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The acoustic properties and characteristics of antiferromagnetic resonance (AFMR) which
are associated with the magnetoelectric effect are studied for tetragonal

antiferromagnetics which have a center of antisymmetry and exhibit the magnetoelectric
effect. In conjunction with the preceding work [E. A. Turov, Zh. Eksp. Teor. Fiz.], which is
devoted to rhombohedral antiferromagnetics, this makes it possible to discuss how the

most interesting such effects vary with the type of magnetic structure and magnetic state and
as a function of the direction of the magnetic and electric field vectors relative to the

crystallographic axes.

INTRODUCTION

The acoustic properties associated with the magneto-
electric effect (which occurs in centrally antisymmetric
magnetic structures) in rhombohedral antiferromagnetics
were studied in Ref. 1. Antiferromagnetics with the struc-
ture 17327, typical of Cr,0;, were studied. Unfortu-
nately, the latter compound is an easy-axis antiferromag-
netic (EAA), and the expected effects (dependence of the
sound speed on the electric field, acoustic birefringence of
magnetoelectric nature, and others) are stronger for easy-
plane antiferromagnetics (EPA). We do not know of any
specific rhombohedral EPA, but such antiferromagnetics
do exist among tetragonal crystals. Examples are the trir-
utiles Cr,TeOg (Ty=105 K), V,WOqs (T =370 K),
and others.”™ Another example* could be FeSb,0,
(Ty=46 K).

Our main problem is to establish how magnetoelectric
effects influence the acoustic properties as a function of the
type of magnetic structure and magnetic state of the anti-
ferromagnetic and as a function of the magnitude and di-
rection of the magnetic field (H) and electric field (E).
Tetragonal antiferromagnetics are also interesting in that
after magnetic ordering occurs the four-fold crystal-
chemical symmetry axis in these materials can become ei-
ther even (4—4%) or odd (4—47). As will be seen below,
for these two cases the effects of interest to us can be qual-
itatively different.

Just as in Ref. 1, we consider only low frequencies

@ LWAFMR > (D

where w,pmr is the AFMR frequency. This condition
makes it possible to find the renormalization of the elastic
moduli Cpg,5 due to magnetoelastic and magnetoelectric
interactions using the fact that for these frequencies the
vectors M and L of the magnetic subsystem, and especially
the electric polarization vector. P, follow in a quasiequilib-
rium manner the elastic deformations e,g, without solving
the equations of magnetoelastic dynamics. We note, how-
ever, that the AFMR frequencies are then also determined
at the same time, since they enter, in a known manner, into
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the renormalized moduli C,g,5. This was especially neces-
sary to do, since, as far as we know, these frequencies have
not been calculated for tetragonal magnetoelectric antifer-
romagnetics (some results for the rhombohedral case are
contained in the paper by V. G. Shavrov®).

In the concluding section the results of this paper for
tetragonal antiferromagnetics are discussed and compared
with the results for rhombohedral case (Ref. 1). We would
like not only to separate the most interesting magnetoelec-
tric effects in acoustics and in magnetic resonance but also
to give some recommendations, based on specific quantita-
tive estimates, for materials and experiments; conditions.
Unfortunately, in many cases the lack of experimental data
on the parameters appearing in the theoretical formulas
makes this problem very difficult. But, at the same time, it
is precisely experiments of this type that provide additional
opportunities for determining the indicated parameters.

The calculations are performed using a model in which
the sublattice magnetizations have constant moduli

Mi=Mi=M, (2)

where the magnetic susceptibility y parallel to the antif-
erromagnetism vector L=2Myl is zero, y; =0. In order to
clarify the role of nonzero susceptibility (y #0), how-
ever, it is desirable to perform calculations using a different
model in which (ML) and therefore y are different from
zero (see, for example, Ref. 7). But this will be done else-
where.

1. THERMODYNAMIC POTENTIAL

We consider tetragonal antiferromagnetics with cen-
trally antisymmetric magnetic structures of the form
17427=1"4}2" and 174,27 =174;2%. Such struc-
tures occur in a number of trirutiles>”> as well as rare-earth
phosphates and vanadates—compounds of the type HoPO,
and GdVOf"10 (see also the citations in Ref. 4). Of these
compounds, terbium phosphate TbPO, (T y=2.28 K) has
the highest (among known magnetoelectric antiferro-
magnetics) magnetoelectric susceptibility a=P/H=M/E
=1.1-10"2 (in the CGS system).'

