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A theoretical study is made of the generation of ultrasound by an electromagnetic wave in
the helical phase of a hexagonal magnetic material in an external basal-plane magnetic

field. Expressions for the amplitudes of the excited elastic waves and for the coefficient of
transformation of electromagnetic into elastic waves are derived for weak magnetic

fields, in which a slight distortion of the antiferromagnetic helix occurs, and for strong
magnetic fields in the domain of existence of the fan phase. It is shown that in weak fields,
longitudinal and transverse ultrasound are excited on an equal footing, whereas in

strong fields only transverse ultrasound is excited. Results agree well with the available
experimental data on ultrasound excitation in dysprosium. From this comparison it is
concluded that domain walls exist between the helical and fan phases.

1. INTRODUCTION

There has recently been much research on the electro-
magnetic excitation of ultrasound in the magnetic rare-
earth metals over a wide range of temperatures and mag-
netic fields.! References 2 and 3, for example, present an
experimental study of the efficiency of electromagnetic—
acoustic transformation (EMAT) in gadolinium and dys-
prosium single crystals. It has been shown that the EMAT,
depending as it does on the magnetoelastic interaction, is
most effective near Curie points and in the spin reorienta-
tion region, i.e., at sharp changes in the magnetization and
susceptibility of the magnetic medium. Theoretically, this
question has been studied” in the region of orientational
phase transitions (OPT) only for the collinear phase of
these complex magnetic substances. For the helical phase,
the vicinity of the OPT has not yet been explored.

It is known that in most rare-earth magnetics there
exist helical magnetic structures at certain temperatures.*
The ground state of such magnetic phases is characterized
by the occurrence of an inhomogeneous magnetization and
elastic strains over the entire volume of the crystal.>® On
placing such a crystal into an external magnetic field per-
pendicular to the helical axis, a field-directed magnetiza-
tion occurs. In weak fields there is a slight distortion of the
helical structure and the total magnetization is small. In
strong fields, the magnetic develops a fan structure and the
magnetization grows dramatically and rapidly approaches
its saturation level as the magnetic field is increased. In
intermediate fields a phase transition takes place, from the
distorted simple helix to the fan magnetic structure.* Thus,
the behavior of the magnetization—and hence the
susceptibility—of rare-earth magnetics in an external mag-
netic field is substantially different for the helical magnetic
structure and the ferromagnetic phase. It should therefore
be expected that EMAT processes will exhibit some special
features in helical magnetics.

In this paper, a theoretical study is made of the
magnetoelasticity-assisted electromagnetic excitation of ul-
trasound in the helical phases of magnetic rare-earth met-
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als subject to a basal-plane magnetic field. The results are
compared with the available experimental data.>

2. ENERGY AND THE GROUND STATE

The rare-earth metals have hexagonal crystal struc-
ture. The free energy of such a magnetic has the form!
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Here M is the magnetization and M, =M, +iM, are its
circular components; ¥V is the volume of the crystal; q, b, a,
w, B, v, and c¢ are the uniform-exchange, nonuniform-
exchange, anisotropy, magnetostriction, and elastic con-
stants, respectively; H (h) is the static (alternating) exter-
nal magnetic field; U;; is the strain tensor.

As an example, consider the following mutual orienta-
tion of the magnetic fields strengths (H and h) and the
wave vector of the excited waves (k) relative the crystal
axes a, b, c of the magnetic (c being the six-fold symmetry
axis):

Kk |y([b|n, H||h||x[|a ,

where the vector n is normal to the surface of the crystal
occupying the half-space y>O0.

