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The anomalous ultrasonic attenuation and velocity variation caused by the critical fluc-
tuation of spins near the Curie and Néel temperatures are theoretically investigated and found
to be strongly affected by an application of magnetic field. In the random phase approxima-
tion, ‘the attenuation coefficient is expressed in terms of a sum of the two terms; a cross term
of the static spin polarizatipn and ‘the two-spin correlation function, and a product of thé
twenspin correlation functions. In the magnetic field, the former term has a positive contribu-
tiorr to the attenuation, since this term has a finite value only when the static spin polariza-
tion exists. TheMatter term decreases in the field, owing to the suppression of spin thermal
fluctuations due to the magnetic field. The magnitude of the contributions from these terms
depends upon temperature, the strength of magnetic field and the nature of the exchange
interaction in mégnetic materials. The theory explains various types of the field dependence
of the attenuation observed in magnetic materials including' MnP, Dy and MnF:. A new
attenuation peak found recently by Hirahara et al. in the paramagnetic phase of MnP under
a magnetic field is explained on the basis of the present theory.

§ 1., Introduction

When the ultrasonic attenuation in magnetic materials is measured as a func-
tion. of temperature, a sharp peak is usually observed at the Curie and Néel tem-
peratures.” If a magnetic field is applied, the critical attenuation increases in
some magnetic. materials and decreases in some other magnetic materials. For
example, Neighbours et al.? have observed a decrease of the attenuation in MnF,
in magnetic fields, whereas Lee and Levy have found a large increase of the at:
tenuation in Dy® and Ho® in magnetic fields. Whether the attenuation increases
or decreases is also dependent on temperature. Recently, Hirahara et.al.” have
observed that the attenuation in MnP decreases in magnetic fields when temper:
ature is extremely near the Curie point. However, the attenuation increases above
a certain temperature. When temperature is fixed at some temperature above
that temperature and magnetic field is applied, the attenuation starts to increase
proportionally to the square of the magnetic field, attains a maximum and de-
creases with further increasing magnetic field. The following phenomenon which
they have observed in MnP seems to be more striking. When a magnetic field
is applied along the hard ‘axis of magnetization, the Curie temperature shifts
toward. the lower temperature. In this case, in addition to the attenuation peak
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2 ‘ M. Tachiki and S. Maekawa

at this shifted Curie temperature, they found a new broad peak in the temperature

region where it has been considered to be a uniformly paramagnetic region.

It has been observed in magnetic materials such as Gd,” Dy,® Ho® and MnP?®
that the longitudinal sound velocity has a sharp dip at the critical temperature.
This anomalous variation of the velocity is also strongly affected by an applica-
tion of magnetic field. The aim of the present investigation is to comstruct a
theory for the ultrasonic attenuation and the velocity change due to the spin-phonon

interaction in the presence of magnetic field, and to explain systematically various

types of the field effect mentioned above.

The spin-phonon interaction responsible for the critical attenuation and the
change in the velocity of longitudinal sound arises in most cases from the strain
modulation of the exchange interaction.”~ Via this interaction, the spin thermal

fluctuation causes random forces to act on the acoustic normal modes. - Accord--

ing to Mori’s theory™ for irreversible processes, the sound attenuation coefficient
is expressed as the time-correlation function of these random forces and is pro-
portional to the spin correlation function. In a magnetic field, the spin correla-
tion function is divided into two parts: One is the cross product of the static
spin-polarization induced by the magnetic field and the two-spin correlation func-
tion, and the other is the correlation function of four spins. The latter part cor-
_responds to the usual mechanism”™~*® which has been considered for the critical
attenuation in the absence of magnetic field. If a magnetic field is applied, the

spin fluctuation is suppressed and the magnitude of the spin correlation function -

is decreased. Consequently, this part contributes to a decrease of the attenua-
tion in the magnetic field. The first part appears only when the static spin po-
larization exists. Therefore, this term has a positive contribution in the presence
of magnetic field in the paramagnetic phase and below the Curie . temperature.
This mechanism has first been introduced by Lee, Levy and one of the authors
(M.T.)® to explain the increase of the critical attenuation in Ho in magnetic fields.
The combination of the two effects mentioned above can explain various types
of the field effect on the ultrasonic attenuation observed in many magnetic mate-
rials. The sound velocity as a function of temperature has a sharp dip at the
Curie and Néel temperatures.” This anomalous variation of the velocity is also
strongly affected by an application of magnetic field.»®® This field effect is
explained from a mechanism similar to that of the attenuation.

In §§ 2 and 3, expressions for the ultrasonic attenuation and the change in
the sound velocity due to the spin-phonon interaction in the presence of magnetic
field are obtained, using the random phase approximation. These expressions
include ‘the staggered susceptibili’ties. The susceptibilities in magnetic fields are
calculated and inserted into these expressions, and explicit formulae for the at-
tenuation and the velocity are obtained in §4. The increase of the attenuation
from the first mechanism mentioned above compensates the decrease from the
second mechanism at a certain temperature. In §5, it is suggested how the
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Sound Propagafio)i near Magnetic Phase Transition Temperatures 3

compensation temperature is related to the nature of the exchange interaction.
In § 6, the theory is applied to MnP, and the attenuation coefficient and the veloc-
ity change are calculated. The calculated results explain the experimental results
obtained by Hirahara et al.” In §7, the theory is also applied to Dy and the
calculated attenuation coefficient is compared with the experimental one obtained
by Lee and Levy.? S

§ 2. Ultrasonic attenuation coeflicient

For the spin-phonon interaction responsible for the critical attenuation of
longitudinal sound, the strain modulations of the exchange interaction and the

magnetostrictive coupling of one ion type are considered. However, in, most of

‘the magnetic materials in which the exchange energy is larger than the anisotropy
energy, the contribution to the spin-phonon interaction from the exchange interac-
tion dominates. Thus, we include only the exchange contribution in our Hamiltonian.
The total Hamiltonian for a spin and acoustic phonon system is written as®

cﬂ':-ﬂu‘{'jﬁ'l‘ﬂ[:,, . . (1) )
Ho= ; hwkobk*l?k — %‘, ; J5S:%8;% + gusH Z‘ S, ' @
Jh= ; #/20V )" (br + 6% ) Ur®, ' 3

o= ; ; #/20V) (0r°w%) ™ (brb-r + b* b}

+brbE +b* b ) US. @
.Uk(l) — Z (eik.R, __eik'-R,) er: Z _a;]_ijivsiasja’ (5)

7 . @ 0Ri
U}f)w = l 2 (e""Rt_eik-R,) (e_ikf.m_ e—ik'.R.i)