The total density of the thermodynamic potential
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F=Fy+Fp+F,+F+Fyp

consists of the magnetic (F,,), electric polarization (Fp),
elastic (F;), (antiferro)magnetic elastic (F;), and mag-
netoelectric contributions. With the exception of F)p, all
other energies have the same form for both types of struc-
tures (with 4 } and 4 [):

Fy=3x""M?— (MH) +; K(A+E) (or 3 KE) +3 KL,
(3)
Fp=3x[ (P;+P))+} x; 'P,— (PE), 4)
F,=3Cy (e + e_iy) +Craexeeyy+ Cra(extey)e,+3 Cisel,
+2Cyeely+2Cu(el,+el), (5)
Fie= By (Pey+Dey,) + By (Beyy+ Beyy) +2 Bshd sy,
+2By(Leg+1ey)l;. (6)

At the same time the magnetoelectric contributions
have a substantially different form, depending on the parity
of the 4, axis. Thus for 4}2; and 4;2; we have,
respectively:6

(4} )Fyp= — V2 (I Pt L,P) M,—y3(M P+ M,P,)1,

—Y4(lxMx+lyMy)Pz_7/Slesz’ (7)
(4 )Fpp= —YZ(IxPy+Iny)Mz_YS(MxPy"'Mny)Iz
_74(Mx1y+My1x)Pz' (8)

We now make several remarks concerning the expres-
sions written above for the energies (3)-(8).

1)In contrast to Ref. 1, the anisotropy in the basal
plane (the constant K,) is taken into account in the mag-
netic energy. We assume also that X, contains a contribu-
tion owing to spontaneous deformations.

2)The expression Fp [Eq. (4)] is identical to that from
(1.16), Fyp [Eq. (7)] is a particular case of (1.15) with
¥1=0, and F,, [Eq. (6)] is a particular case of (1.17) with
By4= B4 =0.

3)The expression for F;p (8) is written for the struc-
ture 174727, which, as already mentioned, occurs in
some trirutiles. However, a simple transformation, namely,
a rotation by 45° around the z axis (so that the 2, and 2,
axes are interchanged, 2,=22,), transforms the expression
into a form suitable for describing the structure
17472 =174;2;, characteristic for some of the above-
mentioned rare-earth phosphates. Then we obtain for Fyp
instead of Eq. (8)

Fyp=—12(LPx—L,P)M,—13(M P —M,P))l,

—va(lLM—I,M )P, . 9

4) Of course, the energy Fyp of Eq. (8) for the struc-
ture 174, 27 will have the form (9) if the 2 axis is taken
as the new x’ axis. We note that Eq. (9) differs from Eq.
(7) in that in all parentheses the “+” sign is replaced by
a “—” and y; is set equal to zero.
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The foregoing remarks will help us sometimes to use
the results for a single structure in order to obtain results
for a different structure without performing new calcula-
tions.

Just as in Ref. 1, the calculations are performed in
the following order. First, by minimizing Fyp
=Fp+Fp+Fyp with respect to M and P, we put Fyp
into the form

(10)

in which the effective “anisotropy constants” K, op deter-
mine, in particular, the AFMR frequencies. Next, by min-
imizing F yp+ F), we find the dynamical values /,= f(eg,)
induced by the acoustic deformations e;. After substituting
them into Fp and F), [Eq. (10) +Eq. (6)] we obtain the
correction to F, (5), described by the renormalized mod-
uli:

Fyp=3Koglods,

5a,5y5= Copys+AC,8,s(HE).

We now present the final results, first for the structures
with 4 and then for structures with 4; . Here we confine
our attention only to effects which are linear in the param-
eters y;~a, if they exist.

