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Scientific session of the Division of General Physics 
and Astronomy of the Russian Academy 
of Sciences (22 February 1995) 

A scientific session of the Division of Genera l Physics and 
A s t r o n o m y of the Russ ian A c a d e m y of Sciences was held 
on 22 F e b r u a r y 1995 at the P L Kap i t za Ins t i tu te of 
Physical Problems . The following repor t s were presented at 
this session: 

(1) A I Smirnov, I N Khlyustikov (P L Kap i t za Ins t i tu te 
of Physical Prob lems , M o s c o w ) "Magnetoe lec t r ic effects 
and the Stark effect in ant i ferromagnet ic G d 2 C u 0 4 " ; 

(2) P E Zil'berman, A G Temiryazev, M P Tikhomirova 
(Inst i tute of Radioelect ronics , Russ ian A c a d e m y of Scien­
ces) "Shor t spin waves of exchange n a t u r e in ferrite films: 
excitation, p ropaga t ion , and poten t ia l app l i ca t ions" . 

Summar ies of these pape r s are given below. 

PACS numbers: 75.80. + q; 71.70.Ej; 75.50.Ee 

Magnetoelectric effects and the Stark 
effect in antiferromagnetic Gd 2 Cu0 4 

A I S m i r n o v , I N K h l y u s t i k o v 

1. Introduction 
The ant i ferromagnet ic G d 2 C u 0 4 has an unusua l magnet ic 
s t ructure. The copper ion spins become ordered ant i ferro-
magnetical ly at r N ( C u ) = 280 K in such a way tha t the 
direct ions of the magnet ic m o m e n t s a l ternate in a chess­
b o a r d manne r in the basa l p lanes of the t e t ragona l crystal 
lattice [1]. The ions of gadol in ium become an t i fe r romag-
netically ordered at T N ( C d ) = 6.5 K. The gadol in ium ion 
spins form ferromagnet ic layers magnet ised paral lel to the 
basa l p lanes [2] whilst the copper and gadol in ium 
subsystems have different magnet ic symmetries. The 
magnet ic s t ructure of the crystal becomes invariant 
relative to inversion centres, so tha t the linear m a g n e t o -
electric effect can exist. The magnetoelectr ic effect was 
discovered in G d 2 C u 0 4 [3] because of the appearance of 
electric polar i sa t ion under the influence of a magnet ic field 
(this is k n o w n as the M E f f effect). A symmetry analysis of 
a two-sublat t ice mode l of the gadol in ium subsystem, 
carried out in Ref. [3] ignoring the interact ion with the 
copper subsystem, yielded the following te rms of the 
t h e r m o d y n a m i c poten t ia l responsible for the m a g n e t o ­
electric effect in the magnet ic s t ructure of G d 2 C u 0 4 : 

—^^E=AMz(PxLx+PyLy)+APzML . (1) 
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Here , the x axis is paral lel to the [100] direction and the z 
axis is oriented a long the [001] axis of the t e t ragona l crystal 
lattice; 2 M 0 is the m a x i m u m magnet i sa t ion of one of the 
two gadol in ium sublatt ices; P is the electric polar isa t ion; M 
and L are, respectively, the magnet i sa t ion and the 
ant i ferromagnet ic vector in uni ts of 4 M 0 . A magnet ic 
uni t cell conta ins four gadol in ium ions and each of the two 
sublatt ices conta ins (according to this model ) two ions. 

The magnet ic s t ructure of G d 2 C u 0 4 is characterised by 
Lz = 0 and two nonzero magnetoelectr ic modu l i oc^ and 
ocxz. They are related in the following manne r to the 
magnetoelectr ic cons tants X and A: 

^ = 4 M ° ^ = ^r = 4M0LAXl]kzz, (2) 

dM dP 
*xz = 4 M 0 = Jjf = 4M0LAX±kxx . (3) 

Here , E and H are the electric and magnet ic field 
intensities; kzz and kxx are the electric susceptibilities: X\\ 
and x± a r e the magnet ic susceptibilities a long directions 
paral lel and perpendicular to L , respectively. 

W e observed the linear magnetoelectr ic effect on the 
basis of the magnet ic m o m e n t induced by an electric field 
(MEE effect), of the linear ant i ferromagnet ic Stark effect, 
i.e. a shift of the ant i ferromagnet ic resonance ( A F M R ) 
spectrum by an electric field, and of the influence of an 
electric field on the magnet ic susceptibility. 

These effects can be explained quali tat ively within the 
f ramework of the two-sublat t ice mode l of an ant i fer ro-
magnetical ly ordered rare-ear th subsystem. 

2. Experimental methods 
The change in the magnet i sa t ion 5M under the act ion of an 
electric field E was measured with a S Q U I D magne tomete r 
[4] at 1.2 K. A sample of 1 m m x 1.5 m m x 1 m m 
dimensions was b o n d e d to flat electrodes by a conduct ing 
adhesive. A detection coil revealed the appearance of 5M 
along a direction perpendicular to E. 

