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An investigation has been carried out for the first time of the structure and dynamics of the internal
fields of ferroelectric single crystals, using the acoustic electron paramagnetic resonance method.
Resonance absorption of hypersound by the spin systems of Cr®" and Nd* ions was found; this absorp-
tion is dependent on the magnetic field strength. The values of a number of elements of the spin-phonon
interaction tensor are estimated for these ions. Comparison of these values with similar quantities for
Cr® and Nd* in other, non-ferroelectric matrices shows that an amplification of the interaction be-
tween spin and lattice variables takes place in ferroelectric single crystals. This circumstance made
it possible to discover acoustic magnetic resonance on the Nd* ion. Acoustic magnetic resonance on
Co? in astrakhanite and Cu® in copper sulfate is also observed.

ACOUSTIC paramagnetic resonance (APR), predicted
by Al’tshuler,“] is widely used in the study of the fine
details of the dynamics of internal crystalline fields in
dielectric materials.®® In contrast to the usual mag-
netic resonance, resonance transitions of APR are due
to hypersound, which cannot interact directly with the
spins, but which affects these degree of freedom through
a complicated chain of internal couplings, including
spin-orbit, exchange, contact and other electromagnetic
interactions. This circumstance increases on the one
hand the amount of information contained in the APR
signal concerning the properties of materials, and on
the other causes these signals to be weak and accor-
dingly increases the experimental difficulties of their
observation. In the present work, an attempt is made to
use the APR method for a study of the dynamics of the
internal fields in ferroelectrics. At the beginning of our
investigations, virtually nothing was known about the
generation and damping of sound of frequency v = 10*° Hz
in ferroelectrics, as well as the possibility of transfer
of hypersound from quartz to the ferroelectric. Experi-
ments on the generation of hypersound at liquid helium
temperatures in quartz, LiTaOs;, KH,PO,4, and LiNbO;
have shown that the latter two matrices are promising
for the study of APR on impurities.m Further experi-
ments led to the discovery of APR on Cr**™) and Nd*
ions in poly-domain single crystals of LiNbO3;. An
analysis is given below of information obtained from the
APR spectra of Cr** and Nd** ions.

The experiments were carried out at liquid helium
temperatures with a previously-described hypersonic
magnetic spectrometer.”®’ Longitudinal hypersonic
waves of frequency v = 10'° Hz were excited at the end
of a X-~cut quartz cylinder (length 15 mm, diameter
3 mm). The acoustic contact of the quartz with the
lithium niobate was by means of a bond of ED-6 epoxy
resin with the addition of a plasticizer. Three poly-
domain samples were studied, in the form of cylinders
with faces that were optically flat and parallel within
10”. Sample I contained 0.05 at.% Cr® impurity. Its
axis was perpendicular to the optical axis of the crystal

cs, while the G axis was directed perpendicular to the
plane of reflection passing through the c; axis. Sample
II also contained 0.05 at.% Cr® impurity, but the z axis
of the cylinder was parallel to c;. Sample III contained
1 at.% Nd* impurity and was cut similar to sample I.
Resonance absorption of the hypersound was ob-
served by measurement of the intensity of one of the
reflected sound pulses passing through the LiNbO; sam -
ple, as a function of a linearly changing magnetic field
0 < Hp < 10 kG (see™?). In the case of samples I and
ITI, the field Ho made an angle 0 < 6 = 90° with the c;
axis, while for 1I the field Hy lay in the (xy) plane per-
pendicular to ¢; and made an angle 0 < ¢ =< 360° with
the x axis. The crystallographic structure of LiNbOs
is a complicated variant of the well studied structure of
AlZOs. In the paraelectric phase (T > T, = 1210°C),
both lattices have the symmetry C3dm and the structure
of LiNbOs is obtained from the structure of Al O; by the
replacement of one of the atoms of aluminum by Li and
the other by Nb. In the phase transition, the mean value
of the displacement of the Li and Nb atoms from the
center of inversion position in the lattice becomes dif-
ferent from zero. This displacement is the ordering
parameter of Landau and Lifshitz'®! and transforms the
group of invariant transformations Csq to the group Cyy
which is a subgroup of C;q. The LiNbO; crystal can be
described by means of a rhombohedral unit cell of vol-
ume 106.074 A® which contains two LiNbOs molecules in
non-equivalent positions. The density of the crystal
p = 4.640 g-cm™® at 4°C and the number of Li atoms in
1 cm® is equal to N = 1.89 x 10® ¢cm™. According to the
Cyv symmetry, there exists in the LiNbOs crystal a
preferred direction z Il ¢;s and a direction G which is
perpendicular to one of the three reflection planes pass-
ing through cs. The local symmetry in the lattice sites
of Li and Nb is described by the group C; and in the
lattice sites of the oxygen by the group C,. There are
two types of sites in the unit cell, in which the Li and Nb
can be located. We shall denote them by the indices a
and b. The oxygen environment of Li in the position a is
obtained from position b by a reflection in the plane
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FIG. 3. EPR spectrum of the Cr3* ion in LiNbOj; at room temper-
ature for @ = 20°. The static magnetic field increases from left to right
(the distance from the arrow to the maximum of the fundamental line
amounts to & 1650 G). The arrow indicates the forbidden transition
|+3/2) < |-3/2). The fundamental line corresponds to the transition
I+1/2) ¢ |-1/2). To it on the right side is added the transition +1/2) <
I-3/2). The line +1/2) « -3/2) is seen again further along at high fields.

