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MOSSBAUER FORWARD SCATTERING SPECTRA OF FERROMAGNETS
IN RADIO-FREQUENCY MAGNETIC FIELD

The transmission of Mssbauer radiation through a thick ferromagnetic crystal, subjected to the radio-frequency (rf)
magnetic field, is studied. A quantum-mechanical dynamical scattering theory is developed, taking into account both
the periodical reversals of the magnetic field at the nuclei and their coherent vibrations. The Mdssbauer forward
scattering (FS) spectra of the weak ferromagnet FeBO; exposed to the rf field are measured. It is discovered that the
coherent gamma wave in the crystal, interacting with Mdssbauer nuclei, absorbs or emits only couples of the rf photons.
As a result, the FS spectra consist of equidistant lines spaced by twice the frequency of the rf field in contrast to the
absorption spectra. Our experimental data and calculations well agree if we assume that the hyperfine field at the nuclei
in FeBO; periodically reverses and there are no coherent vibrations.
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Introduction

Ferromagnetic nanoparticles and thin films are
widely used as the memory elements in electronics.
Therefore intensive investigations are carried out of
their magnetization dynamics [1]. The Madssbauer
spectroscopy gives unique possibility to get
information about such a dynamics in local vicinity
of the Mdssbauer isotope *'Fe.

Starting from the pioneer work of Pfeiffer [2], it
has been shown in numerous experimental papers
(see reviews [3 - 6]), that the Mdssbauer absorption
spectra of soft ferromagnets, exposed to the rf field
of circular frequency Q, consist of equidistant lines
spaced by €2. When at the nucleus apart from the
magnetic field h(¢) there exists yet the electric field
gradient, such lines split into doublets. At low
frequencies the absorption spectrum transforms to
standard Zeeman sextet. In the case of high
frequencies the spectrum collapses to single line
(doublet).

The external rf field H(¢) =H,cos{¢ generates
in soft ferromagnet both the magnetostrictive
vibrations and the periodic reversals of its
magnetization M(#). The magnetic field at the
nucleus h(¢), which is antiparallel to M(¢), follows
these reversals jumping between the values +h, and
—h, with the period T=27/Q.

ferromagnets the magnetization completely repeats
oscillations of H(#) and no static magnetization

For such

M, is present. In this situation the magnetostrictive

vibrations have the frequency 2Q [3, 7].

The rf collapse at high frequencies is certainly
due to fast reversals of the field h(¢), when the

nucleus only "sees" the averaged field (h(¢))=0.

The appearance of sidebands separated by the
interval Q is caused by magnetostrictive vibrations
and magnetization reversals. The last mechanism has
been studied in theoretical papers [7 - 14]. It was
shown that the stepwise reversals of the field
provide satellites, whose intensity quickly falls down
with growing their order. At the same time, satellites
owing to ultrasound vibrations are characterized by
more slow attenuation (see, e.g., [15, 16]. Good
fitting of Pfeiffer's rf absorption spectra was
achieved by taking into account both the reversals
and magnetostrictive vibrations [11].

If a constant magnetic field is superimposed along
the rf external field, the reversals become asymmetric
in time and the nucleus already "sees" along with the
alternating field nonzero averaged field (h(#)), which

ensures quasi-Zeeman splitting of the nuclear quasi-
levels. Respectively, every absorption line splits into
quasi-Zeeman sextet [11, 13].

The role of stochastic jumps of the magnetization
vector, driven by the applied rf field, has been
studied in [17, 18].

Interesting transient effects arise in the case, when
the period T of the rf oscillations much exceeds the
nuclear lifetime. Then the field reversal causes
oscillations of the time-dependent absorption cross
section of y -quanta [10] and strong flash of the

radiation, transmitted through a ferromagnet [19, 20].
Nevertheless, a shortcoming of these calculations
is that they were performed in the kinematical
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approximation, i.e., they neglected rescattering of
photons in the target. This is valid for extremely thin
absorbers with oyn, =1, where n, is the number of

Mossbauer isotopes per unit square and o, is the
resonant absorbtion cross section of y -quanta. In

most experiments this constraint is violated.
Therefore the dynamical scattering theory has been
developed of Mossbauer rays by the ferromagnet in
the regime of periodical reversals of the magnetic
field [21]. Another dynamical approach and
preliminary straight-forward scattering rf spectra of
¥ -photons by the iron borate crystal FeBO; were

presented in [22].