The microwave magnet ic susceptibility x™ was measured 
and the A F M R was observed in an electric field with a 
magnet ic resonance spectrometer in a sweep-type cavity 
wi thout magnet ic field modu la t ion . The work ing frequency 
of the spectrometer w a s / = 35.7 G H z . A n insulated in t ra-
cavity copper pla te created an electric field E perpendicular 
to an external magnet ic field H. A microwave magnet ic field 
h applied to the sample was perpendicular to b o t h H and E. 

A small shift of the A F M R line and small changes in x™ 
under the influence of an electric field were measured by a 
modu la t i on m e t h o d in an a l ternat ing electric field of 
frequency F= 1.95 k H z . A n a l ternat ing componen t of 
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Figure 1. Dependences 5 M X ( £ Z ) (a) and SMx(Ey) (b) at T = 1.2 K. 

the microwave power t ransmi t ted by the cavity, oscillating 
at this frequency, appeared as a result of the influence of the 
field E on The ampl i tude bU of this componen t was 
measured with a phase-sensit ive amplifier. Should the 
A F M R magnet ic field depend on the applied electric 
field, then the value of dU should depend on H p r o p o r ­
t ionally to the derivative of the power U of the signal 
t ransmi t ted by the microwave cavity with respect to the 
magnet ic field: dU/dH. 

3 . Static magnetic properties in an electric field 
The static magnet ic fields were measured after cooling a 
sample in zero fields E and H. 

The experiments showed tha t the field Ez p roduced a 
linear change 5 M x in zero magnet ic field (Fig. l a ) . This 
figure shows also the change in the magnet i sa t ion as a 
function of the electric field in an external magnet ic field 
Hx = 63 Oe. Such measurements were carried out also in 
other magnet ic fields up to 200 Oe. The results of these 
experiments were described by the formula 
bMx(H) = ccEz + Hx(/JEZ + yE2

z). Therefore, we detected 
linear influence of the electric field on the magnet ic 
m o m e n t and b o t h linear and quadra t i c influence on the 
magnet ic susceptibility xxx • 

The electric field Ey al tered also the magnet i sa t ion Mx 

and the dependences bMx(Ey) in a zero field had a 
significant hysteresis (Fig. lb ) . This result was evidence 
of a magnetoelectr ic coupl ing between the componen t s Mx 

and Ey no t described by formula (1), and also of the 
existence of a spon taneous magnet ic momen t . 

4. High-frequency magnetic properties in an electric field 
The A F M R in G d 2 C u 0 4 had been described in detail and 
the exper imental results were repor ted in Refs [2, 5]. W e 
studied the influence of the electric field on the lower 

b ranch of this resonance , which had a gap of 25. 2 G H z at 
1.8 K. 

The magnet ic field was directed in the xz p lane at an 
angle of 45° relative to the x axis and the magnet ic field was 
applied paral lel to the y axis. This or ienta t ion of the fields 
m a d e it possible to utilise the interact ion of the componen t s 
Mz and Ey9 described by the first te rm in formula (1), and at 
the same t ime to observe the A F M R at the work ing 
frequency of the cavity. In the H\\z or ienta t ion the 
A F M R field was too high at this frequency. Fig. 2 shows 
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Figure 2. Dependence bU(H): (o) after annealing in fields E and H; 
(A) after annealing in the field E reversed; ( • ) after annealing in zero 
fields. The continuous curve corresponds to a — 1.12 x 1 0 - 4 dU/dH; 
the dashed curve is the dependence U{H). 
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the dependences of U, dU/dH, and also of dU on the 
magnet ic field intensity. N e a r the A F M R line the depend­
ence dU(H) was p ropo r t i ona l to the derivative dU/dH, 
indicat ing a shift of the A F M R field by the electric field. 

A single-domain ant i ferromagnet ic state was induced by 
cooling in fields E and H [6]. The direction of the vector L 
a long the easy axis (which was the bisector of the 
coord ina te angle in the xy p lane) was then governed by 
the sign of the p roduc t E*H when going t h rough the Neel 
t empera tu re . In a sample not subjected to such m a g n e t o ­
electric anneal ing the linear magnetoelectr ic effect was 
largely compensa ted by the opposi te sign of the effect in 
the doma ins tha t differed in respect of the sign of L . Fig. 2 
shows the results obta ined for a sample cooled in fields 
Ey = 3 kV c m " 1 and H = 5 4 k O e from 7.5 to 1.2 K, as well 
as the results obta ined after hea t ing to 7.5 K and cooling in 
the presence of the same field H bu t with the inverted field 
E. W e also included in Fig. 2 the dependence bU(H) 
obta ined after cooling in zero fields. 

w/u 
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Figure 3. The dependences bU (H) for E — 3 kV c m - 1 in the 
experiment with the inverted magnetic field (a) and U{H) (b); the 
arrows identify the A F M R fields. 

The ampl i tude bU was used to find the shift bH of the 
A F M R field, which a m o u n t e d to 0.1 Oe. It is evident from 
Fig. 3 tha t the same electric field increased the absolute 
value of the A F M R magnet ic field in the range of posit ive 
magnet ic fields and reduced it for an inverted magnet ic 
field. This act ion of the electric field in our experiments 
could be due to the appearance of an effective magnet ic 
field directed in the xz p lane . The sign of this field changed 
as a result of reversal of the sign of E or L . 