2 %7 '
. azJio.z’
Xere_p: Y ——-_ 548 6

ere k‘gaRﬁR} i 4 ©

U=x,y,2,

where p is the density of crystal, V the volume of crystal, e; the polarization
vector of the phonon k, R; the position vector of the. i-th site, ‘and S;* the a-
component of spin at the i-th site. The first term of 4{, represents the Hamiltonian
for the non-interacting phonons whose frequencies are indicated by ws’. The
operators &z and &,* are annihilation and creation boson operators, respectively.
The second term represents the anisotropic exchange interaction with exchange

integral Jg, The third term represents the Zeeman energy in a magnetic field -

applied along the z axis. We assume an isotropic ¢g-factor. The Hamiltonians
Il and 9, represent, respectively, first- and second-order spin-phonon interactions
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4 M. Tachiki and S. Maekawa

with respect to the phonon amplitude. According to Mori,"® the ultrasonic at-
tenuation coefficient is expressed as a function of the time-correlation of the ran-
‘dom force acting on the phonon b, as®

au=Re [ at(fu (@), fu* ) exp (—ivnt) /o, (br, 049, @

with the relaxation function defined by (4, B) =[{di{e** Ae™*B) —[{A){B) where
C>=Tre?*C/Tre**. 1In Eq. (7), v, is the longitudinal sound speed and the
random force is defined by

fe=br+ioube. ' ©))
If the relation
or =1 (b, b*) / (brs b*) = [br, b1*1)/1 (br, b&*)
=1/%(bx, b2™) ®)

is used, (b, br*) is related to the phonon frequency wz. As will be discussed

in § 3, the frequency is changed by the spin-phonon interaction. However, since
this change is very small, p; and v; appearing in Eq. (7) are replaced by those
of non-interacting phonons. The random force fi is expressed, from Eq. (8), as

fr=—1oVho ) ?UY,, . 10)

where the contribution from 4, was neglected, because of higher order with
respect to phonon amplitude. Using Egs. (7), (9) and (10), and introducing
the Fourier amplitude of spin S,= (1/N)"* Y :S:e*?™, we obtain ax as

ar= (20Vv)'Re ; ; ; ;‘ gqa* ) 935 %)

X [ 05280, 55 O SF.x @) exp(—imat)ds, QD)

0I5
R,

Now we introduce an external magnetic field which is applied along one of

gqa (k) — Z eiq-Rﬁ (eik.Rﬂ _ 1) er (12)
F]

the principal axes of the exchange interaction. We take the z axis in the direc-
tion of the magnetic field. The magnetic field induces a uniform ‘spin polariza-
tion in the z direction, and spins fluctuate around it. 'We divide the component
Sy* into the static spin polarization {S,*> and the deviation S, from it

Sp* = {Se™ + S0 13)

If this expression is inserted into Eq. (11), aj is rewritten as

an= (20Vv) " Re [49:* (&) 05" () <S¥7*

X |82 (0, SO exp(—ivnd)de-+ X T 33305 ()95

ry
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Sound Propagation near Magnetic Phase Transition Temperatures 5

x [ S @55 80, S5 O SFnO)esp(—ioidde |, QD

where S, with k=0 and o=z in the last term reads S;¥. The external magnetic
field induces the spin polarization and suppresses the spin thermal fluctuations.
The first term in the bracket of Eq. (14) does appear only when the spin po-
larization exists and, thus, this term contributes to an increase of the attenuation
in the presence of magnetic field. As discussed in §§ 5~7, this term plays an
important role in the field dependence of the attenuation. Therefore, to elucidate
the physical origin of this. term, we give another derivation in the Appendix.
The magnitude of the second term which is a function of four-spin correlations
-decreases owing to the suppression of spin fluctuations by an application of mag-
netic field and, thus, this term causes a decrease of the attenuation in the pres-
ence of magnetic field. For the calculation of the second term in the bracket
of Eq. (14), we approximate the four-spin relaxation function by a product of
the two-spin relaxation functions with the use of the decoupling approximation
(ab, cd) ~B[(a, b) (c,d) + (a,c) (&, d) + (a,d) (b, )] —<{abylcedy. In §§6 and
7, we will treat spin systems in metals such as MnP and Dy. In these systems,
the exchange interaction is of the long range and, therefore, the above decou-
pling approximation may work well except very near the transition temperature,
where the correlation length of the spin pair correlation function becomes much
longer than the force range of the exchange interaction, If this approximation
is used, Eq. (14) is reduced to

ar= (20Vv)™" Re [4go’* (E) 95" (K) {Sv™* Lw (S2x(2), Sk*(0)) exp(—ioxt)dt

+p Zq g ;I (9% (k) 94~ (k) + 94°* (k) 9%4-x(K))

% [ 650, S%0) (S50-s 0, Sz @) exp (o)t | (19)

The next step to be done is to calculate the two-spin relaxation function in
a magnetic field. For this purpose we set up the following equations of motion
for S, with damping terms:

qu =—A8S8 TSy, }

Syl =A4"Sg"— 'S¢, (16)
qu — rquqB,
where
| A =gusH +2 %w —JM,
' ' an

A7 =0usH+2 %Vluo’ ~J,
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6 4 M. Tachiki and S. Maekawa

Iyt = B TR, (18)

In Eq. (16), I',® is the damping constant for the spin component S,* and is given
by Mori*® as

I,*(z) =Re f (K= (2), K2, (0))edz/ (S,% %), (19)

where K,* is the random torque acting on the spin component S,% As mentioned
above, we are considering spin systems in metals such as "MnP and Dy. For
these spin systems, we take a model that localized spins are immersed in conduc-
tion electron sea and assume that the energy of these spin systems is dissipated
by conduction electrons through the so-called s-d or sf interaction. As shown
-by Kawasaki,"” (K,*(¢), K2,(0)) in this case does not have anomaly at a mag-
netic phase transition temperature and this correlation function is expected to have
a weak temperature dependence even in- the vicinity of the transition temperature.
Furthermore, the time-correlation of the random torque may have the short time
nature and thus I';* becomes independent of the parameter z in Eq. (19). There-
fore, in these spin systems, the conventional theory for spin damping works well
and I',* is written as ‘

I'y*=B(9us)*B/ 1", ,, (20)

where B is a constant dependent on magnetic materials but independent of tem-
perature, and x,* is the staggered susceptibility per ion. In deriving Eq. (20)
from Eq. (19), a relation'®

