy
(Table IV of Ref. 40) so that the value chosen by Holden,
Heine, and Samson ' is unlikely to be wrong by more than
10%. We note also that they use a value, 8pVp=880
mRy, apparently based on the minimum value of the bulk
modulus 8 =162 GPa at the Neel transition of Palmer
and Lee. ' Since the appropriate value of 8 is somewhere
between these two extremes (see Fig. 4 of Ref. 16), a better
estimate might be about 10% higher, C/8=2. 4% ps .

Other theoretical estimates of the ground-state magne-
tovolume quoted by Ka1ser and Haines and hence, with
the use of the calculated or experimental value of (Mp ),
estimates of C/8, give values ranging from C/8
=0.8—6.6% ps . Kiibler's value, corresponding to his
estimate, rpp ——0.15% (quoted by Kaiser and Haines ), ap-
pears to be in excellent agreement with the experimental
values of C/8. Skriver has pointed out however that all
calculations in the local-spin-density approximation
(LSDA) are very sensitive to the arbitrary choice of
exchange-correlation potential. We shall therefore contin-
ue to base our discussion on the theory of Holden, Heine,
and Samson, ' which is more physically transparent than
the I.SDA calculations.

The simplest explanation for the discrepancy between
the experimental and theoretical values of
C/8 =cop/(M ), 0.9 and 2.4% ps, respectively, is that
instead of the canonical value P&

——dlnN/dao= —', for a
d-band model without hybridization employed by Holden,
Heine, and Samson, ' the correct value for paramagnetic
Cr is considerably smaller, say —,. This gives, with
—P&P2 ——d inI/des=0, a value, C/8=2. 4&( —,', =0.75%
p~, in rough agreement with experiment. Measurements
of the strain dependence of the Fermi surfaces of the
homologous metals Mo (Ref. 43) and W (Ref. 44) yield
such lower values, d InN/dao=0. 7 and 0.2, respectively.
After making a correction for the volume dependence of
the electron-phonon interaction, Griessen obtained ex-
cellent agreement with the experimental values of the elec-
tronic Griineisen parameter obtained from the low-
temperature thermal expansion, y, =l. l and 0.3 for
Mo and %, respectively. Kulikov and Kulatov and
Kiibler calculated the band structure of Cr for different
lattice parameters, thereby providing rather different
theoretical estimates, P&

——0.3 and 2, respectively. A
value, P, =1.6, is obtained if we use the experimental
value, ' y, =2.0, for Cr9&V5 to provide an estimate for the
Griineisen parameter of paramagnetic Cr and make a
correction for the volume dependence of the electron-
phonon interaction.

We next consider negative volume dependence of the
exchange interaction parameter I, giving P&P2) 0 in Eq.
(2), which with P) )0, reduces the theoretical value of the
magnetoelastic coupling constant C in Eq. (6). It can be
seen from these equations that C/8 ~ould be reduced
from 2.4p~ to 0.9ps in agreement with experiment if,
with P&

———, , we make P&P2 ———d lnI/dao=1. 0.
Such a large value of —d lnI/des is not expected from

local spin-density functional calculations. Earlier, how-

ever, Kanamori ' had calculated an effective exchange in-

teraction with a relatively large volume dependence, the
bare intra-atomic Coulomb interaction Io being reduced

by an increase in screening as volume increases to give an
effective interaction

IoI=
1+(gIp/8')

(13)

We have shown that thermal expansion measurements
over a wide temperature range, combined with specific-
heat and neutron scattering data, shed a good deal of light
on magnetic effects in chromium. Our main conclusions
can be summarized as follows:

The Griineisen parameters associated with the decay of
magnetic order in chromium and dilute Cr V alloys are
large and negative, ' however, the Gruneisen parameter in
the paramagnetic state at high temperatures shows more
normal behavior, being positive and much smaller.

The discontinuity in volume at the f1rst order Neel
transition at Tz in pure chromium is much smaller than
the corresponding discontinuity in the ordered moment as
measured by neutron scattering. The volume discontinui-

ty and latent heat at T& in Cr are however consistent with

where g is a constant of order unity. For Ip of the same
order of magnitude as the bandwidth 8', i.e., I=Ip/2,
with d in%/dip= —d lnN/d~= ——'

, and Ip and g in-

dependent of volume, we obtain d lnI/du= ——,'. This is

just about the right magnitude to reconcile the calculation
of Holden, Heine, and Samson ' with experiment. Shim-

izu, using Kanamori's I, has deduced even greater
reductions in magnetovolurne owing to the dependence of
I. We note that a volume dependence of I with

d 1nI/dao= 1 ap—pears to be implicit in the successful
calculations of Kiibler.

We mention three further pieces of experimental evi-
dence for a volume-dependent I. Fawcett and Pluzhni-
kov" found that the susceptibility X of PdRh alloys was
less volume dependent than expected from the Stoner rela-
tion

Xo

1 —N(0)I '

where +0 is the bare susceptibility. They attributed this
effect to a strong volume dependence of I, with
d lnI/d~= —2.5. Mathon, analyzing the observed pres-
sure dependence of magnetization in Ni within the Stoner
model, deduced d lnI/dip= 1 and I/Ip —-0.4. Finally,
Kortekaas and Franse found values of the magneto-
elastic coupling constant C from forced magnetostriction
in nearly or weakly ferromagnetic Ni-based alloys that
were lower than those expected for P&

———'
, and P2 ——0. For

N13A1 alloys they deduced a strong volume dependence
for I, with d InI/dao= —0.8+0.2, but for NiPt alloys,
only a weak dependence d lnI/dao= —0.2+0. 1 was ob-
tained. It seems, therefore, that our experimental value of
ground-state magnetovolume can be understood within
the model of Holden, Heine, and Samson ' with a
volume-dependent effective exchange interaction.

VII~. CONCI. US&OXS
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the Clausius-Clapeyron relation. In Cr+ 0.5 at. % V the
Neel transition appears to be continuous.

The decay of magnetovolume tost(T) above TN is rath-
er similar to the decay of the mean-square moment
(M (T)) measured by inelastic neutron scattering, except
that above temperature about T=600 K, there is no
difference in the thermal expansions of Cr and the
paramagnetic alloy Cr»VS, whereas at 500 K the mean-
square moment, (M ) -0.026ps, is still an appreciable
fraction of the ground-state value —,'Mo ——0.185@it. Fur-
ther high-temperature neutron measurements, particularly
on Cr95V5 which has no long-range order, would be of
great interest to clarify the relation between neutron
scattering and thermal expansion.
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