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The influence of antiferromagnetic exchange interaction on magnetoelastic coupling, as manifested in
nonlinear acoustic phenomena, is investigated in the example of antiferromagnets with anisotropy of the
“easy plane” type (AFEP). It is shown that under the simplest experimental conditions, the effective third-
order elastic moduli € &) are proportional to the square of the intersublattice exchange field and in real
AFEP (for example, a-Fe,0;) may exceed by two orders of magnitude the usual values for solids. The
values of the components of the tensor € Ej} and the relations between them may vary over a wide range
with change of the intensity and orientation of an external magnetic field, and also with change of
constant mechanical stresses applied to the crystal. The possibility of observing various nonlinear acoustic

effects is demonstrated with application to hematite.

PACS numbers: 75.80.+q, 75.50.Ee, 75.30.Et

The elastic part of the potential-energy density of a
solid, to terms of the third order in the components of
the strain tensor #, can be written in the form

F,='/QC(‘":;1‘L‘+‘/.;C"”fmu.

The second-order elastic moduli (%)~ 10% erg/cm?)
are responsible for linear acoustic effects, the third-
order (C~10" to 10" erg/cm®) for nonlinear. With
practically attainable strains, the values of ¢ are so
small in comparison with C® that observation of the
nonlinear effects in solids is at present difficult. th

In magnetic materials, the elastic subsystem inter-
acts with the magnetic. Both the magnetic subsystems
itself and the magnetoelastic (ME) coupling are by their
very nature nonlinear and capable of introducing into
the elastic subsystem an additional anharmonicity. In
antiferromagnets (AF), observation of many manifesta-
tions of the ME coupling is appreciably facilitated by the
fact that the antiferromagnetic exchange interaction
weakens the coupling of the magnetic subsystem of the
crystal with the external magnetic fieldm; this shows
up especially clearly on comparison of AF with fer-
rites. ®? In particular, the ME coupling leads to the ap-
pearance of corrections AC® to the second-order elas-
tic moduli. In AF with anisotropy of the “easy plane”
type (AFEP), such as a-Fe,0, (Ty<T<Ty) and FeBO,,
the experimental values of AC®) /C*% amount to tens of
percent, 3

It is natural to expect that the exchange interaction in
AFEP will also promote the appearance of anharmonic-
ity (AC®) introduced by the magnetic subsystem into
the elastic. '

In this paper, a calculation is made of the third-order
effective elastic moduli of AFEP crystals, and an esti-
mate is made of the possibility of observing a number
of nonlinear accoustic effects. The ME coupling can
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be varied appreciably if the AFEP crystal is subjected
both to an external magnetic field H and to compressive
mechanical stresses P parallel to H.t"® Near a cer-
tain critical value P (H), at which a spin reorientation
(phase transition) occurs, the coupling is especially
large: for certain acoustic waves, the coefficient of
linear coupling with spin waves approaches its limiting
value, close to unity. L8 Therefore the investigation of
the nonlinear acoustic properties of AFEP is carried
out with allowance for external static stresses.

The effective elastic moduli &) are detefmined by
solution of a coupled system of Landau-Lifshitz equa-
tions and equations of elasticity, to terms of the second
order in the amplitude of the alternating strains. In
earlier work, "*® the linear ME coupling in AFEP was
treated in the approximation of isotropy of the ME prop-
erties of the crystal in the basal plane. As measure-
ments show, in actual AFEP of rhombohedral structure
(for example, a-FE,O,) the ME anisotropy is large."%*]
For this reason, some of the results presented here of
the first approximation, relating to linear ME effects,
contain appropriate changes as compared with those
obtained in Refs. 8 and 9.

