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ABSTRACT

A theory based on the thermodynamics of a magnetic

system under applied acoustic field is proposed. The calculated

attenuation and longitudinal elastic constant for chromium and

its diluted vanadium alloys, show a good agreement with the

experimental values.



INTRODUCTION

The work Lormer and Fedders and Martin in the late

sixties estimulated a number of research on the nature of the

antiferromagnetic ordering ocurring in chromium and its diluted

alloys.

A great variety of experimental techniques has been

used to study the physics of the phase transition. Neutron dif-

fraction on single crystals provided a number of interesting

information on spin polarization, wave vector, magnetic mo-

ments, magnetic and band structures over a large range of tem-

perature, including the spin-flip and the antiferromagnetic

ordering at the Néel temperature (Koehler et al. and Moller et

al.) 4.

Measurements of ultrasonic attenuation (Imai et al.)

and more recently (Castro et al.) demonstrate a singular be-

havior of sound wave propagation in the antiferromagnetic

chromium system in the vicinity of the Néel temperature.

Less dramatic anomalies are also observed in the

measurements of electrical resistivity, thermoelectric power

(Trego and Makintosh)7 and specific heat (Williams et al.) 8.

Some of the theoretical works in this system havo

demonstrated that spin fluctuations couple strongly to the pho-

non system and are of fundame ̂ .tal importance in the study of

the physical properties at the Néel temperature (Hasegawa) .

In this work we have studied the effect of magnetic

ordering and spin fluctuations on the ultrasonic attenuation ami

on the elastic constant of chromium and its diluted vanadium

alloys, lhe interaction process between the elastic wave ami

the magnetic system is treated from a thermodynamic point of

view and a simple model is introduced to calculate the ul-



trasonic attenuation coefficient and elastic constant, as a

function of the temperature. The theoretical predictions are

in good agreement with our experimental results. It is con-

cluded that the spin diffusion constant or the spin correlation

length is the paramenter that determines the dramatic differ-

ences between the behavior of the attenuation in pure Cr and

its diluted alloys (Castro et al.) , and the order of the tran-

sition.

EXPERIMENTAL DETAILS

Tt~ ultrasonic attenuation measurements were recorded

in an MATE . % toma tic attenuation system, model 2470A, using a

10 MHz lo - tudinal quartz transducer bonded to the samples

with epo: i ;/ sin. For a good paralelism between transducer and

faces, tje echogram may contain from 15 to 30 echoes. The ob-

servation of the exponential decay considered several pairs of

echoes t order to confirm the results. The differential loga-

rithmic C: it put of the recording system was plotted as a func-

tion of i.Te temperature on a XY-recorder and the temperature

taken wi\L a copper-constantan thermocouple in contact with the

samples. The measurements were recorded during both cooling

and heating. The reprocibility of the traces is dependent on

the rate of change of the temperature. For rates slower thnn

0.3 K/min the temperature is uniforme throughout the sample and

the hystertic effect is smaller than 0.2K.

The elastic constant measurements were obtained by

i c
the Pulse Echo Superposition Method (Papadakis)

Three single crystals having vanadium concentrations

of 0.67%, 1.0% anc 1.5%, were prepared by the Floating-Zone

Method combining RF and resistence heating. Detail- of this



technique can be find elsewhere (Camargo and Brotzen) . Samples

characteristics are given in Table-I. The homogen&ity of the

single crystals was examined in an ETec X-ray microscope by

determining the vanadium and chromium contents across both ends

of each sample. The observed variations in the compositions in

all samples were smaller than 0.01%.

THEORETICAL MODEL

To the present understanding, the antiferromagnetic

state of chromium is caused by an instability of the paramagnetic

Fermi surface produced by the incommensurate magnetic ordering

occuring at the Néel temperature. The magnetic structure

superimposed to the reciprocal lattice causes a folding of the

Brillouin zone and the consequent opening of a gap at the Fermi

energy. The magnetic ordered state is well described by a Spin

Density Wave (SDW) with wave vector q=2/a(1-6) where ò is a

measure of the incommensurability. This spin -ordered state

favours the formation of large magnetic moments (T < TN) at the

lattice positions as a consequence of the strong exchange in-

teraction between electrons in the modified Brillouin zone.