In this paper we first build detailed theory for the
Raman scattering to forward direction of Mdssbauer
radiation by a soft ferromagnetic crystal, when
simultaneously there exist periodical reversals of the
magnetic field h(¢) and coherent vibrations. This is

quantum-mechanical theory, based on exact equa-
tions of multiple scattering [23], which does not
involve any classical Maxwellian equations. Further
we discuss our experimental results obtained on the
iron borate in the rf field.

Mention also the papers [24 - 26], where the
selective excitation double-resonance (SEDM)
spectra of superparamagnetic particles have been
observed. It was shown that stochastic reversals of
their magnetization lead to appearance of satellites
in such scattering spectra, which provide pure
information about the frequency of magnetization
reversals, not masked by the Brownian motion of the
magnetization vectors and by the interparticle
interaction. The corresponding scattering theory was
built in [29].

All this allows us to think that forward scattering
(FS) experiments will lead to better understanding of
the processes in ferromagnets exposed to rf fields.
Specifically, they reveal the transparency alteration
[24] as well as the interference of the scattering
amplitudes [25].

It is worth to note that Mdossbauer FS
experiments were already conducted with vibrating
stainless steel [15, 16].

Scattering amplitudes

We direct the axis z perpendicularly to the
crystal slab along the incident beam of y -quanta

with frequency w=E/h and wave vector
k=1{0,0,k}. The crystal occupies the space
0<z<D, where D is the crystal thickness. The
direction of the axis x is chosen along the magnetic
field amplitude h,, which is believed to be parallel
to the crystal surface.
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Let the magnetic field at the Mdssbauer nucleus
h(¢#) periodically changes its direction to the

opposite one, i.e.

h()=h,f (1), )
where T is the period of the rf field and Q=27/T
is the circular frequency and the factor

f(@®)= f(+T) is determined by

1, 0<t<T/2

B 2
+1, T/2<t<T, @

f(t)={

Moreover, there are coherent magnetostrictive
vibrations, which ensure periodic displacements of
the nuclei from the equilibrium position

R(1) = Acos(2Qt + ), 3)

where ¢, is an initial phase of vibrations. We

assume that these vibrations have the same
amplitude A within the cross section of the incident
beam of y -quanta.

The nuclei in the periodic magnetic field (1) are
described by the Floquet wave functions

—iWKt/h

¥, 0=y, (0", (4)

where the periodic functions y,, ()=, (t+T7)

are given by
Var, (0| LMy exp| =iy Mk [ (O 1], )

the index x labels the ground g or excited e
nuclear states, y, represents the gyromagnetic ratio
in the « th state of the nucleus, |x)=|I _M, ) are the

stationary wave functions of the nucleus with spin
I_ and its projection M,_ on the quantization axis
x, while the corresponding nuclear energies are
W,=0 and W, = E.

The nuclei “’Fe, absorbing incident photons,
perform transition from the ground state | g) to the
excited one |e). If k is perpendicular to #,,
y -quanta with linear polarization e,
M,>M,=M,+1

polarization e, induce transitions with M, =M, .

generate

transitions and those with

Thus, the unit vectors e, and e are eigenpolariza-

tions of photons, which are not mixed during
scattering by nuclei.

Since the nuclei are exposed to an alternating
magnetic field with circular frequency Q, the
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y -quanta undergo the Raman scattering, leading to
appearance of y -quanta with shifted frequencies
®, = w—n€), where n is an integer. In the case of
straight-forward scattering far from the Bragg
condition their wave vectors are k, ={0,0,k,} with
k,=w,/c.

In order to find the scattering amplitude of
y -quanta by the nucleus we should calculate the

matrix  elements M, (1) of the operator

7Y (k)™ on the Floquet wave functions (4).
Here

Ji () =e, [dre™j, (r) (©6)

represents the Fourier transform of the current

density operator of the nucleus j, (r), multiplied by
the polarization vector e,. Employing well-known

expansion

zrcosﬂt _ ZIIJ (x)etth (7)

where J,(x) is the Bessel function of the order /,

we get the coefficients a,,(n) of the Fourier series

. i & el N (k)| g) (el jY (k) | g) al, (m—n)a,, (m—n)
[k, ek, .e)) =—pe Ty : s

for the periodic function M, (¢) (see also [11]):

a, ()= i'e"™J, (k- A)b,, (n-21), (8)
I=—o0
where
x_ +nz\|. (x, +nx 2x
b, (n)= exp{—i( « ﬂsm[ « j ——
2 2 x,, —(nr)
©)
with parameters
a,T
xeg = 2 aeg = (7gM 7/3Me)h0 /h (10)