1. BASIC EQUATIONS

The energy density of an AFEP with two magnetic
sublattices M; and M, can be represented in the form of
a sum of the kinetic energy, due to the alternating elas-
tic displacement u, the potential energy F, and the en-
ergy of interaction of the magnetic moments with the
external magnetic field H:

w="/sp (u)*+F—2M,(mH).
The energy F consists of the magnetic energy F,, the

elastic F,, and the magnetoelastic F,,: F=F,+F +F,,.
For crystals of rhombohedra! structure (a-Fe,O3,
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FeBO;, MnCOy; space group D$,;), each term can be
expressed in the form!!?

a1 \2

01») ] ’ (1)

F.=',C®06="/,C\ (uxtu,?)+"/.Cssu..
+C ottesttyy+C s (et )t + (Ciy—Ciz) U
1200 (Ui 12,.2) F2C [ (r—y) Uy 2010, }— T2, (2)
Fme=1(B1)1=B; (lust+1,211) +B12 (12101 Ptts)
+2(Byy—Bi2) Ll g+ Bysl 2w, +2Bu (1.1,
1 Lu,) +2B [ (L =12 w20l 1+ B (L, (de—uy) F2L00,]. (3)

Fro=2M, [H5m=—11b [l ]+ oH AL+ saMo (

Notation: p is the density of the crystal; m=(M,
+M2)/2M0a =(M; - M,)/2My; IM;| = IMy| =M,, whence
m?+1%=1 and (ml) 0; Hjy isthe exchange field, Hp the
Dzyaloshinskii field, a the constant of nonuniform ex-
change interaction; the z axis is directed along the
“hard” axis of the crystal (C;), characterized by anisot-
ropy field H,; the x axis is directed along one of the
second-order axes (U,); 7 is the tensor of external
mechanical stresses. For H< 2Hg, it is sufficient to
take account in F,,, only of the antiferromagnetic ME
interaction (3), with the tensor B of ME constants. In
the expression (2), the purely elastic anharmonicity is
neglected because, as will be shown, it is small in com-
parison with the anharmonicity introduced into the elas-
tic subsystem by the magnetic. With the same accura-
¢y, it is possible to neglect the nonlinear dependence of
i on the derivatives of the displacement vector.

Magnetoacoustic phenomena are described by a cou-
pled system of Landau-Lifshitz equations and equations
of elasticity™?):

Im—y[M/ X HY] , pti=0ta/0z, (4)
where 7 is the magnetomechanical ratio, H? = - 5W/sM 4
is the effectlve field acting on the j-th sublattice (w
= [wdV), and { is the stress tensor given by
oF 4 ~ - OF me - (5)

t= o= COit =T,  Ime= =18l

94 o

The relation (5) describes the effect of the magnetic

subsystem on the elastic. The inverse effect is de-

scribed by the ME component of the effective fields,
1 O0Fn,

Bm=———=__ B
2M, a1 (Ba)l.

As is well known, the spectrum of magnetic oscilla-
tions of an AFEP for HLz consists of two branches: a
quasiferromagnetic (QF) wy, and a quasiantiferromag-
netic (QAF) w,,. For H, Hp, H,< Hg, the frequencies
of the branches (without allowance for ME interaction)
are

(®x/Y)*=H (H+H ) +2H:Moak?,

(@ax/Y)*=2H M s+H, (H+H p) +2H:Moak®.

We shall hereafter be interested in oscillations with
a not too high frequency w<< Wgys We shall furthermore
assume H, < H,. These conditions allow us to neglect
departure of the antiferromagnetic vector from the
basal plane of the crystal (7,~ 0) and change of its mod-
ulus (72~1). Then from equation (4) follows the rela-
tion
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y 20, =MD{HX1], +H,) +2H, MoalIXV2 1]+ 26, [1XH,, ], . (6)

The presence of the factor 2Hy in the last term of this
equation reflects the influence of exchange mteractmn
on the manifestations of the ME coupling.

By expressing the quantities # and | in the form of a
sum of constant (equilibrium) and variable components,
#=%y+2(r, t) and 1=+ A(r, £), and linearizing the sys-
tem of equations (4) with respect to #(r, f) and A(r,?),
one can easily obtain all the known results relating to
the linear manifestations of the ME coupling. In the
calculation of the magnetic corrections to the third-or-
der elastic moduli, the nonlinear equation (6) is solved
to terms of the second order in u(r, £).

