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Surface acoustic-wave propagation near the spin-reorientation phase transitions of ErFeO,
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Experimental and theoretical results of surface acoustic-wave (SAW) propagation near the spin-reorientation
region of ErFeO, are presented. Velocity measurements of SAW were carried out at zero field and at various
magnetic fields, applied in the reorientation plane, The SAW results, . in comparison with various bulk
measurements, exhibit a slightly narrower reorientation temperature region. An applied magnetic field suppresses
the SAW velocity at the reorientation region and shifts the transition temperatures. The same effects were previously
observed for longitudinal bulk waves propagating along the c axis of the crystal. The observed results are accounted
for by using phenomenological magnetic and magnetoelastic free-energy expressions in the coupled equations of
motion. It is concluded that the SAW interacts with antiferromagnetic modes of the bulk. The difference between
the SAW and the bulk-wave results is attributed to the effect of the surface boundary on the magnetic anisotropy.

I. INTRODUCTION

Surface acoustic waves (SAW) were recently em-
ployed in the study of pha. se transition. ' ' The pen-
etration of SAW into the solid bulk is of the order
of one wavelength4 and in fact the SAW probes the
near surface effects. It is known' that in the ab-
sence of a coupling to critical fluctuations or ex-
citations localized near the surface, e.g. , a sur-
face spin wave, the propagation modes of SAW can
be exactly calculated from the elastic data of the
bulk. On the other hand, it was found" that the
critical behavior near the surface does not ex-
actly reflect the characteristic criticality of the
bulk. This is expected in the region where the co-
herence length of the order parameter exceeds
the dimensions of the SAW wavelength.

The objective of this work is to study the effect
of a surface boundary on the nature of the spin-re-
orientation phase transitions in ErFeO, . Such a
reorientation is usually associated with a relative-
ly large coherence length, ' ' and in this respect it
is mell suited for the study of the near-surface
cr itical behavior.

The compound ErFeO, in conformity with other
rare-earth orthoferrites' has a predomiant anti-
ferromagnetic spin structure of the Fe" ions. A

characteristic feature of this compound is the ap-
pearance of weak ferromagnetism resulting from
a small canting of the Fe" sublattice magnetiza-
tions from the antiferromagnetic axis. At room
temperature the antiferromagnetic axis coincides
with the orthorhombic a axis of the crystal. Upon
cooling, below T„=96.6 K the magnetically ordered
system rotates continuously in the (a-c) plane until
the antiferromagnetic axis coincides with the c
axis at T, = 8V K.' The spin rotation is driven by
competing twofold and fourfold anisotropy terms. "
Associated with the rotation are two second-order
displacive-type phase transitions, at T„and Tt.

Previous stUdiess, 9, i2-i4 of sound propagation in
the bulk near the reorientation region show that
the magnetoelastic interactions manifest them-
selves by a gradual softening of the elastic con-
stant C» and by abrupt changes in C» and Cyi at
T, and T„. It was also shown that an external
magnetic field applied in the (a-c}plane shifts
the transition temperatures and suppresses the
changes in the elastic constants. - The comparison
between bulk waves and SAW is possible for vari-
ous propagation modes. In our experiment, for
example, the SAW propagates on the (a-c) plane
and along the c axis of the crystal(see Fig. I). It
is shown in Sec. III that for such a configuration
the SAW and the longitudinal bulk wave couple with
the magnetic spin system through similar mag-
netoelastic coupling terms. In fact similar char-
acteristic velocity changes were observed for the
SAW and the longitudinal bulk wave propagating
along the c axis.

The experimental results of SAW propagation at
zero field and at various magnetic fields applied
in the(a-c) plane are presented in Sec. II; we also
describe the experimental procedure for the ex-
citation of SAW. The analysis of the results and
the discussion are given in Sec. III.