The experimental works of Koehler et al. and Trego

et al. give strong support to the theoretical model of Lomer

2
and the extension by Fedders and Martin , providing a good

understanding of a number of properties of chromium and its di-

luted alloys such as specific heat, thermoeletric power, elec-

tric resistivity, etc.

12
Recently Faucet et al. addressed to the nature of

the phase transition, at TN, and found that an increase in the

concentration changes the transition, from first to second or-



der at a certain critical concentration depending on the

alloying element (for vanadium the xc =0.2%) .

He are particularly interested in Cr(1-x)V(x) alloys

where the smaller number of electrons in the conduction band

decreases the Néel temperature, the energy band gap, the aver-

age magnetic moments and the wave vector q of the SDW.

The anomalies presented in the physical properties of

chromium and its alloys, at TN, is most pronunced in the ultra-

sonic attenuation. While the pure metal presents an extremely

large attenuation peak at TN, the form and the nature of the

attenuation peak is strongly dependent on the concentration x

of vanadiuiu in the alloy. As x increases the intensity of the

attenuation peak decreases and a depression developes above the

Néel temperature. The pulse-echo pattern looks completely dif-

ferent and, at a certain value of T>TN, it is observed a

slight amplification of the sound wave. For a better illustra-

tion of this new feature we show in Fig. 1, the echogram for

the 0.67% sample at a temperature just above TN. It should

however be observed that the anomaly in the elastic constant

does not present the same drastic dependence on the concentra-

tion x, as can be seen in Figs. (4b to 7b).

A similar experimental observation of ultrasonic am-

plification in piezoeletric semiconductor, under an applied ex-

ternal electric field E, was reported by Hutson and the

14
theoretical explanation provided by White . We follow closely

the work of White and develop a model for the ultrasonic atte-

nuation in a piezomagnetic system subjected to a local internal

magnetic field H, responsible for the expontaneous mag-

netization of the sample.

As the temperature lowers toward the critical temper-

ature, TN, the magnetization is assumed to be formed in the



following way. Local temperature fluctuations anâ/or inho-

mogeneities form a nucleation center favouring a local anti-

ferromagnetic ordering of spins. A magnetization current, Jm,

due to the change of the local magnetic density, p , is then

stablished. The growth process of the region of magnetically

ordered spins is governed by two main contribuitions, as shown

schematically in Fig. 2. A drift current proportional to the

local intrinsic magnetic field, and a diffusion current due to

density fluctuations at the boundaries of the region of ordered

spins, induced by the accoustic wave. Since the magnetization

is along the (100) bcc direction, we may simplify the following

development and consider an one-dimensional model.

The total current along a given axis can be written

as:

where y is the mobility of the frontier between the paramagnetic

and the ferromagnetic region; D is the diffusion coefficient

for the process induced by the sound wave.

The thermodynamic variables and the basic relations

governing the main interactions between them are summarized in

the Fig. (3), together with the full set of Maxwell's relations

and their usual definitions.

We consider that the total internal energy of the

raagnetoelastic system, in the vicinity of TN, is given only by:

dU(S,e,H) = TdS -f ode -MdH, (2)

where the quantities are defined in Fig. (3) an the magnetic

contribution is considered negative becai

with the incrinsic magnetic field, Kittel

contribution is considered negative because we are dealing
15



In order to express the basic interactions between

the different contributions to the internal energy we can use

standard thermodynamics to find the relation between the strain

o as a function of the entropy, stress and magnetic field.Since

we use low ultrasonic frequencies in our experiments it is only

necessary to consider an adiabatic process. Therefore the con-

stituive equation connection the strain to the magnetic field

is:

a(e,H) = C .e + e . H , (3)
S s>

where C is the adiabatic longitudinal elastic constant (C11)

and e is the piezomagnetic constant which determines the cou-

pling between the elastic and magnetic subsystems, (e = 3o/3H or

also e =-3M/3e).

In eq. (3) it is only necessary to include the longi-

tudinal elastic modes since we observe that the magnetoelastic

contribution due to the tranverse modes is negligible.