2. EQUILIBRIUM STATE

The equilibrium state of an AFEP is described by the
following system of equations:

t=C®g, +10910—{—o (7)
(Hl,) {[H X l 1,+Ho} (B’uo)lo
(8)
where the tensor B’ is determined by the relation
1 T 4
(X, ] 0= 2 1B 0L | (8a)

The second term in (7) is responsible for the sponta-
neous magnetostriction of the AFEP. 13-15) We ghall
hereafter assume that the tensor 7 has a single compo-
nent 7,,=-P, where §=H/H. This choice of the exter-
nal stresses corresponds, for P>0, to compression of
the crystal in the direction of a magnetic field oriented
arbitrarily in the basal plane of the crystal (see Fig.
1). Substitution of the solution of equation (7) in equa-
tion (8) reduces the latter to the form

(L) { (H*—2HeH,) [§X L], +HHp) =0 , (9)

where the effective field H, of the external pressure is

P [(Bu"'Bx:)Cu—zBuCu] (93)

H,=0—u
? Mn [CH (Cn_cxz) ‘_20142]

When H,<H,, = H(H+ Hp)/2Hg, the antiferromagnetic

vector is perpendicular to H: that is, (£*1)=0. When

H,>H,,, spin reorientation occurs, "® and the vector

lg is determined by the second solution of equation (9):
HH,

1 = — = X
(Bl = o, = <@

where ¢ is the angle between the directions of the field

FIG. 1. Coordinate axes and equi-
librium orientations of ferro- and
antiferromagnetic moments (m,
=m, Imgyluy; H=HIE).

zIU,
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H and of the ferromagnetic moment m, (see Fig. 1).
We shall hereafter define the direction of my by the
unit vector ug (when H,<H,,, W= £).

3. DYNAMIC SECOND-ORDER ELASTIC MODULI

We shall treat dynamic effects principally with ap-
plication to the crystal hematite (¢-Fe,0;), an anti-
ferromagnet (Hz~ 107 Oe) with anisotropy of the “easy
plane” type at room temperature, for which the mag-
netic, elastic, and magnetoelastic parameters are
known*1%181 (see Appendix A). The velocity of spin
waves in hematite is higher than the velocity of sound;
therefore the interaction of normal volume sound waves
ZE,k with spin waves 5,' is greatest in the range of small
wave vectors k, where under the usual experimental
conditions &g <@y = Gp. This gives us a basis, in the
analysis of the effect of the magnetic subsystem on the
elastic, for restricting ourselves to the quasistatic ap-
proximation (w << w,‘) which corresponds to neglect of
the left side of equation (6).

Dispersion of spin waves plays an important role
only in the immediate neighborhood of critical pres-
sures (H,~ H,,). Without allowance for this dispersion,
the solution of equation (6) linearized with respect to
the variables #(r, t) and A(r, £) has the form

2Hx 1 .
MY=—p, (Ma ) TR [L(B')X 1] , (10)

where for H,<H,,

(@1o/4) =2H , Hon+ H (H+H ) —2H H,, (10a)
whereas for H,> H,,
; p_Hz P_HH 2
(/) 2 g, + ) (10p)

2H H,—H*

The term 2HgH,, is the magnetostrictive gap in the
AFMR spectrum. ¥ The effective field H,, of the
spontaneous magnetostriction is 4!

1 C'.a (BH_BQZ) :_4Cu (Bll_Bi’.')Bl'-+2B|A2 (Cu“crl)

10c)
A”o [Cu(cn“cn) _20142]

H,.. =

The relations (10a), (10b), and (9a) with By,=Cy;=0
agree with those obtained in Ref. 8. The tensor of ME
stresses in equations (5), to terms linear in the deflec-
tion of the vector 1, is

fme"=21,BA ™,

With use of the relation (10) and of the equality lo* By,
=1¢°B-1,, we have

4Hy .a
fm.‘=—(-ﬁo—) [, X (B wlyl? , (11)

1
(0,0/7)* °°

where

[lo(B’lz) lo] =[ (Bn_'Blz) (Uex—uyy) +4Bl'nu5/x]l0x]0v
_[ (Bn_an) u.\y+2Bléuxz] (loxz_loyz) .

(11a)
The relations (11) and (5) allow us to interpret the ef-
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fect of the linear ME coupling on the elastic subsystem
as a change of the second-order dynamic moduli of
elasticity, whose effective values are!’