II. EXPERIMENT AND RESULTS

The SAW measurements mere carried out on a
single crystal of ErFeO„previously used by Gor-
odetsky and Luthi' in their bulk-wave studies. The
crystal was cut parallel to its orthorhombic (a-c}
plane and then polished carefully, first with alum-
ina powder and finally with a chemical etchant.
It is believed that the final chemical etching avoids
the formation of strains at the polished surface.
A piezoelectric ZnO layer of about 3 p, m thick was
sputtered on the surface and examined by x-ray
diffraction and a scanning electron' microscope.
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FIG. 1. Schematic description of the experimental
configuration. The crystallographic axes of the crystal
are a, 5, and c. The SAW propagation vector k is di
rected along the c axis.

It was found that the ZnO is oriented adequately"
for the excitation of SAW, i.e. , the c axis of the
ZnO crystallites is perpendicular to the surface.
Interdigital (ID) transducers 7 mm apart from
each other were fabricated by a photolithographic
lift-off technique. " A schematic description of
the ID transducers, oriented for SAW propagation
along the orthorhombic c axis of the ErFeO,
crystal, is given in Fig. 1. Each one of the ID
transducers consists of eight equally spaced Al
electrode pairs with an aperture of 2.2 mm. The
width of each electrode and the distance between
adjacent electrodes is —,'X=12.5 p, m. This con-
figuration corresponds to a basic SAW wavelength
of A. = 50 JL(,m. In order to enable propagation of
SAW on the free surface of the crystal, we etched
off the ZnO in between the ID transducers. The
crystal was mounted in a copper block to assure
a uniform temperature over the entire surface.
'The temperature was measured with an

Au-0. 7 at. % Fe vs Chromel thermocouple, attached
to the crystal. The temperature resolution in our
experiments was better than 0.04 K.

Velocity measurements of SA W were carried
out by a phase comparison single-echo technique. "
Since the triple-transit echo was highly attenuated
the measurements were carried out on the single-
transit echo, with a resolution of -100 ppm. The
absolute SAW velocity at room temperature is V
= (3+ 0.3) x 10' cm/sec. The experimentally ob-
served velocity shifts o'f a 66-MHz SAW and a 30-
MHz longitudinal bulk wave, propagating along the
c axis in the temperature region 75-300 K, are
presented in Fig. 2. Both waves exhibit marked
velocity shifts at the upper and lower transition
temperatures, which are superimposed on the
normal elastic behavior of the crystal. The slope
of each normal curve at the transition region is
considered as a baseline for the magnetoelastic
effects. For SAW the slope is a=3.6x 10 ' per-
cent/K, and for the longitudinal bulk wave a= 1.
x 10~ percent/K. The net magnetoelastic effects
for the SAW and bulk wave are shown in Fig. 3. It
was found that. the transition region for SAW is
narrower by - 0.7 K than that observed for the
bulk wave. The SAW transition temperatures are
T„=96.6 K and T, =87.7 K. The SAW velocity
shifts are smaller by 18% than those obtained for
the bulk wave. A velocity dip was obtained in the
SAW measurements at T = 88.3 K (see Pig: 3). Al-
though the appearance of the dip is not fully under-
stood, it could result from spurious reflections
of bulk waves. It is important to note that this
velocity dip appears at the region of the transition
temperature of the bulk wave.

The net magnetoelastic effects for 198-MHE
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FIG. 2. Temperature dependence of the relative veloc-
ity changes of a 66-MHz SAW and a 30-MHz longitudinal
bulk wave between 75 and 300 K. V is the sound veloc-
ity at T= 300 K.

FIG. 3. Relative velocity changes with respect to the
normal elastic behavior of a 66-MHz SAW and a 30-MHz
longitudinal bulk wave propagating along the c axis. In
this figur e 4 V*=& U- a~T. Here & V is the measured
velocity change. For SAW the slope of the normal elas-
tic behavior is a= 3.6 x10 3 percent/K, and for the lon-
gitudinal bulk wave a= 1. x' 10+ percent/K. V is the
sound velocity at T= 300 K.
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SAW and a 30-MHz longitudinal bulk wave in the
presence of various magnetic fields applied along
the crystalographic a axis are shown in Fig. 4.
An additional field of 0.5 kOe was applied in the
c direction in order to obtain a reorientation of
a single domain. The bulk-wave results shown in
Fig. 4 were reproduced from previous measure-
ments carried out on the same crystal by Goro-
detsky eE al. ' It is found that the applied mag-
netic fields shift the lower SAW transition temper-
ature towards higher temperatures by 0.3 K/koe
and suppress the velocity changes at the upper
transition temperatures. The SA W measurements
in the presence of applied magnetic fields exhibit
the same narrowing with respect to the bulk-wave
data. No dispersive behavior was found at the
SAW frequencies 66 and 198 MHz.