Suppose that in its ground state the magnetic has mag-
netization and strain nonuniformities only along the Z|| ¢
axis, i.e., M=M(2Z), U,j=Uij(Z). In this case the equi-
librium values of M and U ij(Z) can be found by the
method developed in Ref. 5. Let us determine the ground
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state of the crystal by neglecting its basal plane anisotropy
(B¢=0). The equilibrium values of the magnetization com-
ponents can be written in the form

+ )
2 Mne:thnz, (2)

n=—c0

M,=0, M, =

where ¢ is the wave vector of the magnetic helix. In the
region of weak magnetic fields, it suffices to keep the terms
n=0, 1, 2 in the series (2) (My~M,~HM >M,M,),
whereas in strong fields we can restrict ourselves to the
n=0, =1 terms (M_=—M; My>M _,).

Because of the difficulty in finding the solution for in-
termediate fields when all terms of the series (2) must be
considered, we restrict our consideration to the cases of
weak and strong fields.

Expressions for ¢ and M, can be obtained from the
condition that the total energy (1) have a minimum.

For weak fields
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where
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Yo» 71, and y;; are the exchange-magnetostriction and
relativistic-magnetostriction constants, respectively. For
the elastic and relativistic-magnetostriction constants, the
conventional two-index notation is used.’

For strong fields
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The ground-state equilibrium strains are given by
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3. DISPERSION RELATIONS

Now let us consider the oscillations of magnetization,
elastic displacement, and electromagnetic field in the vicin-
ity of the above equilibrium position. To this end we ex-
press these quantities in the form*

n=+ o

Y [l (7

n=—oo

F=F(0)+f, f:eiky'

where F( Q=M U© HO® and f=m,u,h are the small
deviations of these quantities from their equilibrium values.
Upon linearization near the equilibrium position (2)-(6),
the coupled system of the Landau-Lifshitz, elasticity, and
Maxwell equations, assuming the zero harmonic ampli-
tudes (f,) are largest, has the following form:

for weak fields

oymy+ (1/2)8YakM, - (Mo—M,) - ug—gMh5=0,
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(0*—Syk?) - uf=0,
(K2—2i/8%) - hy—4mim{ /8*=0,
(k*—2i/8?) - hy—8mim{/8*=0, (8)
for strong fields
oimi+o - m§ —gMohg=0, w@mg + - mi—gkMj
“(Yn—7v2) (I—ZM%/M(Z)) “up=0,
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In Egs. (8) and (9), & is the thickness of the skin layer
in a nonmagnetic metal, p is the density of the magnetic, g
the gyromagnetic ratio; S3,= (cy;—cy3)/2p, S2=ci/p,
S2,=c44/ p are the squares of the velocities of the noninter-
acting sound waves; w is the frequency of the electromag-
netic wave incident on the magnetic [ ~exp( —iwt)]. Ex-
pressions for the spin oscillation frequencies w; and w, are
of the form:

in weak fields

0 =gM," (El_aﬂ @ —wg*+a; K 4+1viMi/ca),
w,=gM, - (a” q2+7wq4+al K+), (10)

in strong fields
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01 =gMy" (By—a, K+ H/Mo+ VMY cu),
w,=gMy- [a, K*+4m- (1—2M3/M3) + H/My+2

“(Yu—v12) - My/ (epy—cin) 1. (11)

Here B, is the magnetostriction-renormalized first constant
for uniaxial magnetic anisotropy.’

From the system (8) it follows that in a weak magnetic
field the electromagnetic wave A, (polarization along the x
axis) excites spin oscillations mg and ultrasound oscilla-
tions u} (longitudinal) and (ug) (transverse) in the mag-
netic, whereas the electromagnetic wave A, (polarization
along z) excites only spin oscillations mj. The transverse
z-polarized ultrasound in this case is not excited. From (8)
one can also see that in weak fields the EMAT efficiencies
are comparable for longitudinal and transverse ultrasound.

In strong fields [Egs. (9)], to a first approximation in
powers of M|/My«1, the electromagnetic wave 4, does not
excite spin or elastic oscillations in the magnetic. It is only
in the second approximation in powers of M/M, that this
component of the alternating magnetic field may have an
influence on the EMAT processes. Spin and elastic vibra-
tions (the latter appearing as transverse ultrasound ug) are
in this case excited by the electromagnetic wave A,.