1

W(luB L)z (12)

6 Gpmto-sdm; ade— (4

Dispersion of spin waves, which is important when H,
= H,., leads to a nonlocal coupling of the stresses with
the strains; this is taken into account in the character-
istic equation given in Appendix B, which determines
the dispersion law w,, and the polariza.tlon e,, of nor-
mal sound waves, 7

It was shown in Ref. 8 that in uniaxial AFEP (that is,
ones elastically and magnetically isotropic in the basal
plane), for Hix and H, - H,, the velocity of transverse
sound waves with kilx and elly approaches zero as |kl
-~ 0.2’ By use of equations (Bl) and B2), one can easily
show that in AFEP of rhombohedral structure, this
property is possessed by a wave with ellx and with k
oriented in the (z,y) plane of the crystal at angle 6 to
the y axis, where

wrcfeu BB /(o )

For the crystal a-Fe,0;, it follows from (13) and the
experimental data (see Appendix A) that 6~ 52°,

In closing this section, we note that the symmetry
properties of the tensor Cm differ from the symmetry
properties of the tensor C‘z’ By means of the relations
(B1) and (B2) one can show, in particular, that the ME
interaction lifts the degeneracy of the frequencies of
transverse sound waves with kiiz. The waves with po-
larization elly have no linear interaction with the mag-
netic subsystem and are propagated with phase velocity
[p™'Cy]'/3. The waves with eiix have phase velocity
[0M(Cy = AGC,)]'/%, where AC, is given in (B.3). Inan
a-Fe,0y crystal located in a field H= 1 kOe, with H,=0,
the relative correction to the elastic modulus is
AC,/Cy= 25%. H°1

4. THIRD-ORDER DYNAMIC MODULI OF
ELASTICITY

We shall first consider relatively longwave oscilla-
tions with wave vectors satisfying the condition
2HgMyak® < (wn/y)?. In this case the effect of disper-
sion of the magnetic subsystem on the nonlinear acous-
tic properties of the AFEP can be neglected. On rep-
resenting the solution of equation (8), to terms of the
second order of smallness with respect to #r, £), in
the form 1=1g+ A" (r, )+ A%z, #), we get

2Hg\* 1 " P
AM¥=p, (m) W{Z[IO(B u) X ol [y (B )X 151
2H: 1
5 N, H) o (B 8)X ) -n (5= ) W-,_u,,(a'u)x Ll .
(14)
where for H,>H,,
N, ) = 3 T LCHEH B HH ) (14a)
T (0/4)* CHH—HY)
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whereas for H,<H,,

N(H, Hy)=0; (14b)
(I (B'2) o] =[ (Bis=Buiz) (Bae—14) +4B1,: 1/ (Loxproy Loy bax)
_[ (Bu_Biz) u.\'y+2BNuxI] (lﬂxl‘«az_lovllny) . (140)

The value of A’ is determined by the equality (10).

The nonlinear part 7 ¥L of the tensor of magnetoelas-

tic stresses can be represented in the form
£ E=2 (L, BA®) + (MO BAV) =Y/,AC @i (15)

With the aid of relations (14), (10), and (15) and of
the equality

1o (Bi) po—1o (B2) 1o=21, (B') o

we find the third-order effective dynamic elastic mod-
uli

O}

4Hs\® 1 - - -
ACape = (——) ——————[3(1B'po) (LB'L)*~N(1.B'1)*].  (186)
Ho ((DJL-/Y)

For hematite (B~ 10" erg/cm®, Hg~ 10" Oe, My~10*
G) with H,=0 and H~1 kOe, we have (wso/YF~ 30 kOE?,
whence AC®) ~ 10" to 10'® erg/cm?®; that is, much larg-
er than the ordinary third-order elastic moduli (€®), ™3
Because of the factor (wsq/)* in the denominator of -
AC® and because of the function N(H, H,) the effective
moduli 88)=C®=Aal® =~ AC® are sensitive to they
intensity of the external magnetic field H and to the ex-
ternal pressures and become especially large in the
vicinity of the spin reorientation® H,-H,,.

We note one more peculiarity of the acoustic nonlin-
earity of AFEP. The components of the tensor B are
determined by the properties of the crystal and are
related to the crystallographic axes. But the compo-
nents of the vectors 1y and iy are determined by the
orientation of the magnetic field in the basal plane (and,
in general, by the value of the external pressure). This
makes it possible by change of the direction of H to
change the relation between the components of the ten-
sor C&); that is, to control the interaction between
sound waves.