It is evident from Figs 2 and 3 tha t there was a 
considerable change in the microwave signal U due to a 
change in H in the range \H\ < 20 kOe . This was due to a 
change in the magnet ic susceptibility %x x

 m the course of 
spin reor ienta t ion in fields 0 < Hx < 9 k O e [5]. A change in 
the magnet ic susceptibility de tuned the cavity and altered 
the t ransmi t ted signal. The value of bU was also significant 
in these fields (Fig. 2), which indicated the influence of the 
electric field on the susceptibility x™ measured relative to 
the weak field h. 
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Figure 4. Magnetic-field dependences of: (a) SU; (b) 8/ ' ; (c) 8/"; 
(d) dependence 8/(H) calculated in accordance with formula (5). 

The dependences of the real and imaginary pa r t s of 
the change in the susceptibility under the action of the 
electric field, 5 / ' and hx"•> o n the magnet ic field are 
p lo t ted in Fig. 4. 

Exper iments showed tha t in the fields be low 20 k O e the 
response bU to the electric field included a considerable 
cont r ibut ion with the sign which was reversed when the 
magnet ic field was reversed. This revealed the odd, in te rms 
of E'H, correct ion to the magnet ic susceptibility. 

W e did no t detect a linear shift of the A F M R by the 
electric field in fields H — HX,E — Ey, and H = HX,E = Ez, 
bu t we did observe an influence of the electric field on the 
susceptibility. 

5. Calculations 
A description of the ant i ferromagnet ic resonance and of the 
magnet ic susceptibility in an electric field will be based on 
the t h e r m o d y n a m i c poten t ia l of a two-sublat t ice ant i fer ro-
magne t with a uniaxial an i so t ropy and a t e t ragona l 
an i so t ropy in a p lane [2], supplemented by magnetoelectr ic 
t e rms from formula (1) and also by s tandard te rms 
describing the interact ion of the polar isable med ium with 
the applied electric field. This descript ion is simplistic 
because it ignores the presence of the copper magnet ic 
subsystem and assumes tha t the four gadol in ium sublattices 
can be replaced with two. However , the mode l is sufficient 
to follow the appearance of several magnetoelectr ic effects. 

The behaviour of the magnet ic s t ructure at low 
tempera tu res in E = 0 and its descript ion on the basis of 
the p roposed mode l can be found in Ref. [2]. In the g round 
state the ant i ferromagnet ic vector is paral lel to the [110] axis 
in zero magnet ic field. In the H \\x configurat ion an increase 
in the magnet ic field from zero to Hc ro ta tes the vector L 
t owards the [010] direction, bu t a further increase in the 
field does not alter the or ienta t ion of L , which remains 
perpendicular to the magnet ic field. He re Hc = ( 4 / / t / / e ) ^ 2 ; 
Ht is the t e t ragona l an i so t ropy field; He is the exchange 
field. W h e n the field reaches H = Hc, a second-order phase 
t rans i t ion takes place. In view of the large difference 
between the values of X\\ a n d x± a n d also because of the 
nonun i fo rm ro ta t ion of the magnet i sa t ion when the 
magnet ic field is varied, the susceptibility depends on the 
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magnet ic field in the range from zero to Hc, and at the poin t 
H = Hc the susceptibility % x x * s ab rup t ly halved. In fields 
H > Hc, the susceptibility does no t change any m o r e and it 
remains equal to % ± . 

The L a n d a u - L i f s h i t z equa t ions of mot ion , derived on 
the basis of the poten t ia l described above, lead to the 
following expression for the shift of the A F M R field at 
frequency <o when HZ=HX= H/y/2, Hx > Hc, Hy = 0: 

5 # = (7(_L + 2 
Ht[(co/y)2 - H2 

V2 H [2(co/y)2 + 4HeHt - 2HAHe] 
(4) 

Here , y is the magne tomechan ica l rat io and a = 4M0APyLy. 
The quant i ty a is the effective magnet ic field with its sign 
reversed: 

1 d ^ 
eff : 

4 M 0 d M 

which appears a long the z axis under the action of the 
electric field Ey, and HA is the uniaxial an i so t ropy field. 

The second term in the formula for the shift represents 
0.14 of the first te rm. The electric field therefore alters the z 
project ion of the A F M R field by an a m o u n t practically 
equal to the effective field a. 

A similar calculat ion shows tha t the linear A F M R shift 
p roduced by the electric field is also absent for E ||z, H \\x . 
This c i rcumstance can be explained by the fact tha t the 
effective field is n o w perpendicular to the external magnet ic 
field and tha t the change in the combined magnet ic field is a 
quadra t i c function of E. 

Minimisa t ion of the poten t ia l under the condi t ions 
L _LM, where L 2 + M 2 = 1, typical of low tempera tures , 
gives the following expression of the change in the magnet ic 
susceptibility under the influence of the electric field when 
Hx — Hz, Hx < He-

1 4M0APy H 
Hc Hc [i + ( / / /V2/ / c ) 2 ] 213 /2 ' (5) 

The physical mean ing of this result is tha t in the 
presence of a nonzero magnet ic field a long the z axis 
the electric field alters the or ienta t ion of the vector L 
relative to the magnet ic field and this changes the magnet ic 
susceptibility. 