(Squ9 qu) = (gﬂB)‘_Zan (21)

was used. Hirahara et al.” have shown experimentally that the relation (20) ac-
tually holds in the case of MnP. They have measured the temperature dependence
of the attenuation coefficient and the sound velocity in MnP in the critical tem-
perature region. If the damping constant with g~0 along the c-axis in MnP is
written as I,°, this constant is related to the attenuation coefficient a; and the
‘velocity change 4v, as?¥®

[oc —0x dui/v) _ (22
(41242

Using this relation, Hirahara et al.” have obtained the result that I, is propor-
tional to (T'—T¢)"'. The static susceptibility of MnP measured by Huber and
" Ridgley® is proportional to (T'—7T)' in the critical region. Therefore, the
relation (20) is consistent with the experimental result obtained by Hirahara et
al.” It should be noted that I,* in our case is different from that for spin sys-
tems in insulators where spin damping occurs withih: the spin systems through
spin diffusion. In the spin systems, when the exchange interaction is isotropie,
(K4*(2), K2,(0)) have anomaly at the transition temperature and the conventional
theory cannot be used, -
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Sound Propagation near Magnetic Phase Transition Temperatures 7

Solving the equation of motion (16), we obtain the two-spin relaxation func-
tion as follows: In the case that a quantity |I,/| defined by |I',°—I'g!| is much
greater than the frequency of the collective motion of spins

Q=VIFAT, | @3)
- we have
(Sg*(2), 82,(0)) = (5,7, %) exp(—I',*t), } @4
(85, 82,(0))=0, (a%a)
and in the case of |y’ € 24, we have
(Sg™(£), S24(0)) = (Sy7, SZ) exp(—Igt) cos Lyt , )
(S (®), S, (0)) = (S S*)exp(— Igt)cos gt ,
(Sg"(2), S24(0)) = (S, S2g)exp(—TI'g't),
(57 @, 82,0) =~ (5, 5%,/ 4 exp(~Tsin gt | -

(S7(), S2,(0)) = (S,7, 82,) / % exp(—I'f)sin @2,
9

(8 (®),82,(0)) = (857 (2), S24(0)) = (Sg° (@), S%,(0))
=(8,"(2), 52,(0))=0,
Fy=(TF+I)/2. \ \ 26)
Hereafter we assume that the wave number of applied sound is very small
(k~0), as in usual cases. We assume also that g,%(k) is isotropic with respect

to o and has a value g,(k). Inserting Eq. (24) into Eq. (15) and using the
relation (21), we obtain @y in the case |I')’| > 8, as

1 [ 2 2\\2,, 2 Foz
=" 12|g,(k g S —
o Vo (gum) ‘ INOINCIZICIIN T+ o

2r.”
-1 - 2 a\2 9
+8 ; ; [9,(F)| (Xq ) (zrqa)z_l_wkz]- 27
In the case. |I')/| < %,, inserting Eq. (25) into Eq. (15), we have

1 ) IF
— 2 0 k 2 B Soz 2 oz 0
T (gﬂBy-[ 19008 @S 16—

ar,
67 210, 001 { (' + ) gy o

z

+ (g )z@rij;m}] (28)

In deriving Eq. (28) the terms proportional to (A" —A4") /A4 were neglected,
since |(Ag"—A4") /447 is negligibly small in most of the magnetic materials, . If
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8 M. Tachiki and S. Maekawa

this term is included, ax becomes dependent on the normal frequency of the col-
lective motion of spins,

§3. Sound velocity

Using the relation (9), Kawasaki and Ikushima™ have calculated the change
in the sound velocity due to the spin- -phonon interaction in the low frequency
limit (0 <7I,%). They expanded (b, bk*) in terms of the interaction Hamiltonian
Y1 and H;, and obtained the following expressions for the sound frequency shift

dor= (dow)+ (dows “ (29)
(dow)=— (B/20Vor)UROUSY (30)
(dow)s= (1/oVor) UL , (31)

where oz’ is the frequency in the absence of spin-phonon interaction. The fre-

quency shift (dox); is" the second order contribution from %, and (dwx). is the
first order contribution from %,. In the case of the attenuation, the lowest order
contribution arises only from the Hamiltonian 4;. However, the contribution to
the velocity change comes both from %, and from H,. It is noticed that Egs.
(30) and (31) do not include the time-correlation. This is in contrast with the
fact that the attenuation coefficient includes the time-correlation. The expressions
(8) and (6) are respectively inserted into Egs. (30) and (31), and the transforma-
tion (13) is made. In the same way as in the case of the attenuation, the four-
spin correlation function appearing in the expression of velocity change is decoupled
into a product of the two-spin correlation functions, and these two-spin correla-
tion functions are replaced by the staggered susceptibilities, using the relation
(21). Then, the calculated result for the velocitychange is given by

dv,= (dv) + (dvy)s, (32)
(A‘Ul)l = (Aa)k)1/k
= — [0V (9us)'®T[2]9: (B) |* (9 s{Se>) %"

+4 § 25 194(R) [ (241, (33)
(dv)e= (dor)/k= — [20 Vv, (gup)’®]™ \ , _
X [Ao* (k) (9uslSe>) + 8~ Zq} Zaf hg* (k) 24"], 34
where ¢g(k) has been given by Eq. (12) and %,%(k) is defined by
2 ra
kq‘“ (k) — ; et Ry (eik-ij — 1) (e_ik-Rjt _ 1) ere_r: #‘QJR] . (35)

The sign of (4v,), is always negative and the spin-phonon interaction causes a
dip, in the sound velocity versus temperature curve at the critical point. The
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Sound Propagation near Magnetic Phase Transition Temperatures 9

sign of (dv;). depends on the sign of A,*(k). The velocity change (d4v,); has
no singularity at the critical point, since this term originates from the rather
short range correlation of spins inside the exchange interaction range. Therefore,
as far as the critical anomaly is concerned, the contribution from (4v,); dominates.
In the presence of the magnetic field along the easy direction of magnetization
of ferromagnets, the singularity in (4v,), disappears, as will be shown in §6.
In this case, the contribution from (4v;). cannot be neglected except |g4(k)|*>

|hg* (E)|.

§ 4. Staggered susceptibilities in an external magnetic field

As seen from Egs. (20), (27), (28), (33) and (34), the attenuation coef-
ficient and the velocity change are expressed as functions of the staggered sus-
ceptibilities and the spin polarization. In this section we calculate the suscepti-
bilities and the spin polarization, using the molecular field approximation and
derive explicit formulae for the attenuation coefficient and the velocity change.
Using the results calculated with the use of the formulae, we will discuss qual-
itatively the temperature and field dependence of these quantities in the next sec-
tion. ‘When the calculated attenuation coefficient of MnP is quantitatively com-
pared with the experimental one in §6, a certain correction for the staggered
susceptibilities and the spin polarization is made.