In the same way one can obtain the equation coupling

the magnetization to stress and magnetic field:

M(e,H) = - e . e +X .H, (4)
S a

where X_ is the magnetic susceptibility.
5

The growth of the magnetically ordered region is gov

erned by the continuity equation:

where p is the perturbation in the magnetization density in-

duced by the sound wave.

The time scale involved in the spin fluctuation pro-
i

cesses (10 ) is much smaller than the time scale of the sound



wave in our measurements (a 10 MHz transducer was used to gen-

erate the ultrasonic wave), so we way consider the exchange of

energy between elastic and magnetic systems through a sequence

of quasi equilibrium states. Also, the rate of heating or

cooling (0.3K/min) is slow enough to allow the exchange be

taken at constant temperature. The use of faster rates makes

the reproducibility of measurements difficult. Hence, for slow

rates, the change in the density p is small and we may use

Poisson's equation to calculate the magi " .->••• M:

div(M) = -p m. (6)

Notice that the above considerations about the time

scales treat the processes involving spins as isothermic and

the elastic waves as adiabatic. Therefore we may separate the

thermal fluctuations of spins from the spin fluctuations induced

by the ultrasonic wave.

The ultrasonic velocity in the system can be deter-

mined from the solution of the wave equation

'. d2U da ._.
P 5~ = 1 (')dt' dx

where p is density of mass and U is the particle displacement

in the direction of the sound wave.

The solution of the eq. (7) together with eqs. (6),

(5), (4), (3) and (2) was obtained by assuming that the sound

wave modulates the magnetic field, the magnetization and the

density of magnetization, in the form Y =Y0 +Y1 .exp(i(wt - kx))

where Y1 is the first order perturbation on Y induced by the

wave of frequency w and wave vector k. In our treatment the

thermal fluctuations are included in the Y0.

The velocity of the sound in the system can be written



in the form:

- = {1 +
2R .

[6 +

. te+iw/woj

i (wc/w + w/w )
}, (8)

where V is the sound velocity, V, = -pH is the drift velocity

of the frontier of the magnetization region, & = (1-V./V ) is a

quantity that determines if the wave is amplified lv,j>Vs* o r

attenuated (V, <V ) . In the first case the motion of the

frontier of magnetization drags the sound wave along while in

the second case the sound wave pushes the magnetization motion.

The material constant R = e /(2.C .X ) is a coefficient

that determines the scale of attenuation (here C is the
o

paramagnetic elastic constant and X is the magnetic suscepti-

bility of a normal metal).

The frequency w = WPm/X determines the relaxation

frequency for the current of magnetization under the action of

the intrinsic magnetic field, H. The diffusion frequency

w = VI/D determines the frequency limit for spin fluctuations

to cause the smoothing out of the magnetized region.

The imaginary contribution in eq. (8) has the form

Dk i> 1/t and is strongly dependent on the spin correlation
length, Ç, in the antiferromagnetic state. If k^1/C, the spin

fluctuations and the ultrasonic wave are strongly coupled.

From the real part of eq. (8) we obtain the elastic

constant:

c P v ;= Pv;n +R—= 2__
i r • <wc/w+w/wor]

and from the imaginary part we obtain the attenuation:



B - <w /w)
a = R(w/V ) x £ 5—. (10)

° [B • (w /w+w/w p ]

In our experiments the values of the ultrasonic at-

tenuation and elastic constant are measured as a function of

temperature T, however, the eqs. (9), (10) are expressed in

terms of the quantity B= (1-V./V ). In order to compare our

experimental values with the theoretical expressions above we

need to know the exact temperature dependence of p(T) and H(7).

Since this information is not available we have assumed that,

in the vicinity of the Néel temperature, the drift velocity of

the frontiers of magnetization depends linearly on T, (V, = aT)

and, for each sample, the constant a is fixed in a way that we

reproduce the same temperature interval as in the experiments.

One last simplification was introduced in B=(1-V./V )

and in w =V_/D, in order to compare experiments and theory,o s

Since the magnetic contribution to the elastic constant is

small, as can be seen in the Fig. (4b -7b) we consider the

implicit temperature dependence as B = (1-V,/V) with V being

calculated, from the paramagnetic temperature dependent elastic

constant shown in Fig. (4b). However, no temperature dependence

was considered in w =V /D.
o o

The next section is dedicated to the discussion of

how this theoretical model compares to the experiments.