6. Discussion 
The observed A F M R shift by the electric field is in 
agreement with the value of the magnetoelectr ic m o d u l u s 
(xxz [3] and of the susceptibility x±, in accordance with 
formula (4). 

W e shall n o w use the characterist ics of the m a g n e t o ­
electric effect determined for G d 2 C u 0 4 to est imate the 
influence of the electric field on the susceptibility, in 
accordance with the calculat ions given above. 

If E = Ey, Hx = HZ, the A F M R shift means tha t the 
quant i ty 4M02.Py has the value 0.15 Oe in the field 
Ey = 3 k V c m - 1 . Then, formula (5) gives the dependence 
dxxx(H) p lo t ted in F i g . 4 ( l i ned ) . W e determined the 
dynamic susceptibility at a frequency of the order of the 
A F M R frequency; its value could differ considerably from 
the static susceptibility. In this experiment the results could 
be influenced not only by the susceptibility xxx-> bu t also by 
X™. F o r m u l a (5) is derived with account t aken of the change 
in the static susceptibility xxx • I n y i e w ° f these c i rcum­

stances, the agreement between the orders of magn i tude and 
the na tu re of the dependence on the magnet ic field found 
for the observed quant i t ies 5 / ' and bx" and the calculated 
quant i ty §xxx (fl) seems to be satisfactory. 

It therefore follows tha t the changes in the magnet ic 
susceptibility, which are odd in EH (Figs 2 and 3), can be 
explained on the basis of a simplified mode l of the effect: if 
H ^ 0, the electric field alters the or ienta t ion of the 
vector L and changes the susceptibility. 

The linear A F M R shift at Hz =HX and its absence at 
H \\x are also in good agreement with our calculat ion of the 
A F M R shift in the electric field. 

However , the adop ted mode l cannot account for the 
magnet ic m o m e n t bMx induced by the electric field Ey, for 
the weak ferromagnet ic m o m e n t , and for the electric-field-
dependent magnet ic susceptibility in zero magnet ic field. 
Moreover , the weak ferromagnet ism, due to the te rms 
bilinear in L and M , is forbidden for t e t ragona l crystals. 
However , a weak ferromagnet ic m o m e n t has been observed 
[7] at t empera tu res be low T N ( C u ) and above T N ( G d ) . 
This m o m e n t has been explained on the assumpt ion tha t 
the t e t ragona l lattice is slightly dis torted [8]. W e observed a 
spon taneous m o m e n t of at least ~ 1 0 _ 9 M 0 at t empera tu res 
be low T N ( G d ) (Fig. lb ) . The magnetoelectr ic interact ion, 
cor responding to a te rm of the poten t ia l p ropo r t i ona l to 
ExMy observed in our experiments (Fig. 2b), is also 
impossible for the initial crystal lographic group I4mmm. 
Obviously, the spon taneous magnet ic m o m e n t generates, by 
the magnetoelectr ic interact ion, also a spon taneous electric 
polar isa t ion. In this case the ant i fer romagnet G d 2 C u 0 4 

behaves similarly to nickel iodine borac i te [9], which is a 
weakly ferromagnet ic magnetoelectr ic ferroelectric. 

The componen t s of the magnet ic field linear in E, 
observed in zero magnet ic field for E \\y and E ||z, can 
be a t t r ibuted to the presence of pEtM2L\ type te rms in the 
expansion of the t h e r m o d y n a m i c potent ia l . The componen t 
of the magnet ic susceptibility quadra t i c in the electric field 
(Fig. 1) can be described by in t roducing also te rms of 
the qE2M2L2

k type. However , the observed effects can be 
explained by analogy with Section 5, by inclusion of lower-
order t e rms which are of the LyMx ±LxMy, EyMxLy, 
EyMyLz type and are due to dis tor t ions of the original 
s t ruture . 

W e shall conclude by listing the te rms of the t h e r m o ­
dynamic poten t ia l <P in te rms of the variables E and / / , 
which should be included in this potent ia l in order to 
describe the magnetoelectr ic effects observed by us: 

0 M E = kfli + GcikEtHk + yikEtHk 

(6) 

Our experiments revealed tha t there are nonzero 
coefficients a ^ , a ^ , otxz, y^, yxz, fixzx, fi^y* T ^ > T*y> T*z> kx-
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Short spin waves of exchange 
nature in ferrite films: excitation, 
propagation, and potential 
applications 
P E Z i l ' b e r m a n , A G Temi ryazev , M P T i k h o m i r o v a 

Figure 1. Structure for the excitation of exchange spin waves: 
( 7 ) metal strip of width w; ( 2 ) ferrite film of thickness J; 
(3) substrate; (4) earthed metal base; ( 5 ) HQ is a static external 
magnetic field; (6) his a microwave magnetic field of the current j 
(identified by an arrow); a closed curve with arrows is a line of force 
of h; wavy lines represent the excited and reflected exchange spin 
waves. 

1. Introduction 
There are two mechan isms of energy transfer in a spin 
wave: (1) the magnet ic-dipole interact ion of the spins: 
(2) the exchange interact ion. The first of these mechanisms 
p redomina tes in wha t are k n o w n as magne tos ta t i c waves. 
The waves in which the second mechanism p redomina tes 
will be called exchange spin waves. 