2. THE STRUCTURE 1-4}25(2;)

As already mentioned above, for this structure the re-
sults can be obtained from the formulas given in Ref. 1,
setting ¥, = B,4= B4;=0 and adding the basal-anisotropy
constant K, to K, in the state L|| y. Correspondingly, for
the states L|| z(A) and L|| y|| z(B) we obtain

A. EASY-AXIS ANTIFERROMAGNETIC, L| z

A1l H| E| L z
Fyp=3 (KE4+KP), (11)
where
K.=K,=K—x(H,—~yolx.E,)* =K. (12)

Here 2= =1, depending on the direction of the vector 1 in
the domains. For otherwise the same conditions /2> 0
(Yo=74—7s) corresponds to minimum ground-state en-
ergy. Next we find

2BuR 2Byl

exz ’ = = e,,.
y Pl

As a result, the elastic constant C,, is renormalized so that

Cu=Css=Cy— B2 /K. (14)

The transverse acoustic modes with wave vector k|| Z are
then softened, but they remain degenerate:

() 1,=(Co/p)K2=0? K2

The condition for magnetoelastic stability of the state
under consideration with H|| E|| L|| z has the form Cy
>0or

K>B%/Cy.

(13)

(15)

(16)
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With some experience in calculating spin-wave and
magnetoelastic spectra, knowing the quantity K defined in
Eq. (12), it is possible to write down expressions for the
AFMR frequencies. This is most difficult to do in this case
of axial symmetry, since the dynamical variables /, and 1
do not belong to different sets of normal coordinates (the
cyclic variables /, =/, +il, are such coordinates; see, for
example, Ref. 11). For this reason, as already indicated in
Ref. 1, the “anisotropy constant” K defined in Eq. (12)
determines_only the product of two AFMR frequencies
0,0,/Y*=Ky~! (y is the gyromagnetic ratio). Knowing
the limiting values of w; and w, for E=0,'! however, they
can be written out separately for E-40 also:

o= \2HgH ;— (H,—yolx.E,),
@0y =Y\2HgH 1+ (H,— yol2x E,).

Here Hg=My/y and H,=K/2M, are the effective homo-
geneous exchange field and the uniaxial magnetic anisot-
ropy field.

(17)

A2. H|| E|| x [see Egs. (20)«31) in Ref. 1]

In this case the different constants K, and K, are ob-
tained with the previous form of F,p, [given in Eq. (11)]:

K,=K+yH,[H,+(2y,+3y3) (%, E,], (18"
K,=K+yn, viRHE, . (18")
Here
2Byl 2Bf,
I=— X, oo I=— X, e (19)

which, in contrast to Eq. (14), leads to different renormal-
ization of the elastic moduli:

Cu=Cu— Bo/K,, Css=Coy— Bi/K, . (20)

This means that the degeneracy of the transverse acoustic
modes with k|| z is removed and linear acoustic birefrin-
gence (BR) is obtained:

f =”1 x— U y_ESS_EM 324

v v, 2Cu ~2CuK (K:—K,)
Bu)' JH{H A2 (it r)BE]
~\k 2Cy, :

(The subscripts x and y for v, indicate the direction of
polarization of the corresponding wave.)

Thus the magnetoelectric effect causes Av/v to acquire
a dependence on the field E, the sign of the magnetoelectric
correction being determined by the sign of the product
(72+73)E for the corresponding domain.

Turning next to the AFMR frequencies, we note that /,
and /, in Eq. (11) now refer to different collections of
dynamical variables, corresponding to normal vibrations.
This leads to the relations

o¥/V=x"'K,, w§/72=x"Ky. (22)
For E=0 the well-known results in the approximation H,,
H < Hp are obtained (except for Ref. 11; see also Ref. 12).
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B. EASY-PLANE ANTIFERROMAGNETIC, L| y

B1. H|| E| x [see Ref. 1, Eqs. (39)(45)]
Here

~ 1
Fup=3 (KE+KE), (23)

where
Kx=K2+XH,2t_YZZX(xl Ex)zr
K,=K—vixx, (xHi+x, Ey).

The magnetoelectric effect, linear in y;, does not occur in
this case, but the magnetoelectric contribution to K, “com-
petes” only with the small basal anisotropy K,. Corre-
spondingly, K, determines the lower AFMR frequency

o /P=Kyx !, (24)
and K, determines the upper AFMR frequency
oX/V=Kx\. (25)

Acoustic oscillations / are now determined by the for-
mulas

2Bl 2B,P
lx=—-——&e a2

Kx Xy Kz yz
which leads to renormalization of the two elastic moduli
Ces=Cu— Bi/K,; Cuy=Cy—Bi/K,; Css=Cy.
(27)
Here the magnetoelectric interaction also contributes
to birefringence, but this effect is stronger for other direc-

tions of H and E, and we shall study it in greater detail for
this other geometry, when H|| z and E|| y.

l=— (H==x1) (26)

B2. H| z E|| y(L| y)

This situation was not considered in Ref. 1. This made
it necessary to perform a special calculation, the results of
which will also be applicable for the structure 17327 (if
K,=0). These results (in the approximation linear in ;)
are as follows.