RESULTS AND DISCUSSIONS

We set up a program which compares the experimental

and theoretical curves (eq. 10) for the ultrasonic attenuation

on the computer screen. We adjust the parameters w_ and w_
O C

until a best fitting is obtained for the attenuation. The re-



suits of this procedure, for every sample, are shown in Figs.

(4a-7a).

In order to check this procedure, we use the same

parameters, and no further fitting, to calculate the theoret-

ical elastic constant given by the eq. (9) and the comparison

with the experimental curves are shown in Figs. (4b -7b). That

this checking procedure should give good results, both in form

and amplitude, is expected from the Kramers-Kroning relation

existing between egs. (9) and (10), however, due to the dramatic

differences between the attenuation in Cr and its V-alloys, the

relation is not an obvious one.

It should be noticed that the agreement between theo-

retical and experimental values is excellent in the range of

temperature (+5, -5) close to TN, where the model reproduces

both the attenuation and elastic constant. Also the form of

the elastic constant curves are similar in chromium and its al-

loys whereas the attenuation in the alloys is rather different.

It is also clear that the anomaly in the elastic constant dis-

appears after the magnetization is completed. The present model

reproduces well this feature in pure chromium but, for the al-

loys, the theoretical line width is always smaller than the ex-

perimental. The larger experimental line broadening may be

assigned to crystal imperfections introduced by the substitu-

tion of Cr by V, and possibily to deviation from the linear re-

lation of the drift velocity on the temperature away from TN.

For the alloys, the minimum in the elastic constant occurs at

the Néel temperature and coincides with the inflection point in

the attenuation as indicated in Figures 4 to 7. it should yet

be noticed that, away from the transition region, the elastic

constants depends on T as in a paramagnetic metal. This futhcr

support the assumption that the spin fluctuations are the most



important contribution to the anomalous behavior of both the

elastic constant and ultrasonic attenuation in the small range

of temperature close to TN. Therefore the role played by the

diffusion contribution in eq. (10) is essential to the under-

standing of the main features of sound propagation in chromium

and its alloys.

Table II shows the values of the diffusion frequency

w , the relaxation frequency w and the diffusion constant D

for each sample. It can be noticed that w decreases with

increasing concentration of vanadium. This is indeed the ex-

pected variation since w is proportional to the unperturbed

magnetization density, p°, which decreases as vanadium is added

to chromium. However, a complete analysis should also include

the concentration dependence of the ratio y/x , which is not

known.

The diffusion constant D, shows an unusual dependence

on the concentration, jumping six orders of magnitude from Cr

to 0.67%V. However, from an alloy to the other, there is a

smooth variation of D with the concentration. In pure chromium

single crystals the diffusion coefficient D and the spin corre-

lation length Ç are large. The introduction of impurities, V

in this case, breaks the chemical periodicity, decreases the

spin correlation and lowers the transition temperature.The for-

mer two effects are responsible for the drastic variation in

the values cf D from pure metal to the alloy case, while the

latter effect causes the smooth increase of D in the alloys.

We intend to further investigate this effect and make several

samples with the vanadium concentration below the 0.67% as well

as the dependence on the ultrasonic frequency w.

Our results indicates that the diffusion coefficient

D, or the spin correlation £, is the quantity that determines



the order of the transition. In pure chromium there is a large

number of spinu strongly coupled, as the temperature aproache^

TN. In this sence, the transition is a weak first order, being

weak because it is due to;the spin-spin interaction and first

order because its correlation length is comparable to the size

of the crystal. The addition of vanadium decreases the corre-

lation length, thus defining a smaller block of spins strongly

coupled. As a consequence of shorter correlation lengths for

increasing concentration x, the transition changes from sharp

to continuous. This feature was clearly observed by Faweet et

12al. in the investigation of the thermal expansion of chromium

and Its alloys. They observed that 0.2%V or 0.4%Mo makes the

a .omaly in the thermal expansion at the Néel temperature changes

í;am sharp to continous.