The systems of equations (8) and (9) determine the
dispersion relations of the coupled electromagnetic, spin,
and elastic waves. Under the assumption that the fre-
quency of the excited oscillations is much less than the
frequencies of the uniform precession of magnetization
(0 € @y, J@10,), and neglecting the spin wave dispersion
(a, kK*<B,,m), the dispersion relations have the following
form:

in the weak-field case

(R—K2) (R — ) (K2 —K2) — Ed (K2 — I2) (K2 —K2)
— EK (K2 —K3) (K*K2) — KA (K2 —k2) (K2 —K3) =0,

(12)
where
ky=0/Syy, K=2i/8% y=gM,/w,,
Eu=(Y11—v12)*Mox/2pS}, 11 (13)

In the case of strong fields, to a first approximation in
powers of M,/M,,

(K —k7) (R — k) — Ede (K2 — k) —4my k2 (K2 — kD)

+47E k*k: =0, (14)
where

x=gMy/o1, E=(ri—71)"Mixw,/pSiw,.  (15)

The solutions of the dispersion relations are the follow-
ing wave number values:
weak fields

2 (=807 (n—=8), B,<l1

2
K=k (1—g,0/(1-6), By>1’
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(p—8)/(1-86), Bu<l
M, Bt,l>1 ’

where pu=1+7y, E=E+E,, B, =Bw*/S%,; In writing
expressions (16) it has been taken into account that the
magnetoelastic coupling parameters £, are small in weak
fields, i.e., &, ,<1.

Strong fields

Ki=ki/(1—-&), k=pk, (17)

where u=1+4my. The wave numbers k,, in (16) and k,
in (17) correspond to quasielastic waves, while k3 in (16)
and &, in (17) correspond to quasielectromagnetic waves.

K=k? (16)

4. EMAT COEFFICIENTS AND DISCUSSION OF RESULTS

The systems (8) and (9) together with the boundary
conditions for the stress tensor and the electromagnetic-
field and magnetization vectors at the free surface Y=0 of
the magnetic [the magnetization condition can be ignored
because the adopted approximation neglects the nonuni-
form exchange in the energy expression (1)] enable the
amplitudes of the excited ultrasound oscillations to be ex-
pressed in terms of the amplitudes of electromagnetic
waves A, and A, incident on the magnetic. For weak fields
and 3«1 (we consider here this case only, as the one usu-
ally realized experimentally),

upy=

52M0(?’11 _712)h0xk1,2(k§_k§) (k?,x—kiz) (kg_k%,l)
4 ST, (K —k3) (ki —I3) (k) — K7 )

(18)
In strong fields

] o (i)z (Y11= Y12)XxMoho,
"0 \Sy, 21Tp0'S“u,'(1—§,)3/2(1+ﬂ,)1/2’
(19

where §,=B,/;LV 2 and o is the conductivity of the mag-
netic.

The coefficient of transformation of electromagnetic
into ultrasound waves (EMAT efficiency) will be defined
as the ratio of the acoustic to electromagnetic power fluxes
at the magnetic boundary Y=0 (Ref. 1). In weak fields for
the EMAT efficiency we obtain

T 84m3Mg(7/11 —’)/12)2X2 k1,2(k%,t"k%,2)

ar peSTiu (kg1 —Kip)
(.u'_é-)_29 Bt,l<1
k2
X 1,2 . (20)

In the strong-field case, the transformation coefficient
has the form

_(i) (3) (11— 712) X’ M0
"\su) \or) pstr—en (4B

(21)
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FIG. 1. Experimental dependences of the EMAT efficiency 7 (curve 1)
and of the magnetization M (curve 2) on the magnetic field in dyspro-
sium at T=173 K (Ref. 3). The magnetic fields marked by arrows cor-
respond to the phase transitions “simple helix”-intermediate (domain)
phase (H,); intermediate phase—fan (H,); and fan—collinear phase (H;).