General expression for the coherent Raman
scattering amplitude of y -quanta by jth nucleus in
the rf field has been derived in [10]. For particular
case of forward scattering by an unpolarized target it
can be written as

_fz‘(o’;z n)(kn’ea;kn”ea)y = Z fg(; 7n)(kn7ea;kn"ea);]’

2Mg:il/2
(11)
where £ is the Raman scattering amplitude of

y -quanta by jth nucleus, which passes from the
initial state | g) to the final | g"):

M m=—0n

and p; is the fraction of the Mdssbauer isotope in

the jth site, e is the Debye - Waller factor for

the absorber, I'=1I', + I'. is the width of the excited
level of the scattering nucleus, which consists of the
partial radiative width I', and the conversion electron
one I.. The absorption of y -quanta in crystals is

mainly determined by I, being much larger than I,
The amplitude [ describes scattering of

y -quantum, when it emits (n>0) or absorbs

(n<0) n modulation quanta #Q. Once k and h,

are perpendicular, the reflection
M, M,—-M,—-M, does not change the factor

el jy ()| &) f
a,,(n'—m)a,,(n—m) attributes the sign (—1)"""
that

and the product

fo' =D (13)

Hence the coherent scattering amplitude £ =0 for

coh

12
et (12)

-mhQ+il"/2
odd n due to interference of the terms flﬁg?l,z and

(n)
—1/2-1/2 *

The Raman coherent scattering amplitude of
y -rays by an elementary cell is a sum of the nuclear
and Rayleigh straight-forward scattering amplitudes.
The first is

(n'=n) . (' )
F (kn’ea’kn’ﬂea) i

coh

ek, .e,),

(14)
where summation is carried out over all sites j
within the elementary cell, containing Mossbauer
isotope. The Rayleigh scattering amplitude by
electrons

F("’ ”)(k FR(kn’ a’ n’ a)é‘nn’ (15)

no a’ n’ a)

where F® stands for standard Rayleigh scattering
amplitude to zero angle in the absence of external
periodic fields (see, e.g., [33]):

Ff=-n> 7 +i(k/4r)o,,, (16)
J
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Z, is the number of electrons of ;th atom,

r,=¢e’ /mc’ denotes the classical radius of the

electron, o, is the photoelectric cross section.

Transmission of radiation through a crystal

Let the crystal be composed by N infinite layers
of elementary cells parallel to the crystal surface.
Their thickness equals d, so that the crystal
thickness is D = Nd . Such layers are numerated by
the index m=0,1,2,..,N—1, where m=0
specifies the face layer with the coordinate z=~0
and m = N —1 the back layer with z= D .

The incident photon may be described by the
vector potential AY(z,/)=APe™ ™, where the
AV =Qrhc/k)e, [32].
Introducing the retarded time ¢ =t-z/c, we

rewrite it as AV(¢+) = A(U?)e""‘”*. Let us denote the
off-Bragg  transmitting  coherent wave by
A, ()=AYy (¢). In addition, the waves incident
on the mth layer and scattered by it are denoted
AP = ADYL ()
A(GM)(I*)SC = Af)y/;rn)(t )S(’ ‘

Scattering of photons by a crystal is determined
by the system of multiple scattering equations [23].
For the elastic diffraction of Mdssbauer photons they
were represented in [33, 34]. And for the case

considered these equations may be rewritten in the
form

vector amplitude is

respectively by and

v ()= + Zw"’”(t*)w (17)
m=0
and
l//;m)(t*) — e*i(ut + Zl//ém') (t*)sc, (18)

m'#m

Once we deal with the coherent scattering to zero
angle, in (18) only the forward scattered waves with
m'=0,1,...m—1 are significant.