The effective anisotropy (23), the AFMR frequencies
(24) and (25), /, and /, (26), as well as the renormalized
moduli C¢ and Cyy (27) have the same form as in the
preceding case. The constants K, and K, are, however,
entirely different:

K,=K,+v, Kyx, H,E,, (28)
K,=K+xH;+ (v,+2v3)bxx, H, E,. (29)

The quantity 13: +1 appearing in these formulas takes
into account the possible existence of 180°-degree domains.
It should be kept in mind, however, that for tetragonal
EPA there can exist, in general, both 180° and 90° domains.
In order to eliminate the latter it is sufficient to perform
annealing in a magnetic field. For example, in the case
H|| X there will remain domains with /1t Y and /1| Y,
which, strictly speaking, the formulas (28) and (29) pre-
suppose. If, however, annealing is then performed in
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crossed fields H|| Z and E|| Y, then due to the magneto-
electric interaction [the term with ¥, in the energy (7)] the
energetically most favorable state should be established.
This state corresponds to the condition

r2f5>0. (30)

But, the last annealing by itself is, in principle, sufficient in
order to obtain this state. The absolute criterion for the
state under consideration with L|| Y, H|| Z, and E|| Y to
be stable [taking into account the condition (30)] is that
the squared frequencies of the acoustic modes with k|| Y,
which interact dynamically with the M and P subsystems,
must be non-negative. These will be

O =(Coe/p)Ks, Q= (Cu/p)K, 31
where 6‘66 and 544 are determined by the expressions (27)
using Eqgs. (28) and (29).

The indicated requirement determines the minimum
possible value of the effective anisotropy constants:

B

K>=2 and K,>C—:. (32)

_%6
Ces
The equality corresponds to phase-transition points. The
latter can be approached “from above,” if the condition
“greater than” in the relations (32) is achieved due to
sufficiently strong fields H and E, after which these fields
are decreased. These limiting minimum values of K, and
K, at the phase-transition points correspond to minimum
values of the AFMR frequencies (24,25), determining the
so-called magnetoelastic gap for magnons [we recall that
K, and K, are taken, in this case, from Eqgs. (28) and
(29)1:

@1 min=WOme1 =Y 2IIEIImel’

(33)
D min=Wme2=Y 2H EH me2s
where
Hypey=B%/2CssMo, Hpney=B34/2CuM, (34)

are the effective magnetoelastic fields."

The magnetoelastic acoustic modes (31) must become
substantially softer near phase transitions. From the stand-
point of the magnetoelectric effect, in this respect, the first
mode is most interesting. In accordance with Eq. (32) the
condition for this mode to be stable can be rewritten in the
form

I YZIHz(xl Ey) >2HE(Hmel _HD)9
where
HD=K2/2M0

(35)

is the effective tetragonal magnetic anisotropy field. For
H>0 the equality in the relation (35) can hold only if
Hy.y, > Hy. However, the condition (35) can also be re-
alized for H;<O0. In both cases the fundamental possibility
arises here that due to the magnetoelectric effect the acous-
tic mode will be softened in crossed fields H, and E,. Of
course, the magnetoelectric effect can also be observed di-
rectly according to the shift in the lower AFMR frequency:
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o, =7[2HgHn+ | 72| %, H,E,]">. (36)

We now consider the acoustic birefringence, using Eq.
(27) with Egs. (28) and (29). For waves with k|| z, po-
larized along the x and y axes, we have

Av Css—Cy By

v 2Cu  2CuK,’
For waves with k|| y, polarized along the x and z axes [the
frequencies of the waves are determined by Eqgs. (31)] we
obtain

Av Cy—Ce Cu—Css  Bis

b 2Ca = 2Cu T2C.K,
In the latter equality we have taken into account the fact
that K, <K,.