The exchange spin waves (ESWs) were discovered in the 
famous work of Bloch on the subject [1]. They can have 
very short wavelengths , X < 1 urn, and therefore they 
occupy the main pa r t of the phase space of e lementary 
excitat ions in a ferrite. Very few exper imental investigations 
have been m a d e so far of ESWs . M u c h m o r e work has been 
done on long-wavelength (X > 20 um) magne tos ta t i c spin 
waves. Suffice to say tha t up to n o w there have been no 
effective m e t h o d s for the excitation of E S W s with a given 
frequency and direction of p ropaga t ion . W e would like to 
repor t here the main ideas and results of our recent 
invest igations designed to master travell ing E S W s as a 
new exper imental me thod and means for signal processing. 

2. Electromagnetic excitat ion of exchange spin waves 
The p rob lem is h o w to achieve phase-matched excitation in 
spite of a large difference between the wavelength of the 
exciting electromagnet ic wave ( A E M ) and the wavelength of 
the excited E S W (A). F o r example, typical orders of 
magn i tude are: A E M ~ l - 1 0 c m and X ~ 0 . 1 - 1 um. The 
required phase ma tch ing can be ensured by converters 
(antennas) . A converter can, in principle, be an electro-
dynamic inhomogenei ty near the surface or in the interior 
of a ferrite created in any way. It is impor t an t tha t the 
spectrum of spatial ha rmon ics of the electromagnet ic field 
a r o u n d such an inhomogenei ty should include a h a r m o n i c 
with a wave vector q. Then , if the spectrum of a ferrite 
includes an E S W with a wave vector q at the frequency of 
the electromagnet ic wave, then this ESW can be excited. 

Fig . 1 shows schematically h o w spin waves can be 
excited by a meta l strip carrying a microwave current , 
which is b rough t close to a ferrite film. A magnet ic field h of 
the microwave current j varies over distances of the order of 

the strip width w. Therefore, this magnet ic field should be 
capable of exciting spin waves with q < n/w. F o r typical 
values w ~ 2 0 - 5 0 urn this gives k — 2n/q ^ 4 0 - 100 um. 
F u r t h e r considerable reduct ion in the wavelength by 
reducing w meets with considerable difficulties because 
such very n a r r o w strips cannot be ma tched to the existing 
microwave current sources. 

However , there is a simple way of exciting short E S W s 
associated with the presence of the b o u n d a r y surface of a 
film. Such a surface creates an inhomogenei ty a long the 
direction of its no rma l . Therefore, the excited E S W s should 
travel a long the no rma l . Let us consider this for a surface 
with total ly p inned spins. Let us assume tha t for x — d 
(Fig. 1) the angle of precession of the magnet i sa t ion in a 
field h is zero (pinned spins). Then , near the surface, at 
distances of the order of the exchange length / e x c h ~ 10~ 6 cm 
from the surface, this angle gradual ly increases from zero to 
its n o r m a l value in the interior of the ferrite film. The 
inhomogenei ty of the angle of precession in the surface 
layer plays the role of an an tenna capable of emit t ing short 
E S W s with X ^ /exch. 

It would seem tha t this mechanism for the excitation of 
E S W s would have been deduced a long t ime ago from spin-
wave resonance experiments [2]. However , in the spin-wave 
resonance a wave is reflected from the opposi te surface 
x = 0 and, on re turn to the initial surface x = d, it 
t ransforms back into a microwave signal. The resonance 
is observed only when there is sufficient accumula t ion of 
energy in a plane-paral le l ferrite cavity after m a n y tr ips of 
the wave between the surfaces x = 0 and x — d. Therefore, 
observat ion of this resonance cannot by itself p rovide 
informat ion on the efficiency of the conversion process . 

The first exper imental investigation of the excitation of 
short E S W s under p ropaga t i on condi t ions was repor ted in 
Ref. [3]. Rec tangu la r microwave current pulses were gen­
erated in a strip converter (Fig. 1) and the excitation of 
E S W s was detected on the basis of echo pulses, represent ing 
the results of back conversion of spin waves tha t re turned 
to the converter after reflection from the opposi te b o u n d a r y 
of the film. The dura t ion of the E S W pulse was less t han its 
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t ravel t ime across the film thickness. Therefore, energy 
accumula t ion did no t occur in the film. It was found tha t 
wi thout a special t r ea tment of the film surface it was no t 
possible to observe any echo pulses even if clear spin-wave 
resonance lines were observed under con t inuous excitation 
condi t ions . The echo pulses appeared only when H e and N e 
ions were implanted in the films. The conversion efficiency 
est imated from the intensity of these echo pulses was then 
fairly high (of the order of 30%) . 

W h a t was the role of the implan ta t ion process? The 
assumpt ion tha t implan ta t ion enhanced surface p inning of 
spins was used in Ref. [4] to calculate the efficiency of 
excitation of ESWs . The film was assumed to be h o m o g e ­
neous bu t the b o u n d a r y condi t ion of spin p inn ing was 
imposed on the x = 0 surface. A calculat ion was m a d e of 
the E S W energy flux carried away from a strip into the film. 
Wi thou t going into details, it was found tha t under realistic 
condi t ions the efficiency of excitation is low (of the order of 
0 .03%) for any degree of spin p inning. This est imate would 
explain why the echo pulses were not observed in the 
experiments on un implan ted h o m o g e n e o u s films, bu t the 
role of implan ta t ion is no t clear. In this case, the role of 
implan ta t ion does no t reduce simply to enhancement of 
spin p inning. F u r t h e r experiments [5] have provided m o r e 
informat ion on this topic . 