From (20) it follows that the weak-field EMAT efficiency
is directly proportional to the square of M|, which is in
turn proportional to the magnetic field intensity, Eq. (3).
Thus, in weak magnetic fields the coefficient of transfor-
mation of electromagnetic into ultrasound waves, Eq.
(20), is small. The EMAT efficiencies for longitudinal and
transverse ultrasound turn out to be comparable in weak
fields. The experimental dependence 7 (H) for dysprosium
in the domain of existence of its helical phase® (Fig. 1)
shows that up to fields of 5-10 kOe, both the magnetization
and the EMAT efficiency are small for the longitudinal
sound. The experimental data are described well by the
formula (20).

In strong magnetic fields, we have only the generation
of transverse ultrasound, Eq. (21). Longitudinal ultra-
sound is not excited in this case. This theoretical result is
also consistent with the experimental data,® which show
that the dysprosium EMAT efficiency for longitudinal ul-
trasound is close to zero for H>20 kOe (Fig. 1). From
(21) it can be seen that while the transverse-ultrasound
EMAT efficiency is nonzero for strong fields, it is still low
because of the small parameters (w/w;)*<1 and y<1 in
this formula. It follows that in strong fields the generation
of transverse ultrasound will also be ineffective (note that
experiments on transverse sound generation are not avail-
able).

In intermediate fields, it has been noted earlier that an
analytic expression for 7(H) is not possible. However, if
one assumes that (20) holds even for fields at which the
transition from the (intermediate) (Fig. 2) phase of dis-
torted simple helix to the fan phase occurs, and the incip-
ient fan phase region is also covered, then this formula
makes it possible to explain the longitudinal ultrasound
generation peak observed experimentally in intermediate
fields in dysprosium.}

To see this, note that according to (20), the field de-
pendence of the EMAT efficiency is basically determined
by the H dependences of the zeroth magnetization har-
monic, My, and the dynamic susceptibility, y. Experimen-
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FIG. 2. Phase H—T diagram for Dy for H|| a. Phases: 1) “simple he-
lix”; 2) intermediate (domain) phase; 3) fan; 4) collinear phase. Curves
H,,H,,H; correspond to the phase transitions.

tal data’ indicate a sharp increase of M, in intermediate
fields (Fig. 1). On the other hand, the weak-field dynamic
susceptibility is virtually independent of the magnetic field
[Egs. (10), (13)]. However, for intermediate and strong
fields, y depends on H and decreases as H is increased [see
the expression (11) for w,]. Thus, for intermediate fields
one expects that as H is increased, the EMAT should first
sharply increase owing to the rapid growth of M, and
then, in strong fields, should fall off because of the decrease
in the dynamic susceptibility y. This agrees well with the
experimental results of Ref. 3. Note that the discussion
above refers, in our view, to the second peak in the n(H)
dependence (Fig. 1). As for the first peak, this is presum-
ably due to the effective generation of ultrasound owing to
the displacement of boundaries between the domains sep-
arating the distorted helical structure from the fan phase.
An analogous peak associated with domain wall displace-
ments in the collinear ferromagnetic phase in dysprosium
has been observed experimentally and explained theoreti-
cally in Ref. 3 [see formula (16) therein]. The existence of
domain walls between the helical and fan phases was pre-
dicted theoretically in Ref. 8. Experimentally, though,
these walls have not been observed. It follows that the first
peak in the dysprosium 7(H) dependences of Ref. 3 may
be accounted for by the ultrasound generation due to the
domain wall displacements between the helical and fan
phases. Thus, the occurrence of this peak may serve as a
confirmation of the very existence of domain walls between
the helical and fan phases in helical magnetics. Note that
we can employ Eq. (16) of Ref. 3 to qualitatively describe
the peak due to domain wall displacements in the helical
phase of dysprosium, because the derivation of this for-
mula is carried out without specifying any particular do-
main structure.
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