Let us expand the incident wave (") in the

Lk
*l{()"[ .

functions y, ()=e

w ()= 2000 (), (0). (19)
Following [31], it can be shown that the
corresponding scattered wave is given by

(M)(t ).SL _l F;znb(m)(n)//(n’(t*)a (20)
where the dimensionless forward scattering

76

amplitude of y quanta by the m th layer is

F _FN +F:zliz’
n]’\:;(R) 27[F(” ")(kn a’kn ezx)N(R) (21)
k(v,/d)

and v, is the volume of elementary cell.

The matrix F,, , depending on the polarization of

n'n >
incident photons «, can be considered formally as a

matrix of the operator F, acting in the space
spanned on the basis vectors y,. It allows us to

represent the wave scattered by the m th layer as

=iFy" (). (22)

w1,

Then the equations of multiple scattering (18) are
transformed to

Y= 2+ Y, @)
m'=0
or in more brief form to
p" =(1+iF)y ™. (24)
Its solution is as follows:
v () =(1+iF,)" 1, (25)
Since the scattering amplitudes | F,, |=1, then
p () xe" g (20)

The eigenvalues J,,d of the operator F, are

determined by equation

8 X @7

Fo,=(
where eigenfunctions are given by the expansion

r_
/Y;z - Zun;zln

n

(28)

with the transformation matrix u

nu "

Using Egs. (26) - (28), we are led to

A(f'l)(z t) A(O) Z ZC(/za) ’5 oM lk Z—i(uﬂt’ (29)
n=—o0 u=—x0

where the amplitudes are

(1) —
C, un#uﬂo

(30)

From here it follows the boundary condition
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Ycow=s,, (31)

H=—0

which implies that at the surface z =0 there are only
incident photons with frequency @.

Due to inequality |§;V |d <<1, the m th incident

wave AY’(r,f) practically coincides with the

complete wave in the vicinity of the m th layer.
Therefore inside the crystal, 0 <z < D, one has

A (2D =AY Y Y Cre e ™, (32)
V%

=—00Nn=—00

where the wave vectors of photons in the medium
are K,,,={0,0, K.} with

K,=k+6,,. (33)
Here the dependence of the wave vector k on n
is neglected since QD/c << 1.
The photons transmitted through the crystal

(z> D) are described by

A(20, = AV Y B @ (34
with the amplitudes

B (@)= Y.Co (@) " (3)

pH=—0

For determination of &, D it is convenient to

introduce the dimensionless parameters
x=2E-E)/T, Ax=2nQ/T, (36)

Besides, we introduce a thickness parameter of the
absorber f=4b/T", where

b= &Fe‘”mo. (37)
From Eq. (27) it follows that
s=06%+6", (38)
where
of=r*/d, (39)

while the product "D is defined by the algebraic
equations

> AU = (5) Dy

nn n

(40)

n=-w

Here the scattering amplitude F; is transformed to

the matrix

(a)
A:;Z) = _ i IBH'Z (m)

X—mAx+i’

(41)

m=—0

which contains the parameters
(x) — ﬂ 3 * ! _
B, (m) g{ [a73/2,71/2 (m—n )0,3/2),1/2 (m—n)+
+ay),,,(m— ”')az/z,l/z (m—n)]+

+[a1/2,71/2 (m— n')al/Z,—l/Z (m—n)+

+ai1/2,1/2 (m— n’)a71/2,1/2 (m—n)l]} (42)

and
:8»%) (m)= g{a:/z,-l/z(m - n')a-l/z,-uz (m—n)+

+a;/2’1/2(m - ”')auz,l/z (m—n)}. (43)

Thus, our task is reduced to numerical calculation of
the eigenvalues 6D and eigenvectors {u,} of the

matrix 4%
At high frequencies of the rf field (2 — o)

ﬂﬁ&

ﬂ)g’j) (m) - 3 mn"~"mn?> (44)
since in this limiting case
a,(n) =0, (45)

(see also [4]). As a consequence, the matrix A'7
takes the diagonal form
g P12

n'n . “n'n>

X

(46)

which means that no Raman scattering of photons
occurs in the crystal and the forward scattering
spectrum collapses to single line or doublet.

Spectra

The y -quantum, emitted by a source without
recoil, is described by the wave packet

A, 20, =AY [ g (@)= "do,  @7)
where its Fourier transform is
ia)lo
g, (w)© (48)

E—E,—(v/c)E,+il, /2’
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while #, is the moment of formation of the excited
nuclear state, £, and I", are the energy and width of

the excited level of the emitting nucleus, v is the
velocity of the source with respect to the absorber.