In the high-frequency (hypersonic) range, especially
when H,~H,, it is necessary to allow for dispersion
of spin waves. Here, as in the linear case, the rela-
tion of the tensor ¢X% o the strains becomes nonlocal; ';
this, however, is unimportant in the problems consid-
ered below.

5. INTERACTION OF SOUND WAVES

We shall treat the interaction of sound waves, caused
by the effective elastic anharmonicity, by the method of
slowly varying amplitudes. !® We represent the elastic
displacement vector in the form of an expansion in nor-
mal quasiacoustic waves:

1 Y
P Ll — dk e, , ki) exp (—-iewt+ikr) +c.c.
u(r, ) S’ LS et (pr, pt) exp (—ie.ttike) +c.c
where u is a smallness parameter, characterizing the
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slowness of variation of the amplitudes «,, of the nor-
mal waves. The frequencies w,, and the polarizations
e,, are determined with allowance for the linear ME
coupling (12); in particular, for Hix and H,sH,, by
the relations (B1) and (B2). In the first approximation
with respect to the parameter i, one can obtain from
equations (4), by use of the expressions (12) and (15),
the following system of equations for the slowly varying
amplitudes of the normal quasiacoustic waves:

ad
[5?+(w',kV)+n,k] e

1 Uy’ (k-k'
o Ak’ ©,prre (k, K, K k) e { VEED o, 17
G Ej' ( Jacw {4 (17)

where the upper multiplier corresponds to processes of
fusion of waves, with conservation-of-energy law w,,

+ Wyre(y =) = Weys and the lower to processes of splitting,
with conservation-of-energy law wge s = Wy (gr = gy + Wey
V,, and n,, are, respectively, the group velocities and
the relaxation frequencies of the normal waves; ®,,.,..
is the interaction amplitude, equal to

1 ~@a -

Ce(:-; Ask@s'k’ A" (k=K
PW,k (18)
da="}s[ew (k) krFe, (k) ki].

O (k, K, k' —k) =
( )=+

With the aid of equation (17) we shall estimate the pos-
sibility of observing several nonlinear effects, with ap-
plication to a hematite crystal.

Parametric generation of sound by sound. Assuming
Hix and H,< H,,, we shall consider the interaction of
transverse sound waves with wave vectors k;, k;, and
k, parallel to the z axis. In Sec. 3 we mentioned that t
without allowance for magnetoelastic interaction, the
spectrum of these waves is degenerate. The ME inter-
action lifts the degeneracy in such a way that the veloc-
ity of a wave withpolarization e Il y continues to be de-
scribed by the elastic modulus C,,, whereas the velocity
of a wave with ellX is determined by the effective mod-
ulus C§if=Cy(1 =%), where

KEA_C’=E_1_(2B_“)Z. (19)
Cu My, Cu (l)/o/'f

(The effect of dispersion of the magnetic subsystem on
the velocity of a wave with eliX in this case can be ne-
glectedover thewhole H, range, all the way to H,~H,,,
because of the considerable difference of the direction
of propagation from that prescribed by equation (13).)

If the pumping wave, with amplitude %, and frequency
wg, has polarization eylly and Kkyllz, then there is a pos-
sibility of a synchronous process of interaction of it
with waves %, and u,, whose frequencies w; and w, sat-
isfy the condition w; + w, = wy, if the wave vectors k;
and k, are antiparallel (k,!l ~K,IIk;), k;+Kk,=K;, and the
polarizations e ;!X (see Fig. 2).

It is to be expected that for the pumping wave consid-
ered, there will be no linear coupling with the magnetic
subsystem; nevertheless it will participate effectively
in the nonlinear ME interaction of the waves.
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FIG. 2. Condition for parametric generation of waves with
frequencies wy and w, by a pumping wave with frequency w,.
Straight line 0: kliz; e ly; w(k) =(Cyy/p)!/? 1k |. Straight lines
1 and 2: kiiz: ellx; w(k)=[(1—-%)Cy/pl/? 1Kk,

On setting u,.,» =uy(2)5(k’ — k) in equation (17) and
calculating the amplitudes of interaction (18), we get
in the prescribed pumping-field approximation a system
of equations for the statjonary amplitudes »; and wu,:

Ou, + R+ 0.
_— Wy e u, =0,
Uz (20)

ou,’
"a% = RtV e~ u =0,
where

) 2ot Kok,
Mo | Du_ S (20a)

Mo [ (0 V) Oy

W (7

R,=1,/V,=Q,'k,/2 is the attenuation coefficient, @, is
the quality factor of the wave with wave vector &,, u,
=uy(2=0), and n=1,2. We shall solve equations (20)
with the boundary conditions u, |,9=u,(0), #,1,..=0. If
we neglect the attenuation of sound waves, the solution
has the form (L is the length of the specimen along z)
cos I'(L—z) r

w.=1u,"(0) ——

sin'(z—L)
Y, ’

cos I'L

"A="|(0) (21)

cos 'L
where 7= lugl 1'¥4,%,|'/? is the growth increment. The
condition for parametric generation, 2I'L =7, [1%1 deter-
mines the valueof the critical deformation ¢, in the
pumping wave,

2|B..| 1—» (22)

C.. (hL)n’'

1
Eor = —5— kolllglcr'——ﬂ

With wy/27~10% Hz, L~1 cm, H~1kOe, and H,=0, we
get for a-Fe,0, the estimate €., ~2°10, Such ultra-
sonic deformations are experimentally quite attainable.
In Appendix C it is shown that allowance for a finite
quality factor @ 210° of the sound waves does not change
the order of magnitude of €., as estimated by formula
(22).

Doubling of the sound frequency. Analysis of the in-
teraction amplitudes (18), with use of the expression
(16), shows that a synchronous process of frequency
doubling is possible, for example, for a normal wave
with polarization ellz and with projections of the wave
vector determined by the relations (see (B. 1))

CLACrH (CivtCui) (3C,+ACH/2)
(CootCutAC:) (CutACy2) (23)
k. 2C,+ACy/2

ky,  CotCutdly '

ki
k!/: B
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The frequency of the wave under consideration satisfies
the equation

pox*=Cask*+ (Cu—ACs) k2+Cuik 2. (24)

A pumping wave with amplitude %, and frequency wp can
generate a second-harmonic wave (w, =2uwy) whose am-
plitude %, is described, in the approximation of pre-
scribed pumping field, by the equation

(25)

_E + Ryu,— Wu,’e~2"¢=(),

where ¢ is the coordinate measured in the direction of
k (conditions are assumed to be uniform in directions
perpendicular to k); Ry and R, are the attenuation coef-
ficients of the pumping and second-harmonic waves;
ug=ug(£ =0)=0; and.
Y= _3_( 2_&) : _ __.____B“l —
2\ M,/ povt(od/y)*

Eoktostleo,?. (25a)

From the solution of equation (25) with the boundary
condition u,(¢ =0) =0, it follows it follows that the spa-
tial distribution of the amplitude of the second harmonic
has a form similar to that given in Ref. 1:

(emni—emm), (26)

u,=u,’

R,—2R,

The maximum value #,,,, is reached at a distance &,
=(R, = 2Ry)™ In(R,/2R,). If we suppose, following Ref.
20, that the quality factor of the wave @~ w™, then R,
=4Ry and £y=(2Ry)? In2. Then the maximum second-
harmonic output is determined by the relation

(27)

l u:mI:BE (I_{fi) |B1:1°Q, ko,zk,,,,l
i, ‘\ M, pv*(@p/Y)* 1 ke

where €g=Fkgluy| /2 is the deformation amplitude in the
pumping wave at the input to the crystal (¢ =0); v=w/k
is the phase velocity of the waves. On taking H~1 kOe,
wp/2m~10% Hz, and @~ 10® and using the data on the
magnetoelastic parameters of hematite given in Appen-
dix A, we get the following estimates:

k3R =25, k/k,=0.5; §o~0.5 ety |t ax/Uo| ~3- 10° &,.