Some of our preliminary experiments were car-
ried out prior to the etching of the ZnO overlay
between the transducers. The results obtained in
those experiments exhibit sporadic and nonrepro-
ducible velocity changes.
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FIG. 4. Helative velocity changes with respect to the
normal elastic behavior of a 198-MHz SAW and a
30-MHz longitudinal bulk wave at the spin-reorientation
region. External magnetic fields are applied along the
a and c axes of the crystal. In this figure 4V*= 4V
-a&T; &V is the measured velocity change. For' SAW
the slope of the normal elastic behavior is a=3.6 x10 3

percent/K, and for the longitudinal bulk wave a =1x10 3

percent/K. + is the sound velocity at T= 300 K.

III. ANALYSIS AND DISCUSSION

The free-energy density F of the magnetically ordered system consists of magnetic, magnetoelastic,
and elastic terms

F=F +F,+F, ,

where E is the magnetic energy density, F, represents the magnetoelastic coupling terms, and F, is the
elastic energy density. The expression for the magnetic energy density is""

E = E(ni„n3„+ni n3 + ni n3 ) —D(ni„n3 — 3„ni ) —A„„(ni„+n3„) —A (ni + n3 )

If,[(%3+M~}(n,„+n~) sing+ (Mo+M,"}(n„+n„)cosgj —h (M, + M, ) .
The first and second terms in the above equation represent, respectively, the symmetric and the antisym-
metric exchange coupling of the canted antiferromagnetic sublattices. Here n», n» (k=x, y, z) denote the
normalized components of the two sublattice magnetizations M, and M„respectively (see Fig. 5). E is
the symmetric exchange energy density and D is the antisymmetric exchange interaction. A„„and A„are
twofold magnetocrystalline anisotropy coefficients. These anisotropy terms are compatible with the orthor-
hombic symmetry. The last terms represent the interactions with magnetic fields. H, is an external mag-
netic field, applied in the (a-c) plane and forming an angle g with the crystallographic c axis. Here M", and
M, are the magnetic polarizations of the rare-earth ions along the a axis and c axis, respectively, '4 and
Mo= iM, i

= iM3i. The effect of the demagnetization field h is also included.
The magnetoelastic interaction terms pertinent to the geometry of our SAW experiment are"

+ &33( 33(ni3+ n33)+ 33(ni3+ n33)+ 33(ni3+ n33)I+ &33+44(n13 ni3+ n33 n33) ~ (3)

where B,.&
are magnetoelastic coefficients, q, &

are
the components of the strain tensor given by

where H is the elastic displacement. The pertin-
ent terms of the elastic energy density are

BRy BR, BRy BR
+

By
' " Bz ' " Bz By 22~ 3ig 2 33~ gg 2 44~ yg 23~ @yegg ~

l 0 2 l 0 2 1 0 2 0 (4)
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Here the C,, denote the normal elastic constants.
Since the entropy change associated with the rota-
tion of the magnetically ordered system is negli-
gible„" the spin entropy term is omitted from the
present analysis.

The equilibrium conditions for the rotating spin
systems are'

S)
l

:I
ay

I

(6a)

{6b)

where 5 is the canting angle and 8 is the rotation
angle defined in Fig. 5. The coupled equations of
motion of the two sublattice antiferromagnetic
spin system and the elastic displacements are'"

Sp

FIG. 5. Coordinates of the two sublattice magnetiza-
tions with respect to the crystallographic axes of the
crystal.