The corresponding phononless energy distribu-
tion of the incident radiation is described by the
Lorentzian function

o2

WO(E)= 2=

_ . (49)
27 (E—E,—(v/c)E,) +(T,/2)

According to (34), (35) the electromagnetic wave
packet, scattered by the crystal to zero angle, will be

A (=AY [ dwg @)™, (50)

where

g ()= igs(a)’+nQ)Bm(a)'+nQ). (51)

n=—n

When the incident beam is unpolarized the energy
distribution of y -quanta behind the target is given by

W (E") :% 3 (g (@) P, (52)

a=x,y

where the brackets <> denote averaging over the
initial random moments #,. The final result for the

energy distribution of transmitted radiation reads

B, (o' +nQ)[".

w, (E") = iw§°>(a;'+ nQ)% >

n=—w a=x,y

(53)

Such a distribution is measured with the aid of

the analyzing crystal with single resonant absorbtion

line, which can be approximated by the Lorentz
curve

w (E")= Lo !
27 (E'-E,—(v'/ ¢)E,)* +(I

/2)*’
(54)
where E'=hae' denotes the energy of photons
incident on the analyzer, V' is the velocity of the
analyzer relative to the target, I' is the width of

an

the line. Then the experimentally measured double
resonance spectrum is described by the following
integral:

w._(v)= I:dE'w (E"Yw, (E").

an

(55)

Such spectrum is measured with a fixed source.
As to the absorption spectrum, depending on the
source velocity v, it is given by the expression

W)= [ dE'w, (E"). (56)
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Experiments

Our experimental set-up, shown in Fig. 1,
consisted of the source (S) of Mossbauer rays,
absorbing sample (A), analyzer (An) of the forward
scattered radiation and detector (D) behind the
analyzer. During measurements of forward
scattering spectra the source (*'Co(Cr)) was at rest

with respect to the sample FeBO ;. The width of the

source line was I', = 0.13 mm/s.

H,;
S ] 2!
+* - -t
D
A An

Fig. 1. Scheme of the experimental set-up for measuring
forward scattering spectra, where S is the source of
Mossbauer rays, A is the absorbing crystal FeBO; placed
in the rf magnetic field, An is the analyzer of transmitted
radiation, D is the detector.

As a target we took a FeBO; single crystal
enriched with >'Fe up to 95 %. FeBO, is a weak

ferromagnet (canted antiferromagnet) with the Neel
temperature 7, =348 K. It was cut along the easy-
magnetization plane (111), in which the
magnetization vectors of two almost
antiferromagnetic sublattices are lying. The easy
plane has very low anisotropy field H ol Oe, while

that along the hard axis is 6.25-10* Oe [35]. This
iron borate platelet had transverse dimensions 4 mm
and “thickness D =45y m. It was placed inside the
helical contour, which produced the rf magnetic
field, oscillating in the plane (111) of the target
perpendicularly to incident y rays. High-frequency
generator, operating at the frequencies from 10 to 30
MHz, generated the power up to 120 W and the
amplitude of the rf magnetic field A, achieving
values up to 20 Oe. The sample temperature
T'=340+0.1 K was kept within £0.1 K by means
of a thermostat.

Since H,= H,, the crystal magnetization M,
driven by the external rf field, periodically reverses
in the easy plane. It is achieved by simultaneous
reversals of the magnetization vectors of
antiferromagnetic  sublattices between opposite
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directions. Such reversals are facilitated when the
temperature 7" is near T , as in our experiment with
T approaching 7, . At T=340 K, even in the
absence of rf field, the chaotic rotations and
reversals of the magnetization M lead to narrowing
and poor resolution of the sextet, whereas at 7 > T,
the crystal becomes paramagnetic and the spectrum
collapses into unresolved quadrupole doublet [36].
Between the absorber and detector it was placed
the analyzer - another absorbing crystal, moving
with constant acceleration and alternating velocity

v'. It has been prepared from potassium
hexacyanoferrate (I1) trihydrate
K, [Fe(CN)(]3H, O.
wo | i
95 b 6.2MHz - -
90 | i
H_') 1 1 1
-5 0 5
wo b7 1
£
= 95 F -
]
= 15MHz
< o} -

98

9 I 19MHz §

02 1 M L L L 1 . L N L 1

-5 0 5

Velocity, mm/s

Fig. 2. Mossbauer forward scattering spectra of FeBO; in
the rf field vs velocity of the analyzer. Dots are experi-
mental data, solid line represent the calculations.