In the first case (37) birefringence is entirely associ-
ated with the magnetoelastic interaction, and the influence
of the magnetoelectric interaction is weak. In the second
case birefringence already exists due to the purely crystal-
lographic anisotropy of the elastic properties, but here the
antiferromagnetic correction to Av/v can be quite notice-
able due to the small value of K, (28). One can hope that
this is the most favorable situation for observing the effect
of the magnetoelectric interaction on the acoustic birefrin-
gence.

(37

(38)

3. THE STRUCTURE 1-4;25(2})

We consider once again easy-axis and easy-plane anti-
ferromagnetics with this structure for different directions
of the fields E and H, giving preference to cases when
magnetoelectric effects linear in y; are present.

C. EASY-AXIS ANTIFERROMAGNETIC, L|| z.
C1.H|| E| z

Here it is convenient to use the coordinate system
(x',y',z), rotated with respect to the x and y axes [in
which the magnetoelectric interaction (a) is written] by
45° around the z axis. In these coordinates the magneto-
electric energy assumes the form (9) with x and y replaced
by x’ and y’, all other energies (3)-(6) having their pre-
vious form (though it should be kept in mind that the
constants C;; and By, being linear combinations of the old
constants, will be new).

This makes it possible to write down immediately, us-
ing the results of the preceding Sec. A, an answer for the
present case. The point is that Egs. (9) and (7) for Fyp
differ only through the signs in the parentheses (in addi-
tion, in our last case ¥s=0). Therefore the corresponding
results can be obtained from Sec. A, by simply changing
the sign of v, (=7,) in K|, (12) as compared to K, so that
we obtain from Eq. (12)

Kx=K_X(Hz_“Y4I(z)szz)27
Ky=K—x(H,+v4;%.E,),
and Egs. (13) and (14) must be replaced by

(39)
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2B, 28,0
L=— K, €xzs ly= _—-K—;,— €yz5 (40)
) B, - 2,
Css=Ca——, Cag=Coy——mr (41)
55 44 Kx 44 Ky

In order to determine w; and @, we have once again only
one relation wiws/y*= K xny'z (in this case the tip of the
vector 1 describes ellipses around H). Knowing the value
of w, and w, in the limit E=0 we find

o}/P= Ky~ = (H,—y4%.E,) ]
X [ VKx~T— (H+74%.E)],

(42)
oy/P=1Kx~ "+ (H,—ysl.E;) ]
X [ VKx ™+ (H,+740%,E,) ].
Writing this differently
o /=1 (JKx "+ H,)*~ (v4x.E,)?] (43)

we can see that, in contrast to Eq. (17), here the contri-
bution of the magnetoelectric interaction to the AFMR
frequencies is quadratic in y4,E~akE.

In accordance with Egs. (41) and (39), however, bi-
refringence will be linear in y, and will be due entirely to
the magnetoelectric interaction:

93_555—544_ B 2 Yaloxx;H,E,
- “\K Cy ’
where Av/v has opposite signs for AFM domains with

P=+1 and P=—1. It is in principle possible to “see”
domains acoustically.

(44)

C2. H| E| x| 25

In this situation the results are described by the same
formulas as in the case A,, so that only one of the two
terms (for example, M,/P,,—M P,), namely, the first
one, is significant. The final formulas are obtained from
Eqgs. (18)-(22) by setting ys=0 (i.e., Yo—74)-

If H|| E|| ', then, conversely, the first term becomes
important. Thus only the sign change y,— —7, need be
made in the indicated formulas. It should be kept in mind,
however, that the equilibrium state will now correspond to
the condition 7,/ <O0.

C3.H| x| 2%, E|| y

This is another relative arrangement of H and E (re-
call that we have assumed L|| z) for which a linear mag-
netoelectric effect exists. Here we have returned to the ini-
tial coordinate system, and the expression (8) must be
used for Fyp. The results are as follows: Fp has the form
(11), where

K,=K+xH:+ (27,4 3y3) Bxx, H.E,, (45')
K,=K+v:lx, HE,. (45")

We present also the results for birefringence and the
AFMR frequencies:
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Av Css—Cus  (Bu\ XH:Hi+ 212+ 1) By
K 2Cy ’
(46)

o/ VP=Kx~', oyr=Ky (47)

Here, birefringence is probably once again the most
interesting magnetoelectric effect.