3 . Experiments on exchange spin waves in Y I G films with 
variable thickness 
The exper imental setup is shown in Fig. 2. A film ( 7 ) was 
pressed by means of an insulat ing spacer ( 5 0 0 - 1 0 0 um 
thick) against a meta l strip ( 2 ) which was w = 0.5 m m 
wide. A microwave power P-m was coupled into the strip 
via a circulator (3). The reflected power P o u t was also 
coupled out t h rough the circulator and investigated as a 
function of an external field H0 at a fixed frequency co or 
as a function of the frequency co when the field Z/ 0 was 
fixed. The investigated films were d — 1 0 - 2 0 um thick 
and their d imensions in their own p lane were several 
centimetres. A m o n g these films there were some with an 

I 
OH 

3300 3400 
Frequency /MHz 

3500 

Figure 2. Wide absorption spectrum showing the frequency 
dependence of the microwave power reflected from a sample (a 
YIG film with the [111] orientation magnetised in a field H0 parallel 
to the surface; d — 12.5 urn; H0 — 564 Oe) and the experimental setup 
used in the measurements: ( 7 ) YIG film; ( 2 ) strip converter; 
(3) circulator; Pin is the incident microwave power; P0ut is the 
reflected microwave power. 

anomalous ly wide (hundreds of megaher tz) absorp t ion 
spectrum. 

Fig. 2 shows a typical absorp t ion spectrum of such a 
film. Inside a wide dip of P o u t p lo t ted against frequency 
there were reflection peaks . Var ia t ion of the d imensions of 
the film in its own p lane had no influence on these peaks . 
Hence , we concluded tha t the peaks appeared because of a 
spin-wave resonance across the thickness. The frequencies 
con of the spin-wave resonance peaks of a h o m o g e n e o u s film 
should depend on the resonance number n as n [2]. A n y 
deviat ions from this law would indicate an inhomogenei ty 
of the magnet ic pa rame te r s of a film [6, 7]. In our case 
(Fig. 2), the n law was not obeyed. Exper iments show that , 
a l though the ac tual dependence of con on n differed from 
film to film or as a result of var ia t ion of the direction of the 
field / / , the n law was no t obeyed by all the films with an 
anomalous ly wide absorp t ion spectrum. 

Fig. 3 gives typical dependences of the frequencies con at 
the centre of a peak on the n u m b e r n p lo t ted on the basis of 
the measured absorp t ion spectra. W h e n the field H was 
paral lel to the surface, tens of peaks were observed and the 
density of the peaks increased with n. W h e n the field H was 
perpendicular to the surface, the number of peaks increased 
to 120 (for the same film) and all of them were equidis tant . 
The width of the absorp t ion spectrum was then abou t 
1 G H z . 

(w/27i) /MHz 
5000 ,-

Figure 3. Dependence of the resonance frequency con on the resonance 
number n : ( 7 ) YIG film [111] orientation (d — \7 \xm} in a parallel 
magnetic field H0 — 808 Oe; ( 2 ) same YIG film in a perpendicular 
field H0 = 3505 Oe. 

The deviat ions from the n law were indeed due to the 
inhomogenei ty of our films. A technology for the growth of 
Y I G films by the me thod of l iquid-phase epitaxy with a 
specified inhomogenei ty profile had been developed by 
A V M a r y a k h i n and A S K h e . Our own invest igations of 
such films showed unambiguous ly tha t the spin-wave 
resonance spectrum could be synthesised as desired by a 
suitable selection of the inhomogenei ty profile. 

It is wor th no t ing the considerable depth of the dip of 
P o u t at frequencies outs ide the resonance peaks . At such 
frequencies there was pract ical ly no reflection of the 
microwave signal. This absence of reflection provides 
evidence of the high efficiency of the excitation of ESWs. 
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4. Theoretical description of exchange spin waves in 
inhomogeneous films 
The theory presented be low is based on the observat ion 
tha t the exchange length ( / e x c h ) is considerably less t han the 
inhomogenei ty scale (A): 

<A. (1) 

In fact, A is determined either by the film thickness or by 
the thickness of the implanted layer, i.e. it lies within the 
range 1 0 - 1 um, which is 2 - 3 orders of magn i tude greater 
t han / e x c h . 

The wavelength X(x) of E S W s varies in the course of 
p ropaga t i on in an inhomogeneous film. At those po in t s 
inside the film where the condi t ions / e x c h < X(x) <^ A are 
satisfied, the p ropaga t ion can be described in the W K B 
approx imat ion . However , these condi t ions m a y no t be 
obeyed near some po in t s /, called the ' turning po in t s ' , at 
which 2.(1) —• oo. The exact solut ion can be obta ined near 
such tu rn ing po in t s and then fitted to the W K B solution. As 
a result, the excitation of E S W s occurs specifically near the 
tu rn ing points , where k is large and the best ma tch ing to an 
electromagnet ic wave is achieved. 