When a static magnetic field H and a staggered magnetic field H,* are ap-
plied along the 2- and «-axes, respectively, the Hamiltonian for a spin system
is written as

H=— 31 J5S S+ 9usH 3 Si¥ + gusH 2 See—ta R, (36)

a 4,7

From this Hamiltonian the molecular field Hamiltonian for the Z-th spin is re-
duced to

ins @) = (— 270 S22 4 9H ) Sy

v N
a S @ a,—iq.
+ (-2, _f/_% +gusH," ) Site e @7
The value of {S,)*) is determined by solving the self-consistency equation
(S / VN =86=—S8Bs(8Sa), (38)
a=—2J¢So +gusH , (39)

where ‘Bg(z) is the Brillouin function and ¢ is the spin polarization normalized by
8. For the calculation of {S,>, we consider the density matrix corresponding
to the Hamiltonian (37) and expand it in terms of the last term of Eq. (37).
Using this density matrix, we set up the self-consistency equation for {(S;*>, and
by solving this equation we obtain the staggered spin-polarization. If this stag-
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10 , M. Tachiki and S. Maekawa

gered spin-polarization is inserted into the relation

Xg"= —9unlSq">/ (VNH), (40)

the diagonal elements of the staggered susceptibility are obtained as

v __ (9up)’S* By (BSa) , (41)
- 2..7,1'52 By (8Sa) )

« (9u5)*S Bs(BSa)
a—2J,%S Bs(BSa) ’

Aq

xq (a.:-x’ y) - (42)

where By’ (z) = (d/dz)Bs(z). In numerical calculations, we expand the Brillouin
function and retain terms up to third order, since the magnitude of the normalized
spin-polarization ¢ is less than 0.3 at the temperature and the field which we are
concerned with. In this case, the susceptibilities (41) and (42) are reduced to

._ Ca-b)
ST T =y <43)
re = CU=(6/3) (@=z,y) . @

T-T,s Q- (5/3)°

C being the Curie constant (9#s):S(S+1)/3%s. In Egs. (43) and (44), T~ is
the ordering temperature for_ S,% and is given by

27 2S(S+1). :
Ti=—""g > : , (45)

and b is a constant defined by

b=%)32 [S+ (S+ 1)1 (46)

The maximum, value of T,* with respect to g and ¢, Ty®, corresponds to the.

ordering temperature at which the sinusoidal spin ordering with the wave number
Q actually occurs. The ferromagnetic and antiferromagnetic spin-orderings are

included in this scheme as special cases. The value T, is expanded around -

Ty* as
Tq*=Tg*~Du(q: ~Q.F— D, (a,— Q) ~D.(¢.— Q), - 0
D — SS+1) 0°J,
&= 3kB OQBz- q=0Q
— S(S + 1) Z Jij (Ris . Rja)EeiQ-(R{—R})’ (48)
kg :
6 =‘:x’ y’ z ’

where the a-dependence of J;; was neglected in Eq. (48). The quantitics D,
are more sensitive to the exchange interaction range than J (Q), since it includes
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Sound Propagation near Magnetic Phase Tiransition Temperatures 11

- (RP—R, in the sum.
- In the case |I'g’| > &, inserting Egs. (20), (43), (44) and (47) into Eq.
(27) and making the summation in Eq. (27) with respect to g, we obtain

_S*S+1NTT, o O(l—B) \?
180V, B ks [ 19:C) | <T—T°’(1—b)>

(1+(1/S))|gg(k)|2'aoT{< 1—% )a/z

. 1-(5/3) 3’”}] 49
+ gz‘ (T—TQ“ (- (b/f%))) ’ (49)
v, being the volume: per spin, V/N. In deriving Eq. (49), wg in the denominator

of Eq. (27) was neglected. In the same way, we obtain oy for the case |I, o |
Ky as

_S“S+1)’NT [4|go(ic)|”( o(1-b) )2

180V, B 5 T—Ty(1-b)
LA+ (l/S))ng(k)I”voT{< 1-5 )’/2
967+ D,D,D T—Ty(1—-b)
16

(1 /3 (Tg"~Tg")
% ( UT=To" A= @/~ [T— (T +Tg") /2) (1 — (&/3)]"
[T—-To*(1—(8/3))1”

{[T Tg”(l @&/~ [T— (Tg*+Tg") /2)(1— (5/3))]‘/”}’)}]
4 [T-To' A~ (6/3)) 1"

(50)

If Eqgs. (43), (44) and (47) are 1nserted into Eqs. (33) and (84), the velocity
change due to the spin-phonen interaction is calculated as

(o=~ NSl gy 1=b )

60 Vuik'hs T—-TyF(1—b)
LA+ A/8)) 9o (k) *v,T {( 1-5 )1/2
. 12zvD,D,D, T—Ty*(1—5)
« 1-(3/3)  \” .
& (T—TQ‘"(l—‘(b/3))> } ] D)
__ NS* [ v (A+@A/S)HuT |, .
(o= 20V o'k [h° (k0™ 127vD,D,D, {h” (&)
. T—-Ty(1—-5)\* . T—To*(1— (5/3))\

y X 1-4 ) + St (T /3) ) }]

(52)
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12 M. Tachiki and S. Maekawa

In Eq. (52), a constant term independent of temperature and magnetic field was
neglected. When both magnetic field and anisotropy are in absence in ferromagnets,
the last terms in the curly brackets of Egs. (49), (50) and (51), which originate
from the fluctuations of the z- and y-components of spin, diverge below Ty In
this case, the correlation length of the z- and y-components of the spin correla-
tion function becomes infinite. Therefore, we cannot use the decoupling approx-
imation which was employed in deriving Eqs. (15) and (33). However, when
anisotropy or magnetic field exists, the correlation length becomes finite,” and
therefore the formulae may be used even below the transition temperature.

§ 5. Weak magnetic field limit

Let us consider the temperature dependence-of the sound attenuation in a
constant magnetic field. When temperature is very near the phase transition
temperature, the sound attenuation always decreases in an applied magnetic field
because of the suppression of spin fluctuations by the field. When the temperature
increases, this negative contribution decreases rapidly, and is completely compen-
sated by the positive contribution from the first term in Eq. (14) at a certain
temperature. When the temperature increases furthermore, the positive contribu-
tion from the spin polarization overcomes the negative contribution from the sup-
pression of spin-fluctuations, and the attenuation begins to increase. As shown
below, the compensation temperature is. closely related to the nature of the ex-
change interaction in magnetic materials. In ferromagnets with the long range
exchange interaction the compensation temperature becomes extremely near to
the transition temperature, whereas in antiferromagnets with the short range in-
teraction the temperature becomes very high away. from the transition temperature.