SUMMARY

It is proposed a model for the ultrasonic attenuation

based on the experimental evidence of distinct behavior of wave

propagation, in the vicinity of the Néel temperature, in pure

chromium and its alloys.

Despite of its simplicity the model suggests a mecha-

nism wich can explain the anomalies observed in the elastic

constant and in the ultrasonic attenuation near the phase tran-

sition. The diffusion coefficient or the correlation length

determines the order of the transition.

In pure chromium the motion of the frontiers of mag-

netization drains energy from phonons whereas in the alloys the

magnetization may drags the elastic waves along. The relaxation

frequencies w and w determines the shape of the line at o

given frequency w. They also can be used to calculate other



physical properties of the system and the expontar.eous magnetic

susceptibility is being measured and will be shown in a future

publication.

The authors hope that these new ingredients will help

to understand the intrincancies presented in the physical prop-

erties of chromium and estimulate the discussion on this very

interesting system.
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TABLE I - SAMPLE CHARACTERISTICS

Composition

Cr-O.67%V

Cr-1.00%V

Cr-1.5tV

Density (Kg/m3)

7.21xl0"3

7.21xio"3

7.22X1O"3

Length(m)

7-4xlO"3

7.5x10"3

7.5xl0"3

Orientation

tool
[lOO]

[lOO]



TABLE I I

wc

(MHz)

Wo

(MHz)

D

(m /seg)

TN(K)

Cr

7 x 105

4 x10 4

1.23 x10 7

311

Cr -0.67% V

7x 104

4 X 1 0 1 0

1.23 x1O 1

245

Cr - 1.0% V

3 x 1 0 4

1.25 x10 9

3.9 x 1 0 2

210

Cr - 1.5% V

3 x 1 0 3

4 x 1 0 8

1.23x 103

165



FIGURE CAPTIONS

FIG.1. Part (a) shows schematicaly the set of magnetic, elastic

and thermal variables. The sphere and arrows give the

thermodymic relations between them (for example:

G = U -eo -TS -MH) .

Part (b) shows the Maxwell's relations between variables

and their names.

FIG.2. At time t =0 and at the position x . the system forms a

local magnetization, lhe evolution of this magnetization

is shown schematicaly for t > 0 as well as the effect of

diffusion at the boundaries between paramagnetic (P) and

magnetic regions (M) . The line width is of order Dk .

FIG.3. The echogram of Cr-0.672 V at temperature T below TN

(top), just above TN (center) and above TN (bottom).

Notice that attenuation in the ordered and disordered

phases are different. As temperature aproaches TN the

"amplification" feature (center) is unambiguously ob-

served with the sample quickly changing from top to

bottom attenuation pattern. The feature is observed at

all three samples containing vanadium and it is not

known if there is a critical V concentration where the

effect is optimum. The echogram of chromium disappears

at T £ TN.

FIG.4. Part (a) shows the [100] pure chromium longitudinal ul-

trasonic attenuation at 10MHz - (full line is theoreti-

cal, crosses are experimental points).



Part (b) shows the C... elastic constant. .The arrows

indicate a 10K interval around the Néel temperature

TN = 311K. The dashed line shows the temperature depend-

ence of the elastic^constant for a normal metal used to

calculate VQ(T) (as explained in the text).

FIG.5. Part (a) shows the [100] Cr -0.67% V longitudinal ul-

trasonic attenuation at 10 MHz.- (full line is theoreti-

cal, crosses are experimental points). The arrows indi-

cate a 5K interval around the Néel temperature TN = 245K.

Part (b) shows the C.. elastic constant. The arrows

indicate a 10K interval around TN.

FIG.6. Part (a) shows the [100] Cr-1.0% V longitudinal ul-

trasonic attenuation at 10MHz - (full line is theoreti-

cal, crosses are experimental points).

Part (b) shows the elastic constant C... The arrows

indicate a 10K interval around . the Néel temperature

TN =210K.

FIG.7. Part (a) shows the [100] Cr-1.5% V longitudinal ul-

trasonic attenuation at 10MHz - (full line is theoreti-

cal, crosses are experimental points).

Part (b) shows the C,. elastic constant. The arrows

indicate a 10K interval around the Néel temperature

TN= 165K.
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