Thus at strain amplitudes ¢o~107%, the second-harmon-
ic output in hematite may already amount to tens of per-
cent, whereas at the same amplitudes the second-har-
monic output in, for example, a magnesium-aluminum
alloy amounts to fractions of a percent. t

Acoustic detection. If there is incident on the crystal
a sound wave with carrier frequency w, amplitude-mod-
ulated at frequency &, then on the basis of the acoustic
nonlinearity of the crystal, detection may occur, with
selection of a signal ug at the modulation frequency .
This phenomenon has been treated earlier?*!on the as-
sumption that the signal at the modulation frequency oc-
curs under conditions of volume resonance with the
specimen. The large value of the effective elastic non-
linearity in AFEP allows us to count on obtaining an
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appreciable detection effect with traveling waves.

A quantitative estimate of the efficiency of acoustic
detection in hematite, for example for a wave with po-
larization ellz, propagated in the direction £, and hav-
ing at the crystal boundary a displacement u( = 0) = ,(1
+acosff) cos wt, with w/27~10° Hz, Q,~10°, H~1
kOe, and L~1 cm, is lug/ugl ~2°10° gqa.

Thus in AFEP, all the nonlinear effects considered
can be observed on traveling sound waves with actually

attainable strains gy~ 107%; this is difficult or impossi-
ble in ordinary solids.

APPENDIX A:

MAGNETOELASTIC PARAMETERS OF HERMATITE
(a'F2 03 )

Elastic moduli C, 10! erg/cm?!®2;
Cll = 24. 2, C33 = 22. 6, CIZ = 5. 5,

C44= 8. 5, C13= 1. 6, 014= -1. 3.

Density p=5.29 g/cms. t

Magnetoelastic interaction constants B, 108
erg/cm®10;
Bll —Blz =812, 2B14=27i 3,

311 + Blz = _(32 ﬂ:4),
2By = 7(53+24), By;=-(3.910.9),
B, =+(47:13).

Magnetic parameters:
M,=870 G, Hp=9,2°10° Oe,

Hp=2,2°10* Oe.

APPENDIX B:

CHARACTERISTIC EQUATION FOR NORMAL
QUASIACOUSTIC WAVES IN A CRYSTAL OF
RHOMBOHEDRAL STRUCTURE

The characteristic equation for normal waves, when
H, H, and Hix (or Hily), has the form

e, T =0;

T“=C“kxl+[l/z(c“_cu) _AC| ] ky:+ (CH_ACE) kxz
+(2C—ACs) k k.—pw o,

Too=[2(C1—C..) —AC 1k 2+C k2 +C k2 —2C ke o —pw o2,
Ty=Cisk +C. (k2 tk,2) —ACok2—par.a?,
To=[Y2(C1,+C.,) —AC, 1k ke, (2C,:— /2 ACs) ke k.,

To=[(Cis+Cu) ~AC,1k:ke i+ (2C1i—' 2 ACs) Kk,
Toy=(CustCui) ke, +Cri (k—F,?) —/eACsk .,
Hs (13“—15’11)z AC, = H: ( 2B, ) y ’_H, 4B, (B,,—B,,)
M\ on/y M, on/y

(B.1)

AC, =

(B.2)
APPENDIX C;

EFFECT OF ATTENUATION OF THE CONDITION
FOR PARAMETRIC GENERATION OF SOUND

If the attenuation coefficients R, of the waves are non-
zero, one can derive from the system of equations (20)
the following equation:
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M (en/)?

d*u,

28 | RARR) 4+ (et R (Ry-Ro) lu=0.  (C. 1)
9z 0z

Its solution is represented in the form

+R.—
u, = exp (—mz ) [cle“) (FF e‘""‘) +c,H,” (%—e‘""’ )]

2 o o
(c.2)
where H,%+*) are the Hankel functions of order v, v
=|Ry-R, = R;| /Ry, and ¢, ; are constants of integra-
tion. By use of equation (C. 2) we get the solution of
the second of equations (20): when Ry <R, +R,,

+R,—R. r
r exp (-— RotR, ‘Z) [Cﬂ:(ﬁ (ie“"‘) +e.H (R—e‘“u")]

Uy =

T W, 2 R, )
(C.3)
when Ry=> Ry + R,,
r R,+R,—R, ) ! r
wom g () e )
T
-+-c,e""“"“’Hfz_)v (——- e‘""’) ] . (C. 4)
R,

The generation condition, given in the form w1, =0,
| ,0=%(0)~0, gives the following equations for de-
termination of the critical value of the growth increment
I'(J, and N, are the Bessel and Neumann functions):
when Ry <R, +R,,