perpendicular to the cs axis, with subsequent rotation of
the upper and lower oxygen triplets in different sides
around the cs axis with the simultaneous contraction of
the distance between the atoms of one triplet and an in-
crease in the distances in the other triplet. Thus the
spin-phonon interaction tensor in the fixed system of
coordinates (x, y, z) in the positions a and b is shown to
be different in magnitude. In corundum, the correspond-
ing elements in the positions a and b have the same
absolute magnitudes and only some of them have oppo-
site signs.t™

APR ON Cr* IN LiNbOs

EPR studies have shown that the impurity Cr* ions
occupy the sites of Li or Nb, while all the cr* impurity
ions are magnetically equivalent.m’91 The internal
crystalline field is described by the axial spin Hamil-
tonian g = D[S3 — (1/3)S(S + 1)], where S = 3/2 is the
spin of Cr* and D = 0.45 cm™. Let the energy levels
Ey (@ =1, ..., 4) of the Cr* in a strong field H, refer
respectively to the states |3/2), [1/2), |-1/2) and |—-3/2)
(see'®). Figure 1 shows the dependence of the reson-
ance field Ho for the transitions 3—4, 2—-3, 1-2, 1-3
and 2—3 as functions of the angle 6 in the case of varia-
ble magnetic -field frequency v = 9.3 GHz, as obtained
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FIG. 2. APR spectra on Cr** in Ly A
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inal sound waves are propagated
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by L. P. Litovkina and M. L. Meil’man. Figure 2 shows
the APR spectra of sample I for 0 < § < 7/2 and the
corresponding data for the hypersound damping coeffi-
cient o are shown in the table. This damping is due to
the interaction with the Cr*® ions. By comparison of
Figs. 1 and 2, and also with the EPR data, it was estab-
lished that all the transitions shown in Fig. 1 were ob-
served by the APR method.

Figure 3 shows the first derivatives of the ordinary
EPR signal at room temperature for § = 20° on cr®
ions. Comparison of Fig. 2 and Fig. 3 shows that the
line intensities in APR and EPR spectra are completely
different. There is only one intense EPR line in Fig. 3,
corresponding to the transition |1/2) < |-1/2), which
agrees with the results of the work of Evlanova et al.™

The form of the spin Hamiltonian g for the EPR
spectrum of Cr® in LiNbOs; is close to #g for Cr® in
Al;0Os. Therefore, it is natural to attempt to interpret
the APR data on the basis of the effective spin-phonon
interaction operator J#gy,, which characterizes the

Absorption coefficients @ and line widths AH for different
APR transitions of the Cr®* ion in LiNbOs at 4.2°K

e’ Transition a,cm-—! AH,G ®° Transition a,cm—t AHG
0 1y —3% 0,00 300 s —3/3 0,14 870
/s 1 0,27 135 Yy —3/ 0,16 870
—1/y —3 0,08 500 . .
1, =3 01 340 60 3y —3/s 0,1 290
) ; Yo e 0,09 235
30 3y —34 0,05 190 90 y 1
' 2 —Ya 0,03 290
1y —1/l 0,16 235 Sy —3y 0,06 1330
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Van Vleck mechanism and which is dominant for Cr*
in Alz0s.''? The operator Jg], has the form

Hsr=dS,? + dyySy® + d2S2 + dya (SaSy + 84S:) + dx(S.Sx + 8.8:)
+ day (SySx + SxSy),

dap = E Gapys eys, (1)
v, 6

where Gy By is the spin-phonon interaction tensor !

and €, is the deformation tensor.
For C3; symmetry, the tensor G has the form

Gll Gl‘z - (;33 Gl4 G15 _— 2016
Gia Gy — Gy —Gyy —Gy —2Gy
e (Gu + Gr) — (Guu+ Gr) 2Gs; 0 0 Y
Gy —Ga 0 G Gss 2Gy
— G Gy 0 —Gy Gu 2G4,
— G Gis 0 —Gi; Gu (Gun—0Gid)

@)
where the contracted Voigt notation is used.