GQ

' =y(M, x H;), (6a)
hoe"B&hei (&c (ut)

7 (9c)
' =y(M, xH;),

a'g, ~ e aF - eH, - eH,
Bt z ~X ~$ p ~Xp 8+p

(6c)

where y is the gyromagnetic ratio and p is the
mass density. The effective fields H,' and H,' are
derived from the free-energy density by

(7)
The Maxwell equations for the magnetic fields

associated with the sublattice magnetizations are

V' B=O

1 &EV'x h= --—,
e 8t

(Ba)

(6b)

could be applied to Eq. (Sb)." In. our experiments
the SAW propagates along the c direction of the
crystallographic (a-c) plane and decays exponenti-
ally into the crystal (see Fig. 1). It is therefore
assumed that the crystal occupies the half-space,
y &0. In this geometry the dynamical variables
describing the magnetoelastic surface wave have
the form

R=R'e ~'"e" ' ""
Moe-gagee(~g-~~)

(9a)

(Qb)

where B=h+4m(M, +M, ), and E is the electric
field. Since the phase velocity of the SA%' is
smaller by five orders of magnitude than the speed
of light c, the magnetostatic approximation, i.e. ,

1 BE——=0
eg

where P is a complex decay constant, k represents
the SAW wave vector, and co its angular frequency.
The displacement 8„ is not coupled to R, and 8,
through the equations of motion (6c) and repre-
sents a different propagation mode, which is be-
yond the scope of the present analysis. Also from
Eqs. (8b) and (9c) we find that h„=0, h, =(i/P)h„
and, therefore, h has only one independent com-
ponent.

It is convenient to solve the equations of motion
in coordinates of the two antiferromagnetic sub-
lattices. The coordinate system for each sublattice
magnetization is presented in Fig. 5 and the trans-
formation from the crystallographic directions is
given by the following equations".

n„=S, sin(6 —8) —T, cos(6 —8),
n„= S sin(6+ 8) + T, cos(6+ 8),

n, „=S, cos(6 —8)+ T, sin(6 —8),

n, „=—S, cos(6+ 8) + T, sin(6+ 8),

+1@ 1 &

u„= I;,
where (Sti T, , I';} i =1,2 are the normalized com-
ponents of the sublattice magnetizations in the ro-
tating antiferromagnetic coordinate systems. The
angle 8 defines the orientation of the net mag-
netic moment ifi=(M~+ M2) with respect to the c
axis and 5 is the canting angle. To a first-order
approximation, dS, ldt=dS, ldt=0. The explicit
form of E and I, in the rotating coordinate sys-
tems is given in Appendix A. Substituting the in-
dependent dynamical variables [eqs. (9}and (10)]
into the equations of motion (6)-(6) one obtains a



SURFACE ACOUSTIC-%A VE PROPAGATION NF, ~R THE. . .

set of linearized homogeneous algebraic equations
as follows:

where X'= (T,', P,', T,', F2, ao, fto, 802) stand for the
amplitudes. of the dynamical variables at y = 0.
The components of the matrix A are given explic-.
itly in Appendix B. The set of equations (11) has
a nonzero solution only if the determinant of A

vanishes.
This condition provides a real polynomial of the

sixth order in the decay constant P, with v and
A as parameters. Of the six complex roots only
three are physically acceptable, with real parts
greater than zero. ~'22 'The values of these decay
constants P„P„P,are substituted into Eqs. (11)
and the equations are then solved for the dynamical
variables. For each P, one obtains the eigenvec-
tor (T, ', Y" T" F ' h" 8" R ') With these
eigenvectors we construct a general solution of the
equations of motion of the form

3

g A Xon 8 wgky e I (ky ~) (12)

where A„are the coefficients of the linear com-
bination. This general solution must fulfill the
elastic and magnetic boundary conditions. The
stress-free boundary conditions are

(13a}

(13b)

The magnetic boundary conditions imply that the
tangential component of h and the normal compon-
ent of B are conserved and continuous across the
surface y=0. In the geometry of our experiment
they are given by

(14)

The derivation of this expression is given in Ap-
pendix C. Substituting Eq. (12) into the boundary
conditions [Eqs. (13) and (14)], one obtains a set
of linearized homogeneous algebraic equations of
the form

(15)

The components of the matrix 0 are given explic-
itly in Appendix C. The components of the vector
A are the coefficients A„given in Eq. (12). Equa-
tions (15) have a nonzero solution only if the com-
plex determinant of coefficients vanishes. We em-

ployed an iterative procedure which checks the
determinant of Eqs. (15}for zeroes. In this way
the value of the phase velocity which corresponds
to given values of ~ and temperature was deter-
mined to a high aeeuracy. A computer program
was developed in order to carry out the iterative
calcu1.ati:ons.