D. EASY-PLANE ANTIFERROMAGNETIC, L. z
D1.H| x, E|| z, L| ¥
Fpyp is determined by Eq. (23) with

K=K, +xH\+5yslx.H,E,, (48")
K,=K+ y4l(y’xx,H,,E,. (48")

With these values of K, and K, the results for w,,, /_,
Ces, and C,, are determined, respectively, by Egs. (24)
and (25) and Eqgs. (26) and (27), and birefringence is
determined by Eqgs. (37) and (38).

The lower AFMR frequency can be rewritten, using
Egs. (24) and (48), in a form similar to Eq. (36):

o=y [2HgHn+ H (H 45| 74| %.E.) 12 (49)

Finally, we have one other case for which, compared to
the case considered above, the fields H and E are inter-
changed.

D2.H|| z, E|| x,L|| y

The formulas for Fyp (23), 0} (24) and o} (25), I,
and /, (26), and C;; (27) remain the same, if K, and X, are
expressed as

K,=Ky+v3 hxx, HE,, (50"
K,=K+yH:+3y; Byx, HE, . (50")

The equations (37) and (38) for the birefringence retain
their previous form for K|| Z and K|| Y, respectively, and
the lower AFMR frequency (24) becomes

o1 =y[2HgHq+ | 73| 2%, HE.]"?. (51)

This equation is similar to Eq. (36) for the structure
174,27 in the state L|| y, H|| z, and E|| y (see Sec. B,),
and all considerations regarding phase transitions and the
role of the magnetoelastic gap are also valid here. In par-
ticular, the stability condition (35) in this case assumes the
form

|7’3|Hz(xl E,)>2Hg(H,,,,—Hp). (52)

4. THE STRUCTURE 1-4;25(2;)

This magnetic structure occurs in the phosphates of
rare-earth metals HoPO, (T y=1.4 K), DyPO, (T > 3.5
K), TbPO, (2.13 K<T <Ty=2.28 K), and others (see
Refs. 5, 8, and 9 and the citations there).

Their magnetoelectric interaction (9) is obtained from
the magnetoelectric interaction for the structure
174727 (2]), i.e, from Eq. (8), by rotating the coordi-
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nates x and y around the z axis by 45°. For this reason, one
can simply use the computational results from Sec. 3.

For the states L|| z, in fields H|| E|| z and H|| E| x,
this will be the formulas from Secs. Cl1 and C2, respec-
tively, with x’ and y’ replaced by x and y. For fields
H|| [110] and E|| [110], in the same state, it is necessary to
transform to a coordinate system where the indicated axes
(the 2] symmetry axes) are used as, respectively, the x’
and y’ axes. Then Fy,p (9) assumes the form (8). For this
case the formulas from Sec. C3, with x and y replaced by x’
and y’ should be used.

The latter applies completely to the state L| y, for
which the formulas of the Secs. D (D1 and D2) can be
rewritten simply, once again, of course, keeping in mind
the new axes (x'|| 2}).

We underscore once again that the choice of the direc-
tions of the fields H and E is not accidental. It is dictated
by the consideration that linear magnetoelectric effects
must be present.

CONCLUSIONS

This and the preceding paper (Ref. 1) actually con-
cern the effect of an electric field, via the magnetoelectric
interaction, on the acoustic properties and AFMR fre-
quency of antiferromagnetics. As regards the AFMR fre-
quency, besides the theoretical work cited® there is also
Ref. 14, in which an electric-field-induced shift of the
AFMR frequency was observed experimentally in rhom-
bohedral chromium oxide, Cr,0;. An explanation is given
on the basis of the assumption that the magnetic anisot-
ropy constant and the g-factor depend on E. Similar ideas
are elaborated in Ref. 15. We cannot describe here either
the ideas or the experimental results. We merely note the
fact that the indicated effect was observed experimentally
in a situation that is far from the most favorable one. We
do not know of any works concerning the influence of the
magnetoelectric effect on the acoustics of antiferromagnet-
ics.

The aim of our analysis of the role of the magnetoelec-
tric interaction in acoustics (and the associated effects in
AFMR) for different AFM structures and states in fields
H and E with different directions was not only to study
theoretically the corresponding magnetoelectric effects but
also to determine the most favorable specific materials and
geometric conditions for observing these effects experimen-
tally. In addition, the existence or absence itself of any
specific magnetoelectric effect can sometimes solve un-
equivocally the question of the choice of magnetic struc-
ture from two (or more) possible structures in compounds
of the same type (for example, in trirutiles).