Let G(a) and G(b) be the tensors G for positions a
and b, respectively, of the Cr® ions in LiNbO;. In the
case of Cr® in Al;Os, only the elements Gug, Gis, Gis, Gas
reverse sign on going from position a to position b,
while G46 = Gis = 0. For longitudinal sound waves propa-
gating along the x axis, the absorption coefficient a .q
for the transition |¢) = |d) is computed according to
the formula

TATeg Vez 8ed (V)

O (e s | ) |2+ K| dess” 1y |2}

Oeq == —
200302

5 3 R 3
Tl = ex (G822 + G 82— (G 1+ 68)S2 4+ 6§(S.8, + 5,8.)

TGP ) (8,8 + 88 +(—CP) (5.8, +5.5)), t—ab,  (3)
where Ang( is the population difference in levels Eg4

> E. per unit volume, y.q is the resonance frequency,
gcd(v) is a form factor, p is the density of the crystal,
vxx' is the speed of longitudinal sound waves along the
x axis, and <C|gféIL£)|d> is the matrix element.

In the case of longitudinal waves propagating along
the z axis, it is necessary to carry out the computations
according to (3) wit(h the replacement of vy by v,,,
€xx DY €,,, and ﬂt’éILg) by
(4)

Hir'® = 0. GF (— 82— 8,2+ 252) 2.
Investigations of EPR on Cr* ions in LiNbQs have
shown'®"®? that the intensity of these lines is roughly
described by the Hamiltonian %#g, and a ‘‘rhombic’’ term
of the type E(S; —S7) can enter into it. However, the

great line width and the absence in the EPR spectrum of
intense lines other than |1/2) = |~1/2) made it impossi-
ble to find the terms E(S2 — S;). In the case of APR, the

line width was greater than for EPR. Therefore, in an
estimate of the elements G 5), we neglected the differ-
ence |G((f'g| £ ng)g] and in Eqgs. (3) and (4), we estimated
the average values of these elements. In the calcula-
tions, we used wave functions from"°! with account of
the difference in the D constants for Cr® in LiNbOs and
Alz0s. The following choice of values of Gy (in units

of 107*® erg/unit deformation) gave the best agreement
with the experimental data: G =77+ 1, Giz2= 75+ 1,
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Gy =-81= 1, G =59+ 0.1, G =142 0.1, and ‘G33l
=1.2 = 0.1. The width of the APR lines cannot be ex-
plained by the contribution from magnetic dipole-dipole
interactions (Cr* — cr®, Cr® - Li", Cr* - Li®, cr®
—Nb®). For the observed transitions, these mechanisms
give a frequency width Ay ~ (11 X 10® — 29 x 10°) sec™
at half intensity, which is smaller by an order of magni-
tude than the experimental values. Evidently the width
of the APR lines is due to the scatter in the constants

of the spin Hamiltonian #g, to the block and mosaic
structures of the samples, but not to the poly-domain
structure of these crystals.

APR ON Nd* IN LiNbOs

EPR spectrum of Nd* in LiNbO; was observed by
Evlanova et al. in®®’. The single crystal contains Ndg*
in two non-equivalent positions. For H, 1 cs, the g fac-
tors g = 2.95 % 0.05 of these non-equivalent ions are
identical, while for Ho I cs, g’” =1.43+ 0.02 and g
=1.33 + 0.02 are obtained. So far as APR spectrum of
the Nd** ion is concerned, it has not been observed to
date in any one of the crystals studied, although APR
experiments have been carried out on Nd** in CaF,,""
and also by us. The effective spin of the Nd* ion is
S = 1/2 and its operator of spin-phonon interaction Hgg,
depend on the intensity of the static magnetic field Ho
(it is obtained from (1) by replacing of one of the Sy by
the component Hy, of the field Ho, and Gy, g, 5 by Fy gy ¢)-

The absence of APR signal from Nd** in CaF; and in
scheelite (CaWO,) can be explained by the small value
of the quantity F, B In our LiNbOs crystal, the APR
lines of the Nd®" ion can be observed only for § = 90°,
and half a half-width of AH ~ 80 G. Applying Eq. (3), we
estimated the value of the elements Fyg
~ 3x 107* erg/deformation unit-Gauss.

Calculation of the contributions of the dipole-dipole
interactions (Nd* — Nd*, Nd* — Li", Nd*" — Li°, Nd*
~ Nb®) give a value of the frequency width of the APR
line Ay ~ 0.4 X 10°® sec™, which is smaller by a factor
of ten than the observed value. The additional broaden-
ing can be explained by the unresolved hyperfine struc-
ture, by the mixing of the APR lines from two non-
equivalent Nd** ions and by the scatter in the directions
of the axes cs.