In the analysis of the results we assumed' that
K„=-2{A„„-A„)is linearly temperature depen-
dent. In addition it was assumed that the canting
angle 5, the fourfold anisotropy coefficient K„and
the twofold anisotropy coefficient A„„+A„are
temperature independent. The transition temper-
atures depend solely on the anisotropy. A best fit
of the theory to the experimental results was ob-
tained by adjusting the bulk anisotropy K„ to the
spin-reorientation region measured by the SAW,
i.e. , K„=1,3x 10'-1.4x 10'7 er g/c m' Th.e rest
of the magnetic, magnetoelastic, and elastic con-
stants used in this fit are listed in Table I. The
theoretical results of the SAW velocity shifts, at
zero magnetic field and at various fields applied
along the a axis of the crystal are shown in Figs.
3 and 6. There is a fairly good agreement between
the calculated results and the experimental data
(see Figs. 3 and 4). The SAW velocity was cal-
culated at various frequencies up to 200 MHz and
no dispersive behavior was obtained. This is
found to be in agreement with our experimental
results.

In order to understand the difference between the
bulk and the SAW results, we have examined the
effect of a surface boundary on the interaction be-
tween the SAW and the spi.n system. It has been
established'3'4 that the 'magnetic anisotropy at the
surface is usually different fr'om that of the bulk
and may perturb the spin system at the surface.
Such, a perturbation can penetrate a considerable
depth into the crystal when the effective anisotropy
of the bulk goes to zero. It is very likely that
within the region of the perturbed spin system, the
bulk soft mode and its resonant coupling with
sound waves is suppressed. Qn the other hand
SA%' will interact with the bulk soft mode when-
ever its wavelength (namely, its penetration depth)
becomes greater than the extent of the perturbed
region beneath the surface.

In order to estimate the effect of the surface,
we constructed a simple spin layer model (see
Fig. 7} in which the surface layer (n=0) has a
surface anisotropy different from that of the bulk
and rotates at an angle 8,. I ayers 1,2, 3, . . . , etc.
form a manifold which gradually approaches the
bulk rotation angle 80, assigned to layer n. The
number of perturbed layers rotating at angles
which are different from 8o can be estimated from
the energy stored in such a "domain wall" eonfig-
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and 29),magnetoelastic (Refs. 8 and 12), and elasticTABI E I. Various magnetic (R
bulk constants (Refs. 8 an & o r e 3d 12) f ErFe0 used in the present calculations of

Sublattice magnetizations

Symmetric exchange energy

Antisymmetric exchange energy

Bulk transition temperatures

Canting angle

Bulk anisotropy energy~: Twofold

Fourfold

Density

Magnetic polarization of the rare-earth
ions~

Gyrornagnetic ratio

Sum of twofold anisotropy coefficients,

Magnetoelastic coupling constants'

Elastic constants d

Mp=440 G

E= 22 &&10 erg/cm3

D = 4.4 X107 erg/cm3

Tg =87 K, T„~96.6 K

5=0.01 rad

E„(T)= 1,2 &&107—1.3 x105T erg/cm

Kb=7.7 &&10 erg/cm

p= 8.07 g/cms

M —VV 56a

y=1.86X107 sec 'Oe '