F r o m n o w on, we shall consider only the films with a 
m o n o t o n i c inhomogenei ty profile. Inside such films there is 
only one tu rn ing poin t and the coord ina te of this po in t / 
depends on co and H0. It is convenient to in t roduce the 
change in the E S W phase : 

(K<*>,H0) 
cp(co,H0) = 2 \q(x,co,H0)\dx + 

Jo 
<Po> (2) 

where 0 < l(co,H0) < d. The first te rm describes the phase 
shift as a result of p ropaga t i on and the second is the phase 
j u m p on reflection of an E S W from the x = 0 surface 
(cp0 = 3k/2 for free spins and cp0 = n/2 for p inned spins). 
The expression for the exchange spin wave number q 
depends on the direction of Z/ 0 . If Z/ 0 is perpendicular to 
the film, this expression is 

q(x) 
1 

D 
H0+4nM(x) (3) 

where D is the exchange constant ; y is the gyromagnet ic 
ra t io ; 4nM(x) = 4nM$(x) — HA(x), Ms is the sa tura t ion 
magnet i sa t ion; HA(x) is the an iso t ropy field. In te rms of 
the phase defined by E q n (2), the condi t ion for a spin-wave 
resonance can be formulated quite simply: 

(p(con,H0) = 2nn (4) 

for each n = 1, 2, N. 
E q n s ( 2 ) - ( 4 ) describe well the exper imental results. In 

par t icular , these equa t ions m a k e it possible to reconstruct 
the inhomogenei ty profile [4 t tM(x)] from the experimental ly 
determined spin-wave resonance frequency con. The 
assumpt ion tha t q = 0 makes it possible to find from 
expression (3) a sequence of values of 4nMn at the tu rn ing 
po in t s where the frequencies are co = con. The profile can 
n o w be reconst ructed simply by finding the coordina tes of 
all the tu rn ing poin ts l(con,H0). Let us approx ima te the 
dependence 4nM(x) between consecutive tu rn ing po in t s by 
a linear function and let us subst i tute it into the system of 
equa t ions (4), bear ing in mind the definition given by 
E q n (2). Then , the system of equa t ions (4) yields all the 
coordina tes l(con,H0). A typical profile reconst ructed in this 
way is shown in Fig . 4. W e can see tha t practical ly the same 

Figure 4. Reconstructed profile of the relative change in the effective 
magnetisation 47i8M(x) = 4nM(x) — 4nM(d) across the thickness of a 
YIG film with the [111] orientation; d—\l um. The results were 
obtained by an analysis of the spectra shown in Fig. 3: (•) data 
calculated from the spectra of a perpendicularly magnetised film; 
(A) data deduced from the spectra of a film magnetised parallel to its 
surface. 

profile is obta ined irrespective of the direction of H0. This 
confirms the correctness of the adop ted theoret ical model . 

In this mode l the limits of the absorp t ion b a n d s are 
determined by those frequencies co0 and cod at which the 
tu rn ing poin t first enters the film and then leaves it. Accord ing 
to E q n (3), these frequencies are co0 = y(H0 — 4nM0) 
and cod = y(H0 — 4nMd). Then the width of the absorp t ion 
b a n d is Aco = \co0 — cod\ = 4ny\M0 — Md\, where M 0 = M(0) 
and Md =M(d). Subst i tu t ion of the difference \M0 —Md\, 
deduced from the reconst ructed profile (Fig. 4), gives an 
est imate which is in agreement with the exper imental results. 

Let us assume tha t M(x) can be represented by the 
power law 4nM(x) = 4nM0 - 4n(M0 - Md)(x/d)r. Subst i ­
tu t ion of this law into E q n s (3) and (2) gives 

Cp(co) = C(C0 — COq) (r+2)/2r CO0^CO^COd, (5) 

where the coefficient C is independent of co. Accord ing to 
expression (5), the frequency dependence of the phase and, 
therefore, the line posi t ions in the spin-wave resonance 
spectrum are governed by the power exponent r. In 
par t icular , if r = 2, the phase increases linearly with the 
frequency. Precisely this type of dependence is found 
experimental ly (Fig. 3) for films with a pa rabo l ic profile in 
a field n o r m a l to the film plane . Expression (5) also 
suggests an interest ing possibility of synthesis of the 
frequency dependence cp(co) by selection of a suitable 
profile (exponent r). 

5. Propagat ion of exchange spin-wave pulses in 
inhomogeneous films 
As poin ted out earlier, an est imate of the efficiency of the 
excitation of travell ing E S W s can be obta ined in experi­
men t s under pulsed condi t ions , with no changes in the 
exper imental setup shown in Fig. 2. Fig. 5 reproduces 
osci l lograms of the reflected pulses of P o u t ob ta ined for 
different fields H0 and two or ienta t ions of the field. The 
film had a parabol ic inhomogenei ty profile with a power 
exponent r — 2. In the absence of the field (H0 = 0) a pulse 
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500 ns 

500 ns 

Figure 6. Time dependence of the envelope of the reflected signal 
(normal field # 0 = 2933 Oe, co/2n — 3695 MHz, YIG film [111] 
orientation, d— 15 um). 