1.(2) Nyu (pz) =7, . (pz) No (), (c.5)
when Ry=> R, +R,,
gy = Jo(z) Niv(pz) =N\ (2) ], . (pX) (C.8)

1(2)] - (pz) +Nu(z) N,y (pz) '

here x=T/Ry, p=¢~"L, If we use the facts that w,
=[1=(1 =%)'%)wy/2 and that for a-Fe,0; at H~1 kOe,
%=0,25, then w,~6°1072 wy<< wy. Supposing that Q!
~w, i.e., R~ «’, we may consider that R, <Ry~ R,
i.e., v-0 (we neglect the dependence of the attenuation
on the polarization).

Then from (C. 5) or (C. 6), the generation condition
takes the form

rr=2 Bl _omr), (c.n

2 1—e ™

wherethe function 8 varies over the range 1<8<1.6 as
its argument varies over the range 0 < RyL <, 21 It
follows from the expression (C. 7) that the critical val-
ue of the strain in the pumping wave is

Eor=€¢r (R—~0) 1f:€'n°'- B(R‘)L)v (C- 8)

where ¢..( R~ 0) is determined by the expression (22).
For wy/2r~10°Hz, L~1 cm, H~1kOe, H,=0, and
Qo~10°, we get for a-Fe,0; £~ 26, (R~0).

CONCLUSION

1. In antiferromagnets, in contrast to ferromagnets,
the exchange interaction plays a part in the formation
of a magnetoelastic coupling between the magnetic and
elastic subsystems of the crystal. This leads to a sub-
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stantial renormalization not only of the second-order,
but also of the third-order elastic moduli.

2. For values of the field and of the external mechani-
cal stresses not too close to those that cause an orien-
tational phase transition from the “Zemman” phase to
the angular, the magnetic contribution to specific com-
ponents of the tensor of third-order elastic moduli
AC® is proportional to the square of the exchange field
(Hg) and inversely proportional to the fourth power of
the AFMR frequency (wp); therefore for high-tempera-
ture (with high Ty and therefore large Hy), weakly ani-
sotropic (with small wy) antiferromagnets of the type
of a-Fe,04, the effective moduli &) =C® + AC®) may
attain unusually large values, exceeding by two orders
of magnitude the value of the purely elastic anharmonic
moduli C®,

3. The renormalizable components 633 depend
strongly on the values of a magnetic () and mechanical
stresses (P) oriented in a definite manner; they in-
crease to limiting values at P~ P(H) (P, is the critical
uniaxial pressure corresponding to spin reorientation;
P (0)=0).

4. In AF of the type of a-Fe;04, the large values of
C&) that are realized under quite simple experimental
conditions may appreciably facilitate the observation of
such nonlinear ultrasonic and hypersonic dynamic ef-
fects as parametric excitation of sound by sound,
doubling of the sound frequency, acoustic detection,
and a number of others.

5. The significant magnetic renormalization of the
third-order moduli and the possibility of resultant con-
trol through it by means of external fields and external
stresses make practical the theoretical and experimen-
talinvestigationof the relaxational parameters of quasi-
acoustic magnetoelastic waves in high-temperature,
weakly anisotropic antiferromagnetic monocrystals.

The authors express their thanks to I. K. Kikoin and
N. N. Evtikhiev for their interest in this research and
to M. A. Savchenko, Yaacov Shapira, and V. G. Shav-
rov for helpful discussions.

D An analysis of the expression for AC®) and, see below, for
AC® should be carried out, obviously, by use of the expres-
sions (10a) and (10b) for (wgs/y)?. In particular, the depen-
dence of AC®/C'® on Hg is more complicated than a linear
dependence, which occurs only for the “Zeeman’ phase (when
m, || H) and when AC®Y/C'® « 1,

YWe emphasize that not all transverse waves with e lly are
strongly coupled with spin waves. Thus for waves with k llz
and e |ly there is no linear ME coupling.
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HFor H,<H,, the condition H,—~ H,. is formally equivalent to
the condition H—0 when P=0. Under these conditions, how-
ever, the possibility of an expansion of the vector 1 and of the
strains # as series in small departures from the equilibrium
values becomes problematical.
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