In this respect the AFM structures 1-4;727 and
174,27 (both structures are encountered in trirutiles) in
the state H|| E|| Lj| 4, are typical. For the first of these
structures acoustic birefringence is absent in this state,
while for the second structure it should occur [compare
Egs. (14)-(15) and Eqs. (41), (44)]. Further, the AFMR
frequency shift is linear in the magnetoelectric field a £ for
the first structure and quadratic for the second structure
[compare Eqgs. (17) and (43)].
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Turning now to the most favorable situations for ob-
serving magnetoelectric effects (birefringence in acoustics
and magnetoelectric frequency shift in AFMR), we note,
first, that these two groups of phenomena are organically
interrelated. This is understandable; after all both groups
are determined by the same quantities, the “effective an-
isotropy constants’’ K, which we introduced above [see, for
example, Eqs. (24)-(25) and (37)-(38)]). These effects
are strongest near orientational-phase-transition points,
where the corresponding constants K, are minimum.

We call attention to different situations in which the
field aF can manifest itself in competition with other fac-
tors.

The first and most interesting situation is when aF
competes only with the magnetic anisotropy and the field
H only intensifies the magnetoelectric effect [see Egs.
(18"), (28), (44), (45"), (48"), and (50’)]. In this case
the magnetoelectric effects should be strongest in easy-
plane antiferromagnetics, in which the field aE “com-
petes” only with the small basal anisotropy (K;). This is
situation B, [for example, Eqs. (35)-(36)] or situation D,
[Egs. (51)—(52)], as well as similar situations for the struc-
ture T_4z_ 27 (L1 z), Sec. 4. In this case the magnetoelec-
tric field aE plays a very appreciable role, if aEHR K,
holds, which is a completely realistic possibility. For ex-
ample, for a= 10—* (larger values are also possible) and
K,=10? ergs/cm® for H=10* Oe we have E>10 kV/cm.

In the second case the effective field ¢ £ must compete
with the magnetic field H [see Eqs. (12), (17), and (39)].
But most often H, on the one hand, increases the absolute
magnitude of the magnetoelectric effect, while on the other
it masks this effect, since H and E appear as the combina-
tion XHZ—l—aHE [see Eqgs. (18"), (21), (29), (45"), (46),
(48"), (49), and (50")].

We must still mention the possible situations for a
magnetoelectric effect in acoustic birefringence. First, bire-
fringence can arise entirely due to the magnetoelectric in-
teraction. This should happen for easy-axis antiferromag-
netics, when K| H|| E|| L|| 4, for structures 174;2F
[see, for example, Eq. (44)]. Setting in Eq. (44)
(Buw/K)?=10%, a=10"% [TbPO, (Ref. 8)], y=1073,
H=1T, and E=10 kV/cm we obtain for Av/v a value of
several percent.

Another case also occurs for easy-axis antiferromag-
netics with k|| z, but for HL z, when birefringence now
exists due to the magnetic field, while @£ merely intensifies
the effect [see, for example, Eqs. (21) and (46)]. Finally,
for k1 4, birefringence now exists due to the crystallo-
graphic elastic anisotropy, and the magnetoelectric inter-
action (together with magnetoelastic interaction) makes
only an additional contribution, which depends on H and
E [see, for example, Eq. (38)]. An estimate made using the
indicated formula shows that this effect could also be ob-
servable experimentally.

We did not find it possible here to make quantitative
estimates of the magnetoelectric effects of interest to us for
specific magnetoelectric antiferromagnetics. This requires a
very thorough analysis of existing experimental data on the
parameters appearing in the theory.
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We wish to say a few words about omissions in our
papers and future work. First, additional calculations must
be performed using a different model of an antiferromag-
netic (in which (LM)=£0 holds and therefore, the parallel
magnetic susceptibility satisfies y; #0), especially for the
state H|| L|| 4, at higher temperatures. Second, of course,
it is also desirable to study orthorhombic magnetoelectric
antiferromagnetics (for example, orthoaluminates; see Ref.
2). Finally, the modulation obtained here of the vector 1 by
sound, resulting in acoustic modulation of the AFM part
of the dielectric permittivity, makes it possible to study
diffraction of light by sound in such antiferromagnetics and
the effect of the magnetoelectric interaction on such dif-
fraction.
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