Figure 5. Time dependence of the envelope of the reflected signal. 
( 7 - 5 ) Parallel field, co/2n — 5124 MHz; (1)H0 = 0, K = 0; 
( 2 ) H0 = 1084 Oe, / T = 1 0 d B ; (3) H0 = 1079Oe, K = 10 dB; 
( 4 ) H0 = 1071 Oe, / T = 1 0 d B ; ( 5 ) # 0 = 1058 Oe, K = 10 dB. 
((5, 7) Normal field, fo/27i = 5322 MHz: (6)H0 = 0, K = 0; 
( 7 ) # 0 = 3790O e, = 7.6 dB (YIG film, [111] orientation, 
d — 15 um). 

of P-m was reflected totally. As H0 was increased, a second 
delayed pulse of P o u t appeared in a certain range of the 
field. W h e n the field H0 was paral lel to the film plane , the 
delay t ime T depended strongly on H0 and for the n o r m a l 
or ienta t ion the value of T was practical ly independent of H0. 

W e can est imate T , subject to expression (5), as follows: 

r + 2 
— ( 

dco 
T(CO) C -—(co-co0) ( 2 - r ) / 2 r 

2r (6) 

Accord ing to expression (6), if r = 2, the frequency 
dependence of T d isappears , i.e. the delay becomes 
dispersion-free. This conclusion is in agreement with the 
pa t t e rn of pulses shown in Fig. 5 (6 and 7 demons t ra t e tha t 
a delayed pulse suffers practically no dispersion dis tor t ion 
of its profile). 

The pulses in Fig. 5 cor respond to different values of the 
input power P-m. The values of K, given in the figure 
capt ion, demons t ra t e the relative change in this power . A 
compar i son of the pulses can be used to est imate the 
relat ionship between P o u t and P-m. W e can therefore 
conclude tha t the to ta l losses due to the excitat ion, 
p ropaga t ion , and reception of E S W s are relatively small 
and are of the order of 10 dB for delay t imes 
T = 1 0 0 - 1 4 0 ns. 

6. Interaction of exchange spin waves with ultrasound 
in inhomogeneous films 
This interact ion has been observed earlier in experiments 
on Y I G rods [8], when an inhomogenei ty was observed 
because of demagnet isa t ion fields. In our experiments the 
interact ion of E S W s with u l t r a sound was observed in 
Y I G films with an inhomogenei ty of the an i so t ropy field 

across the thickness. At some poin t / s inside the film 
(0 < / s < / < d) the following phase-match ing condi t ion 
m a y be satisfied: 

A(/ s ) — As ( 7 ) 

where As is the wavelength of u l t r asound . This results in the 
excitation of an u l t rasonic wave and its p ropaga t i on 
alongside an ESW. 

Fig. 6 reproduces an oscil logram of P o u t showing two 
delayed pulses. The pulse with the largest delay m a y be 
associated with the p ropaga t ion of ESWs . The less delayed 
pulse p ropaga te s as an u l t rasonic wave in the section 
0 < x < / s . W e can see tha t the intensities of b o t h pulses 
are comparab le , i.e. tha t u l t r a sound is excited as effi­
ciently as ESWs . The m a x i m u m frequency of the excited 
u l t r a sound is determined by the magnet i sa t ion ' d r o p ' 
AM = \M0 -Md\, namely [5] 

UnAM\ 
max I ~ ' 

1/2 

D ( 8 ) 

where Vs is the velocity of sound. Es t imates show tha t it 
was possible to excite u l t r a sound at frequencies 1 6 - 2 0 
G H z in our films with 4TTAM - 3 0 0 - 5 0 0 G. W e detected 
experimental ly the excitation at frequencies up to 18 G H z . 

7. Potential applications 
Pulses or paral lel b e a m s of short E S W s m a k e it possible to 
p r o b e magnet ic films so as to obta in informat ion abou t 
their local proper t ies . F o r example, the possibili ty of spin-
wave locat ion of domain walls in fer romagnets is 
considered in Ref. [9]. This appl icat ion of short E S W s 
provides essentially a new exper imental me thod , which 
supplements the widely used spin-wave resonance me thod . 
By analogy with the familiar acoust ic microscope me thod , 
the new me thod can be called the 'spin-wave microscope ' , 
a l though na tura l ly it is still at the early stage of 
development . 

Short E S W s m a y be used as a new informat ion carrier in 
electronic signal-processing devices. Ul t rason ic and m a g ­
netosta t ic waves have been used so far for this purpose . 
However , the devices based on ul t rasonic waves cannot be 
frequency-tuned over a wide range and those based on 
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magne tos ta t i c waves are fairly large and heavy. The 
advantages of devices based on E S W s could be: (1) a 
reduct ion in the dimensions , principally possible because 
of the short wavelengths (X < 1 um): (2) frequency tun ing 
and cont ro l of the characterist ics; (3) feasibility of synthesis 
of the required characterist ics; (4) new functional possibi l­
ities associated with the specifics of the exchange 
interact ion. 

Final ly, E S W s m a y be used for the efficient excitation of 
u l t rasonic waves of very high frequencies (up to 20 G H z or 
higher) . Such excitation occurs in a wide ( ~ 1 G H z ) 
frequency b a n d . The excitation efficiency is high: of the 
order of 3 0 % . 
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