The temperature range in which the critical attenuation is usually measured
is from 10~* to 107" of (T'—Tg,)/Ty. If the temperature is higher than the
compensation temperature, the attenuation is observed to increase in the presence
of magnetic field. On the other hand, if the temperature is lower than the com-
pensation temperature, the attenuation is observed to decrease in the field. To
examine the relation between the exchange interaction and the compensation tem-
perature, we consider the attenuation coefficient in the weak field limit. We
assume that the exchange interaction and the spin damping constant are isotropic.
In this case the field-dependent part of the attenuation coeflicient is obtained from
Eq. (50) as

Ao () = NS S + 1 (qusH)'T [41 o (B) [2S(S+1)
54p Vv, B kgt 3(T —Ty)*

IOITCEICES i 53
1287+ D,D,D,(T — T (T — T o) ,

The first and second terms in the bracket of Eq. (53) come from the first and
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Sound Propagation near Magnetic Phase Transition Temperatures 13

second terms in Eq. (50), respectively. We notice that the field dependent part
of o» starts from a term proportional to H®: The compensation temperature is
determined by the condition that the magnitude of the first term in Eq. (53)
becomes equal to that of the second term. We write the compensation temper-
ature measured from Ty, as 4T. In the case that Ty and Ty—T, are larger
than AT, 4T is calculated as

(T ya—30lS*+ (S+ 171100 (B) 'Tg (T—To) (54)
51278 (S +1) vD,D,D,| g9, (E) |*

If we indicate the phase transition temperature by 7'c and the paramagnetic Curie
temperature by 6, To—T, is equal to Tc—@, and thus 4T is proportional to
(Te¢—6)”. The value of 4T is inversely proportional to (D,D,D,)”, which is
sensitive to the exchange interaction range, as mentioned in §4. In Dy and Ho
which ‘have a spin-spiral structure at high temperatures, Tc—® is considerably
smaller than the Néel temperature. Furthermore, the exchange interaction in
these metals is of the long range, since the interaction comes mainly from the
indirect coupling through conduction electrons. Consequently, we expect that
4T is very small in the rare earth metals.

In ferromagnets in which T¢— To vanishes, 47T is calculated from Eq. (53)
as

v, [SE+ (S+ 1) T¢

ATy = .
4T 512zS(S+1) VD,D,D,

(55)

The value of 4T in this case is inversely proportional to D,D,D,, and thus 4T
is extremely sensitive to the exchange interaction range. Since in ferromagnets
such as Gd and MnP the exchange interaction is of the long range, the compensa-
tion temperature is expected to be very near the phase transition temperatures.
This fact is consistent with the. result that the sound attenuation of these crystals
has been observed to increase in an external magnetic field, except extremely
near the transition temperatures.’®?®

Manganese fluoride is a typical antlferromagnet with the Néel temperature
of 67K and the paramagnetic Curie temperature of —82K,” and, thus, 7Tc—6
of this crystal is 149 K, which is very large compared with the Néel temperature.
Furthermore, the exchange interaction of this crystal is of the short range, since
the second nearest neighbor interaction (the interaction between the corner and
body centered sites in the rutile structure) dominates other interactions. The
value of v, 7% (D.D,D,)"”* of MnF, is estimated as 45. If this value, the Néel
and paramagnetic Curie temperatures, and the manganese spin value of 5/2 are
inserted-into Eq. (53), and if the relation |g,(k)|*=]|go(k)|® is assumed, we find
that Eq. (53) does not vanish except at infinite temperature. In other words,
the compensation temperature goes to infinity and the sign of Aoy (H) is always
negative in the paramagnetic phase. This is consistent with the fact that the
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14 ] M. Tachiti and S Maetawa

sound attenuation of this crystal has been observed to decrease by an application
of magnetic field in the temperature range of the ‘paramagnetic phase” One
might suspect that the relation for spin damping constant (20) may -not be cor-
rect for MnF, as mentioned in § 2, because this crystal is an insulator. However,
our essential conclusion that day(H) is always negative may hold, even if a
damping constant calculated from other mechanisms proper for MnF, is used.

§ 6. Manganese phosphide
a) Aitenuation

Manganese phosphide has an orthorhombic crystal structure slightly distorted
from the hexagonal structure of the NiAs-type. The spin structure as a func.
tion of temperature and the magnetic field along the & axis is shown in Fig. 1.2
As seen in the figure, in the absence of magnetic field this crystal is ferromag.
netic between 47K and 290.5K, and paramagnetic above 290.5K. The transi-
tion temperature between these phases decieases with increasing magnetic field.
At low temperatures, spin-spiral and spin-fan structure phases appear, respectively,
in low and high magnetic fields. In the ferromagnetic phase, the easy, interme-
diate and hard axes of magnetization are the ¢,b and a axes, Tespectively.

Hirahara et al.® have obtained the following experimental results of the
ultrasonic attenuation in MnP. (1) When a magnetic field is applied along the
¢ axis, the height of the attenuation ‘peak at the Curie temperature decreases
abruptly and the width.of the peak increases, as shown in Fig. 2. At a fixed
temperature above the compensation temperature mentioned in § 5, the attenua.
tion coefficient starts to increase proportionally to. the square of the magnetic.

40 R
H/#b-axis

ol
(=]
T

MAGNETIC FIELD (kOe)
S 3

N
ferro. =~

T =2905K\

] I 1 1 . 1
0 50 100 150 200 250 300
TEMPERATURE (K)

Fig. 1. Spin structure diagram as a function of temperature and the magnetic field along
the & axis, ’
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Sound Propagation near Magnetic Phase Transition Temperatures 15

field, and attains a maximum at a cer-
tain-magnetic field. With further in-
creasing of the field, the attenuation
- decreases.
shifts toward the higher magnetic field
«(2) When
a magnetic field is applied along the

The attenuation maximum
as temperature: increases.

a- and b-axes, the temperature of the
second order phase
tween the ferromagnetic and para-
magnetic phases shifts toward the
lower temperature.
the attenuation peak ~at the shifted
transition temperature, Hirahara et
al® have found a new broad peak
above the Curie temperature.