DISCUSSION OF THE RESULTS

The data for the Cr® ion show that the mechanism
of spin-phonon interaction, which is described by the
elements of the tensor G g, is effective both in LiNbOs
and in Al;Os. As is known, the Van Vleck mechanism %!
consists of the production of oscillations of the crys-
talline field at the Cr® ions by the sound field, while
this internal field is created by the neighboring regions
about the Cr® ion. On the other hand, experiments with
ordinary EPR in ferroelectrics show that the constants
of the spin Hamiltonian are insignificantly changed in
the transition through the phase point, in view of the fact
that the field from the spontaneous electric polarization
makes little contribution to the crystalline field on
paramagnetic impurities. It then follows that in an
ordered electric state, the elements Ggg will have ap-
proximately the same value as in a disordered state.
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Comparison of the elements G, g for Cr* in Al:Os
and LiNbOs shows that in LiNbO;s, the mean Gy, g are
somewhat larger than in Al;O3;. This can be explained
by the fact that in LiNbQs the crystalline field is less
symmetric and more dynamic than in Al2Os, and by the
fact that the D constant in LiNbOs is larger than in
corundum. As was noted in*’, the dependence of the
damping coefficient @ on the angle 6 for the transition
|1/2) «— |—1/2), and also its value at § = 0, do not agree
with the predictions of the Van Vleck mechanism and
with the form of #g. In the first place, this can be due
to the specific property of spin-phonon interaction in
the ferroelectric phase, when the magnetic particle
moves close to the domain boundaries under the influ-
ence of the elastic oscillations, interacting with the in-
duction electromagnetic field. Second, in the case of the
presence of rhombic terms of the type E(S; —S;) in the
spin Hamiltonian, the orientation 6 = 0, for which the
states of Cr®" are eigenfunctions of the operator Sz,
generally ‘‘does not exist.”’

Such a conclusion is confirmed by the following facts:
a) in the ordinary EPR spectrum of the Cr®* ion in
LiNbO; at 6 = 0°, a ‘““forbidden”’ line |3/2) < |—3/2) is
observed; in the APR spectrum of the Cr®* line in
lithium niobate, for acoustic deformations €5 cos wt
and for rotation of the field Ho in the xy plane, a
periodic change is observed in the width of the APR
line (with a period of 120°) for sample II. For such a
situation, analogous to the ‘‘forbidden line’’ 13/2)

-~ |-3/2) for EPR, a line that is ‘‘forbidden’’ for APR,
|1/2) <= |=1/2), can be seen. The selection rules for this
line will be satisfied by the addition of E(S% —S;) ; how-
ever, in the first approximation relative to the unexcited
spin Hamiltonian, the contribution from the mechanisms
of inhomogeneous broadening will be absent from it.
This can lead to a growth in its intensity relative to
other lines and other sites 6 # 0°, since in these cases,
some of the Cr®" ions cannot generally take part in the
resonance because of the large scatter in the constant
D.™ Since the APR and EPR line widths are not gov-
erned by the domain structure, upon improvement in the
techniques of crystal growth of these single crystals,
they may turn out to be useful materials for acoustic
masers. We note that the NMR line widths for Li" and
Nb® in LiNbOs also possess properties that are not
understood: for Li’ the line width is explained by the
magnetic Li” — Nb® dipole-dipole interaction, and in the
case of NMR on Nbgs, an unexplained broadening and dis-
appearance of the line |1/2) — |—1/2) are observed upon
increase of the angle 6 # 0. Therefore, the reasons for
the line broadening of the magnetic and acoustic reson-
ances in lithium niobate require a more detailed inves-
tigation.

The discovery of APR in LiNbOs on Nd*' shows that
the ferroelectric matrix for this ion is more satisfac-
tory than the paramagnetic matrix. The value of Fgg
for Nd* in scheelite was estimated by Zaitov and
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Shekun'*! by the pressure method and was shown to be
equal to 10™® erg/deformation-unit-Gauss. It then fol-
lows that in the CaWO, matrix, the APR intensity will
not be sufficient for observation with the APR apparatus
used. Therefore the study of APR on rare-earth ions

in ferroelectric matrices is very promising.

We give below some preliminary results of the ob-
servation of APR at a frequency of 10'° sec™ at 4.2°K
in hydrous paramagnetic monocrystals. The resonance
is observed in Co® ions in astrakhanite Na.Co(SO,)>
- 4Hz0. For the elements of the tensor Fyg, we obtained
the estimate 0.42 X 107*° erg/deformation-unit-Gauss,
and for sound modulation of the hyperfine structure
constant, Ggsc ~ 1.2 X 107*® erg/deformation unit. The
resonance absorption of the hypersound was also ob-
served in Cu® ions in copper sulfate (CuSO,- 5Hz0).

The elements Fpg ~ 3 X 10™*° erg/deformation -unit-
Gauss.
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