A +&~=1.6 X10 erg/cm

IS3&-assi =1.2 x108 erg/cm3

]B2q-B23[ = 4 x10~ erg/cm3

]84) =3 x10' erg/cm3

C33= 2.76 X10 dyn/cm

C44= 1.18 &&10 dyn/cm

C22 = 3.6 &&10 dyn/cm

2p3= 1.5 &&10 dyn/cm

o ener 'es in Ref. (29) were calculated from neutron diffrac-The values of the anisotropy energies m e .
In R f 8 the anisotropytion data, upon assuming a lmear temperature pde endence of K . e .g

i aril ad'usted for the transition temperatures.
1 1 ted f th 6 ld d d" The magnetic polarization of the rare-earth ions was ca cu a rom

shift of the transition temperatures.
re ad'usted for the anisotropy values given in' The magnetoelastic coupling constants were a jus or e

this table.
ated value and was determined from the value of C23The elastic constant C23 is an estimated va ue, an was e

of similar materials.
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FIG. 6. Calculated velocity charges of SAW at the
spin-r eorientation region with externa ag1 m netic fields
applied along the a axis of the crystal and at zero exter-
nal field.

FIG. 7, Schematic description of the layer model. The
long arrows describe the antiferromagnetic sublattices
in each layer and the small arrows describe the sponta-
neous magnetization in each layer.
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ur ation":
goo ~

gg
y=

J ,'E —— +-,'K cos28+K cos48 dn.
~n p

p
(i8)

Here E is the symmetric exchange energy. The
second and third terms in the integral represent
the bulk anisotropy energy and n numbers the lay-
ers. The limits of the integral are 0 at the sur-
face and ~ in the bulk.

The antisymmetric exchange is neglected in the
above expression. The number of perturbed layers
n obtained by variational calculus" is

/2 es
n= (&E} ( i

—,K„cos28+K,cos48
ep

——,'K„cos28, —K, cos48,
i
)

(l 7)
where the temperature dependence of 8p is deter-
mined by the equilibrium condition cos28, = -K„/8K,.
This integral diverges logarithmically, but a
rough estimate of n may be obtained by numerical
integration over 99% of the interval 8,-8,. For
the sake of simplicity we assume. that the spins of
the surface layer have higher anisotropy and re-
main pinned near T, and T„, along the corres-
ponding principal axis, namely, 8, =0 or v/2. The
value of n at the spin-reorientation region is very
sensitive to the temperature dependence of the
anisotropy; e.g. , for K„and Kb listed in Table I,
n varies rapidly from divergent values at T, =87 K
and T„=96.6 K to a few hundred layers when the
temperature is shifted into the reorientation re-
gion by 0.1 K. Such a rapid decrease in n could
suit the upper transition, where the velocity shifts
of the SAW and the bulk wave almost coincide at
the same temperature T„. However, neutron scat-
tering" and Mossbauer experiments" indicate that
the angular variation of Hp near T, is slower than
that determined by the anisotropies listed in Table
I. It could be more properly described by a quad-
ratic temperature dependence of K„, e.g. , K„=6.2
x 10'- 0.827 erg/cm' (the numerical values were
chosen in conformity with the equilibrium condi-
tions). The departure from a linear temperature
dependence may be compatible with the experi-
mental results, at least as well as the linear ap-
proximation. %ith this value of E„, n varies from
a divergent value at T, to n= 1.4x 10 at the tem-
perature T=87.7 K, at which the SA%' exhibits a
velocity shift. Since the distance between ad-
jacent layers is -3 x 10 '

p, m,"the perturbed re-
gion beneath the crystal surface at T=87. 7 K is
-4 p, m. Therefore, in the temperature range
87K-87.7K the depth of the perturbed region is
comparable to the SAW penetration depth and most
of the magnetoelastic effect may be screened out.
The same mechanism of perturbed anisotropy may

also explain the lack of a full spin-wave softening,
in the neutron diffraction experiments. " In a man-
ner similar to the effect of the surface boundary,
any perturbation in the magnetic lattice will ex-
tend itself near the phase transitions and perturb
the anisotropy of many spins in the surrounding.
The "condensation" of islands of different aniso-
tropy may act to suppress the soft mode.