To explain the experimental re-
sults mentioned above, we calculated

transition be-

the attenuation coefficient. of MnP‘

around the Curie temperature. When
a magnetic field is applied along the
¢ axis, Eqs. -(49) and (50) are, re-
spectively, reduced to

an’ =Fkt[<%>2+ Gt {<t~11;+bb

In addition to :

o
17

(aB/cm}
- H// c-axis

H=0 (KOe)

—0.48

P AT SV A B SR WP S
280 290 T(K) 300 310

Fig. 2. Experimental results of the ultrasonic at-

tenuation in MnP. obtained by Hirahara et al.9"

Magnetic fields were parallel to the ¢ axis. The
longitudinal sound wave of 90 MHz propagated
along the & axis. ‘

"

1-(5/3)

+( (1—1.;;[(]1/, 2 @/3)) )"+ (
i[O

16
A= @) Gy

A amy) 1

-

t—1+b

> <{[.t — (1= £)(A— (&/3NT" ~ [t~ (1~ (Kot £:) /2) (1 — (B/3N]"Y
[t—A—£) A—(&/3))]"

L A=A-k)A — (B/3N1— [t — (1= ((ha+ ) /2) A~ &/ 3))]””?)}],

[t—(A—k) (1= (&/3))]~

where

7y = 254 S D0 BN

90 V'Z); B kBTc ?

f

67N

(58) .
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G = A+ A/S)) v T

s 59
384zvD,D,D, (59
,;a=LCJ<’“-_-_2_S(S+ LI (61)
Jo 3 5l ¢ ‘
Jf—JE 2 Jof — g
Bp="1 =0 =2 §(§+1)70e —Jo | 62
» T 3 ( ) T o (62)

The value of Fj and G are considered as adjustable parameters and determined
by comparison with experiment. The anisotropy parameters £, and £, are ex-
perimentally determined as follows: The anisotropy energy of MnP is expressed
as

Fanis = a,afa.2 + Kbabza (63)

where @, and «, are, respectively, the direction cosines of magnetization with
respect to the a- and b-axes. From torque measurements, Huber and Ridgley™
have obtained the anisotropy constants K, and K, Hiyamizu and Nagamiya®™
have extrapolated their values from 47 K to absolute zero and obtained.

K,=286K and K,=0.89K per atom . (64)

Since these quantities are related to J,°—Jy* and Ji°—J,® by the relations S2(J,°
") =K, and S*(J,°*—J") =K,, &, and £, are calculated  from Egs. (61) and (62)
as

£.=0.0131  and  £,=0.0039, (65)

We assumed that S is equal to one. S

First we calculate the attenumation coefficient when temperature is fixed and
magnetic field is changed.®*> The staggered susceptibilities for small ¢ make dom-
inant contributions to the attenuation in ferromagnets such as MnP., For calculat-
ing the susceptibilities, we used the molecular field approximation. However,
the uniform susceptibility calculated by this approximation is not in agreement
quantitatively with the experimental values obtained by Huber and Ridgley® in
the critical temperature region. Therefore, for making a correction to this dis-
crepancy, an effective temperature 7” is introduced, -which .is given as a. func-
tion of 7" by the equation -

. Xtc:alculated (T,) = xgbserved (T) . (66)

Between the temperature of 290.5K and 330.5 K, the susceptibility obtained by
Huber and Ridgley™ is expressed as

* Since Eq. (39) includes the g-value, the g-value for MnP is needed for calculating the spin
polarization and the susceptibilities for a given strength of magnetic field. We used the g-value of
2.05 which has been obtained by Kunii and Hirahara using ferromagnetic resonance technique (private
communication).
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H /c-axis
© —= THEORETICAL VALUE
--~-EXPERIMENTAL VALUE

2.0

ATTENUATION Aa,(dB/cm)

oo _ .
0 -5 10 15
MAGNETIC FIELD H (kOe)

Flg 3. Magnetic field dependence of the attenuation coefficient of MnP measured from that
-in gero-field; day (H) =0ty (H) —az(0). The magnetic field was applied along ‘the ¢ axis.
Solid lines represent the calculated values and white circles show the experiméntal values
obtained by Hirahara et al® They used the longitudinal sound wave of 90 MHz propagat-
ing along ‘the & axis. The two parameters Fy and G appearing in Egs. (56) and (57)
were determined from the following experimental values for 297.32K: (i) 6kOe at which
the attenuation attains a maximum and (ii) the magnitude of the attenuation coéfficient

at 6kQe.

) (04 .
gs'erve T R ‘ " 67
Aovservea (17) T—T." ) . ‘_ ( )

with C’=C/0.5905. Therefore, Eq. (66) gives the effective temperature as

T,=T0+6—C:(T_TC)- ' ‘ C o N \(68‘) )

Since in MnP the condition |I°,’| <%, is expected to - be. fulfilled in" almost the

whole temperature and field range of interest, Eq. (57) is used for the calcula:’

tion of x. However, the 'd'i‘ffere‘nce between the values of a; which are catéulated
from Egs. (56) and (57) ‘is very small in the case of MnP. For ‘determining
the adjustable paraméter-G, we calculated «/Fx as a function of the magnetic
field and the parameter G, fixing temperature at 297.32 K. The calculated an/Fr
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H(kOe)=
0

H/Z ¢c-axis

100

ATTENUATION Lea,/F 1
o
=)

096 098 100 10z 104
TEMPERATURE(T/T:)
Fig. 4. Temperature dependence of the attenuation coefficient of MnP in magnetic fields

applied along the ¢ axis. Dotted lines show the coefficient in the temperature range where
the spin polarization exceeds 0.3.

has a maximum at a certain magnetic field whose strength depends on the mag-
nitude of G and coincides with the experimental value of 6 kOe at the value of
G of 1/240. The value of F), is determined from the magnitude of the attenua-
tion at the maximum point. Using these values of Fy and G, we obtain the field

dependence of the attenuation coefficient for various temperatures, and show the

results in Fig. 3. As seen from the figure, agreement between theory and ex-
periment is satisfactory. The temperature &ependence’ of the attenuation for sev-
eral magnetic fields is obtained using the same parameter of G and shown in
Fig. 4. In Fig. 4, we did not use the effective temperature, since we could not
determine the effective temperature below the Curie temperature. Therefore, the
theoretical result may qualitatively be compared with the experimental one shown
in Fig. 2. From Fig. 4 we see that the divergence in the attenuation at the
Curie temperature disappears, corresponding to disappearance of the second order
phase transition in ferromagnets in‘a magnetic field along the easy direction of
magnetization. This divergence originates from the divergence of tlie component
of spin-fluctuation with ¢=0 at the Curie temperature. Since this fluctuation is
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suppressed by a uniform magnetic field, the divergence in the attenuation disap-
pears. On the other hand, in antiferromagnets and spin-spiral structures, the
divergence in the attenuation at phase transition temperatures originates from the
épin fluctuation with a finiite value of g. Since the divergence in this spin fluctua-
tion is not suppressed by the uniform magnetic field, the divergence in the at-

‘tenuation does not disappear in these cases. Using this attenuation peak, Shapira.

et al.®~®™ have made intensive studies to determine phase boundaries in the mag-
netic phase diagrams in many antiferromagnets. As will be discussed in the fol-
lowing, the divergence in the attenuation does not disappear also when a mag-
netic field is applied along the hard axes in ferromagnets.

When ‘a magnetic field is applied along the & axis, Egs. (49) and (50) are
respectively reduced to ‘

at =Futl (= (1'7_(1,;:)?1—()) ) 4o (et asy )
| +‘Gt‘<t—- T i) amy) o) b ©
! =F"t,[<t— (10—(1,:,,_)?1—5) ) e <t— (1——1;56(1~b> )m

16Gt
A—(&/3)) "k} ; .
VLl Sl ) A= B/ = [t~ (1— (£/2)) A — (B/3)) I
[1— (Q—k) A— (/3" -

_l_

+ 16Gt {lt—1+ @/ —[t— A - (ka/2)) A— (5/3))]‘/’}2]_'

(1—(&/3) k" [t—1+(8/3)]" :
‘ (70)

The spin component along the & axis is induced by an external magnetic field
in all the phases in the magnetic phase diagram shown in Fig. 1. 'On the other
hand, the spin component along the ¢ axis aligns cooperatively below the boundary
critical temperature T c* between the paramagnetic and ferromagnetic phases.
From Eq. (44) the susceptibility along the ¢ axis is reduced to

e CA—(5/3)) - ,.
ST To- (4/3)) 0

Xo

The denominator of Eq. (71) vanishes at T'c* and %, diverges. Therefore, Tc*
is . determined by the equation

Tt —Tc(l -2)=0, ()

where & is a function of temperature and magnetic field, and calculated from
Egs. (38), (39), and (46). The tempetature T'c* calculated from Eq. (72) de-
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Fig. 5. Temperature dependence of the attenuation coefficient
of MnP in magnetic fields applied along thé & axis. The
dotted lines show the coefficient in the temperature range

where the spin polarization

exceeds 0.3.
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Fig. 6. Experimental values of
MnP obtained by Hirahara

the ultrasonic attenuation in
et al® Both the magnetic

field of 8.0kOe and the propagation of the longitudinal

sound wave of 90 MHz are

ence of magnetic field. As discussed above, the fluctuations of the spin components

parallel to the & axis.

creases as the magnetic field
increases. From Eq. (72),
the denominators of the last
terms of Eqgs. (69) and (70)
vanish at T'c*. Therefore, the
divergence in-the attenuation
occurs at T'c*.
The attenuation coef-
ficient was calculated from
gs. (69) and (70) using the
parameter G which has been
determined above, and the
result is shown in Fig. 5. As
seen in this figure, T*
which the attenuation coef-
ficient diverges shifts toward
the lower temperature as
the magnetic field increases.
When the magnetic field is
weak, the attenuation coef-
ficient vs. temperature curve
has a shoulder. This shoulder

‘grows into a broad peak

around T'~T'¢ when the mag-
netic field is strong enough
and T¢* lowers ‘down far
away from 7. This broad
peak originates from the first
and second terms in the brack-
ets in Eqs. (69) and (70).
This means that the spin fluc-
tuation along the & axis has
its maximum at T~7, even
when T¢* shifts toward a
lower temperature in the pres-

along the ¢- and bd.axes causes anomalies in the attenuation respectively at Tc*
and T'~T¢ in the presence of magnetic field. Hirahara et al.® have made ul-
trasonic measurements on MnP in the magnetic fields, using the frequency of
90 MHz, and actually observed sharp peaks at T'c* and broad peaks around 7.
As an -example the temperature dependence of the attenuation coefficient for

8.0kOe is shown in Fig.

6.

220z 1snbny oz uo1senb Aqg | 2L L¥8L/L/L/LG/e1one/did/woo dno olwepeoe)/:sdny wou) papeojumoq



Sound Propagation near Magnetic Phase Transition Temperatures 21

‘When a magnetic field 0
is applied along the & axis,
the attenuation coeflicient is
calculated by the expressions
in which the suffixies @ and
b in Egs. (69) and (70) are
interchanged. = The charac-
teristics of the critical atten-
uation in this case is similar
to that in the previous case.

The ultrasonic energy is
dissipated by conduction elec-
trons through the electron-
phonon interaction. We es-
timate the contribution to the
attenuation coefficient of MnP
from this mechanism. Ac-
cording to Pippard,™ when
the wave length of longitu-
dinal sound is longer than
the mean free path of con-
duction electron, the atten- ' -
uation coefficient is expressed 0.96 0.98 1.0 1.02 1.04

H/ c-axis

VELOCITY CHANGE L{Av,), SIS+ 1)k¥(3BF,)1

as TEMPERATURE (T/T.)
__ 4Bk o0’ (73) Fig. 7. Temperature dependence of the velocity change in
E— 15¢%0v; ’ MnP in magnetic fields applied along the ¢ axis. Dotted

lines show the velocity change in the temperature range
where kg is the wave number where the spin polarization exceeds 0.3.

of conduction electron at the Fermi surface, ¢ the conductivity, e the electronic
charge, p the crystal density, v, the velocity of longitudinal sound. The experi-
mental value of ¢ of MnP at 7T'¢ is 4.0 X 10°(2-cm)~%,™ the value of p is 5.8gr-cm=,
and the value of v, is 7.1X10° cm-sec™’. Since we. can not find the value of kg
for MnP, we use the value of 1.4X10°cm™ for metallic copper,”™ which may be
larger than the value of kr for MnP. Inserting these values into Eq. (73), a
for the sound frequency of 100 MHz is estimated to be 1.2X10~*dB/cm, which
is negligibly -small compared with the contribution from the spin-phonon interac-
tion. In a magnetic field, the spins are polarized and the scattering of conduc-
tion electrons by the spin fluctuations is diminished. This causes an increase of
% (or negative resistance) and thus an increase of the
attenuation. However, the magnitude of this increase is also negligibly small.

the conductivity

b). Velocity change

The velocity change due to the spin-phonon interaction is contributed from

220z 1snbny oz uo1senb Aqg | 2L L¥8L/L/L/LG/e1one/did/woo dno olwepeoe)/:sdny wou) papeojumoq