We have also examined the possible coupling of
SAW with surface spin waves. It is known" that
surface spin modes may "condense" near the sur-
face whenever the magnetic anisotropy of the bulk
decreases. A condensation of this kind was studied
by Chow and Keffer, '~ in antiferromagnetic hema-
tite. They found that the domain of the surface
modes near the spin-flop transition exceeds 10'
atomic layers. Using a similar model for ErFeO,
it was found that surface (k = 0) spin-wave modes
may exist at temperatures beyond the reorienta-
tion region. The penetration depth of this mode
depends on the anisotropy assigned to the surface
(n= 0) layer. Within the spin-reorientation region,
the antiferromagnetic layers near the surface ro-
tate incoherently and the surface modes are highly
suppressed. It is therefore unlikely that a surface
soft mode affects the SA% results within the re-
or ientation region.

In conclusion it has been shown that SAW could
be used for the study of magnetoelastic effects
near the surface. SAW measurements near the
spin-reorientation region of Er FeO, exhibit veloc-
ity shifts similar to those measured by a longi-
tudinal bulk wave. The main differences between
the results of the SAW and the bulk waves are (a)
the SAW velocity shifts are slightly smaller and
(b} the spin-reorientation region measured by the
SAW is found to be narrower by =0.7 K. The dif-
ference in the velocity shifts is attributed to ad-
ditional magnetoelastic and elastic energy terms
pertinent to the SAW. As to the difference in the
reorientation region, it is suggested that the in-
teraction of SA W with the soft bulk spin mode, at
the temperature range 87 K-87.7 K, is screened
out by magnetically perturbed antiferrogmagnetic
layers. Finally a further study with SA% of higher
frequencies will probably lead to a better under-
standing of the effect of the surface boundary on
magnetic properties near the surface.
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APPENDIX A

The magnetic free-energy density I" and the magnetoelastic free-energy density I', in the rotating co-
ordinate systems are

E = (S,S,+ T,T,){-Eeos25 —D sin25)+ EF,1'2

+ (S,T2-S,T,)(Esin25 —D cos25) S',[A„„eos2(5 g)+A sin2(5 g)]

—S,'[A„„cos'(5+8)+A„sin'(5+ g)]- T2[A„,sin'(5 —8)+A„cos'(5 g)]

—T',[A„„sin'(5+8)+A„cos'{5+g) j —S,T,[(A„„-A„)sin2(5 —g)]

+S,T, [(A.,„A-„)sin2(5+ 8)]

+2 K,[(S~+T, —6S~2T~2) cos4(5 —8}+(S, + T,' —6S2&) cos4(5+ g}

+4S,T,(S,' —T', )sin4(5 —8) —4S,T,(S' F) sjn4(5+ g)]

—(MD+M, )Ho sinp[S, cos(5 —8)+ T, sin(5 —8) —S2 eos(5+ 8}+T, sin(5+ 8)]

—(Mo+ M, }H,cosg[S, sin(5 —8) —T, cos(5 —8) + S, sin(5+ 8) + T, cos(5+ 8)j
Mo[F~—lg~ +S~hq +T~/gz, + Y~k +S2hq +T2jgr ],

&,= [&»(B» —B2,)+a„(B„-B33)][S,T, »n2(5 —8)+S,T, sin2(5+8)]

+ (e»B»+ &„B„)[T',sin'(5 —8)+ T,' sin'(5+ g)+S', eos'(5 —g)+S,' eos'(5+ g)]

+ (e»B»+ c„B»)[T,' cos'(5 —8)+ T,'cos'(5+ 8)+S,'sin'(5 —8)+S', sin'(5+ g)]

+(q „B» +q„B3)2(1", +F22}

+ &„B,~[&,S, sin(5 —8) —&,T, cos(5 —8}+F,S, sin(5+ 8)+ F, T, cos(5+ 8)]. (A2)

Here h~, fg„, and h~ are the components of the demagnetization field in the rotating coordinate systems.

The explicit form of Ec[. (11) is

APPENDIX 8

jcoMO
12 E -Mo A~6 A~7 .T»

j(oM0
21 23

g, &ME 0
A34 -Mo A36 A37

y

imMO
A43

0-
A45 A46 A47

y

A5~ A52 A5, A52 |-p~ 0 0

F~ 0.