22 M. Tachiki and S. Mackawa

the two terms (4v,), and (dv;), which have been given by Eqs. (51) and (52),
respectively. The velocity change (4v,), includes divergent terms at transition
points, whereas (4v,); does not have any anomalous term. Therefore, as far as
we are concerned with the critical velocity change at the phase traﬁsition points
in the absence of magnetic field, ‘we may neglect the contribution ‘from (4vy),.
However, in finite magnetic fields, the divergence in the velocity change of (4v,),
disappears, similarly to the case of the attenuation, and thus the contribution
from (4v;), is not neglected if |g, (E)I’<|hg*(k)|. Unfortunately, we do not have
any information about A,%(k) of MnP. Therefore, we calculate only the contribu-
tion from (4v;),. When a magnetic. field is applied along the ¢ axis, Eq. (51)
is reduced to , :

(Av;)1=—F,,S(S3f1)k2[az(t Lt ) ar (12 )
ey s =5 1

Substituting the value of G obtained in the previous subsection into Eq. (74),
we calculated the velocity change and show the result in Fig. 7. " As seen in
this figure, the divergence in the velocity change at the Curie temperature disap-
pears in magnetic fields. In the fields, the velocity decreases above the Curie
temperature and increases below the Curie temperature. This behavior has been
observed by Hirahara et al.” in MnP. The same behavior of theqvelocvil‘ty change
in magnetic fields has also been reported in Gd, Tb, Dy and Ho by Lii;thi et al.?

§ 7. Dysprosium

The dysprosium metal has a spin-spiral structure between the temperatures
of 181 K® and 85K. Its spiral axis is along the ¢ axis and spins are in the ¢
plane of the hexagonal close packed crystal structure. Lee and Levy® have made

the ultrasonic attenuation measurements on the dysprosium ' metal under a mag- -

netic field applied in the ¢ plane and found that the attenuation is strongly en-
hanced by an application of the magnetic field. The paramagnetic Curie temper-
ature when a magnetic field is applied in the ¢ plane is 169 K*® which is only
12K below the Néel temperature. The exchange interaction is of the long range,
since the interaction comes mainly from the indirect coupling through condue-
tion electrons. Therefore, as discussed in § 5, the compensation temperature is
expected to be very near the Néel temperature. -Actually, Lee and Levy® have
observed an increase of the attenuation in the ertire temperature range. of the
paramagnetic phase, ) )

We calculated the attenuation coefficient in the magnetic field of 5kOe in
the ¢ plane, using Eq. (50). The anisotropy of Ty* which is uniaxial in this
~crystal was determined from the anisotropy of the paramagnetic Curie tempera-
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ture. In Fig. 8, we show the calcu- 10
lated result of the attenuation coef-

ficient for the six values of A which k
is defined by = 4

gl 5koef}

A= 1+ /SN vTp" 9o B |* '
- 3847+ D,D,D,|go (k) |*

(75)

In the magnetic field of 5kOe; the
Néel temperature shifts to the lower
temperature by 1K. In Fig. 8, the
attenuation coefficient in the absence
of magnetic field, which was calcu-

\IH=0
Dy (HL c-axis)

A=
171000
1/ 800

ATTENUATION C(a/F A)xiG4

lated by using Eq. (49), is shown by '-1/300_/5, 1/ 500

a dotted line. The factor |gqo(k)|?/ ol

|go(k)|® in Eq. (75) may be of the

order of unity. The parameter A is I /IOOJST

a. measure of the range of exchange 1720\

interaction. As the range increases, 0 0.§8 TO 1,02 104 106 108 Il
D,D,D, in Eq. (75) increases as men- TEMPERATURE (T/Ty)

tioned in §4, and thus A decreases. Fig. 8. Temperature dependence of the attenuation
If the result in Fig. 8 is compared coefficient 6f Dy in the magnetic field of 5kOe
. . : for several values of the parameter A. . This
with the experimental result of Lee parameter i§ defined in Eq. (75) and is a meas-

and Levy,” the value of A is seen to ure of the exchange interaction range.
be smaller than 1/300. This value is compared with 1/19 of A in MnF, which
is a typical antiferromagnet having the short range exchange interaction. '
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Appendix
Another derivation of the attenuation coefficient—the first term in Eq. (14)

In the text, we have discussed that the cross term of the spin polarization
and the two-spin relaxation function in the expression of g plays an important
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role in the field dependence of ay. To elucidate the physical origin of this term,
we show another derivation in this Appendix. '

The modulation -of the exchange interaction due to a sound wave is written
as

-

' - an; _0J¢”§'ﬂa-_'a ' - 1)
| 9 gjz@i S (’9R,>Si Se, (A1)

where u; is the displacement of 7-th atom by the sound propagation and is ex-
pressed as

w;=exuy exp (@ (k- Ri—oxt)). A-2)

We assume the spins polarized in the direction of z axis. If the spin component
S;" or §7 in Eq. (A-1) is replaced by the static spin polarization, the z compo-
nent of the Hamiltonian (A-1) is reduced to '

I =205 (k) uo(Sy">Sa” exp (—ivut), (A-3)

where ¢o°(k) is defined by Eq. (12), and S,* and Si* are the Fourier amplitudes
of spin. The remaining terms in Eq. (A-1) contribute to the second term in
Eq. (14). The Hamiltonian (A-3) is equivalent to the Hamiltonian of S.* in
the oscillating magnetic field Hj exp(—iwgt):

K’ =gusHy, exp(—iogt) Si”, (A-4)
with
H;. =29y (k) uelSy> /s . (A-5)

The energy dissipation of the spin system or the energy dissipation from the
sound wave is expressed as ‘

PZQZLM” (o) HeHy*, (A-6)
xk”(cbk) being the imaginary part of the dynamical susceptibility., The attenua-

tion coefficient for the sound amplitude is given by

P .

A= s
* 2E‘vl

(A7)

where E is the energy of the sound wave in a crystal and is expressed as
Voor’u’/2. The factor 2 in the dinominator of Eq. (A:7) comes from the fact
that the sound energy is proportional to the square of the amplitude of sound
wave. Inserting Eq. (A-6) into Eq. (A7), az is obtained as

e = 2105 () 1S, (01)
oVuior (Gus) -

3

Since yx”(wr) is expressed as'®

(A-8)
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we see

n

2
3)
4
5)
6)
o)

8)

9
10)
11)
12)
13)
14)
15)
16)
17
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
3D .

26" ) = @pYorRe [ (S, SO exp(—ioa)de,  (A-9)
that the expression of Eq. (A:8) is equal to the first term in Eq.-(14).
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