A„A»8 A63 Ae

A 7~ A~7 A7~ A3,

0 A66 A6,

0 A„A

A» = Ecos25+D sin25+ 2[A„„eos'(5—8) +A„sin'(5 —8)]+2K, cos4(5 —8)

+ Ho[(MD+M,")sing cos(5 —8)+ (M, +M", ) cosP sin(5 —8)j,
A, 6

= ikB44 sin(5 —8) A~7 = —PkB~4 sin(5 —8),

A» = —E cos25 —D sin25+ BK,cos4(5 —8) —2(A,„-A„) eos2(5 —8)

—Ho[(M, +M,")singcos(5 —8)+(M, +M, ) cosgsin(5 —8)],
A„=Ecos25+ D sin25, A» =iM, cos(5 —8)/Ig,
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A„=Pk(B„-B„)sin2(5- 8), A„=-fk(B„-B„)sin2(5+ 8),
A,~

= Ecos25+D sin25+ 2[A,„cos'(5+ 8) +A„sin'(5+ 8)] —2K, cos4(5+ 8)

+ Ho[(M, +Ms) cosP sin(5+ 8) —(MD+M~) sing cos(5+ 8)],
A3~ =ikB4~ sin(5+ 8), A~7= -PkB«sin(5+ 8),
A„=—E cos25 —D sin25 -2(A„, -A„)cos2(5+ 8) + 6K, cos4(5+ 8)

+P, [(M, +M,")singcos(5+8) —(M, +M", ) cosgsin(5+8)],

A„= -iM, cos(5+ 8)/P, A«= —Pk(B» —B») sin2(5+ 8),
A„=@(B„-B„)sin2(5+ e), A„=-4', iP cos(5 —e),
A52 = -4mMOP~, A5~ = 4vMojP cos(5+ 8),
A„= -Pk(B„-B„)sin2(5 —8)

—pk[E sin25 —D cos25+ (A,„-A„)sin2(5 —8) —6K, sin4(5 —8)],
A„= pk(B» —B») sin2(5+ 8) —pk[-E sin25+D cos25 —(A„„-A„)sin2(5+ 8)

+ 6K, sin4(5+ 8)],

A„=ik(B»B„)s-in2(5 - 8)

+ ik[E sin25 —D cos25+ (A„„—A g) slIl2(5 —8) —6Kg sU14(5- 8)],

A„=-fk(B„-B„)sm2(5+ e)

+ ik[-E sin25+D cos25 —(A„„-A„)sin2(5+ 8)+ 6K, sin4(5+ 8)],

APPENDIX C

The solution of Maxwell's equations (6a) and (Bb)
for y &0 (inside the crystal) are

h, =0
—gOe- 8k' ef(Ag -tet) (C1)

g p

For y & 0 the solutions are

gout- 0

yet g0 eA'ye g {k'g-at)

I cut +out
g y

Here h'"t and h.'«are the components of the demag-
netization field outside the crystal surface. The
tangential component of h is continuous across the
crystal surface; therefore

3

I Oft ef {&g-cot)
y

Out.lP., " (C4)

The normal component of 8 is continuous across
the crystal surface; therefore,

k + 4vM ( Y + Y ) = k'"' at y = 0 (C6)

Using Zqs. (C4), (C5), and (12) one obtains the
magnetic boundary condition

3 "P„+1A„- " ko" +4vMO(Y', "+ Yo") =0 at y=0.
n=l n

(C6)

All the boundary conditions [Eqs. (13a), (13b), and
(C6)] form, in the linear approximation, a set of
homogeneous equations of the form

h, =h'"t . (C3)

Using the above equations and Eq. (12) of the text,
one obtains

D,~=-kC» p~B„~+ikC»BO~+(B» -B»)[sin2(5 —8)T", —sin2(5+8)Tp] (j =1,2, 3),
D„=ikC', ,R'„' —kC',, P, 8", + B„[sin(5—8)Y", + sin(5+ 8) Y',~],
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