Mossbauer forward scattering spectra of FeBO;
in the rf field vs velocity of the analyzer. Dots are
experimental data, solid line represent the
calculations, known also as potassium ferrocyanide

(PFC) or yellow potassium prussiate, YPP). This
compound was enriched in *'Fe to 95%. The
absorption spectrum of the analyzer was fitted by a
single Lorentzian line, having the width
I',, =0.37mm/s. The Doppler modulation of the

analyzer was achieved by means of a standard MS
1101 E Mossbauer spectrometer with constant
acceleration mode. The detector with thin NaJ(TI)
scintillator was used.

The measured rf forward scattering spectra for
FeBOj; consist of the central line (n=0) and even
sidebands,(n=12,14,...)
other by the double driving rf frequency Q=27zv
(Fig. 2). The satellite intensities fall down with
increasing their order #» much faster than in the case
of ultrasound modulation [16]. Our FS spectra are
asymmetric (the right-hand satellites have larger
amplitude than left-hand ones) in analogy with FS
spectra in the ultrasound experiment [16]). The
asymmetry arises because the incident radiation is
shifted with respect to the center of the Zeeman
sextet due to the isomer shift 6 =FE;—-FE, in our

case 0 =0.35 mm/s.

In addition we have measured the absorption
spectrum at frequency v =19 MHz, which is dis-
placed in Fig. 3. In contrast to the FS spectra it
contains lines of all orders n=0,+1,£2, ...

separated from each

{[\[1] U
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Arbitrary units

60 L 1 L
-6 -4 -2 0 2 4 6

Velocity, mm/s

Fig. 3. Mdssbauer absorption spectra of FeBO; in the rf
field vs velocity of the source. Dots are experimental data,
solid line represent the calculations.

Discussion

The Raman scattering of y -rays by nuclei in rf

field with the circular frequency Q leads to splitting
of their frequencies @ into @, = w—nC), where n

is an integer. We considered their penetration
through a crystal far from the Bragg condition, when
the coherent waves A (z,7) arise with different

wave vectors K, and amplitudes C; but the same
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frequency @,. Their coupling is determined by the

eigenvalue equation (27), which is reduced to the
infinite system of algebraic equations (40) with the
matrix (41). The system can be truncated at some
|n| because the amplitudes C¥ rapidly decrease
with growing |z |. More general system of equations

to determine gamma-waves in the crystal subject to
any alternating field has been derived in [31]. They
describe the case when inelastic (Raman) diffraction
of waves is realized in the crystal. It was shown in
the same paper that during inelastic diffraction there
arise the same effects (suppression of inelastic
channels, pendelldsung effect, etc.) as for elastic
diffraction. In particular case when no Bragg
condition for gamma-waves is fulfilled in the
crystal, these general equations reduce to the
equations derived above. It is worth to note also that
in this paper we gave another and somewhat more
strict derivation of the dynamical equations govering
the amplitudes and wave vectors of all the waves.
They take into account rescattering of waves inside
the crystal, i.e., the fact that the wave incident on the
mth crystal plane AV’ (¢") is formed by the sum of

L ¥
—iot

the wave incident on the crystal A”e™™ and waves

scattered by all other crystal planes. For very thin
films in the kinematic approximation rescattering of
waves can be ignored, then all the incident waves
A are
component with definite frequency ®, of gamma-
wave inside the crystal is a coherent sum of the
waves with different amplitudes C,, and wave
vectors K,,,. Their interference defines attenuation in
the crystal of the beam with frequency ®,. Both
radiative and conversion electron channels as well as
the Rayleigh electronic scattering contribute to this
attenuation.

The periodic reversals of the magnetic field and
magnetostrictive vibrations are taken into account in
our equations. We assumed that the field reversals
occur instantly and simultaneously in the whole
crystal volume. Good agreement of our model of
instant reversals with the experiment says that the
duration of the magnetization rotation in FeBOj; is
much less than the rf period 7', i.e. <<50 ns. Note
that the estimations of [37] predict this switching
time from 10 ns to 40 ns. Following [7] we believe
that the frequency of vibrations is 2Q . Therefore
¥ -quantum, interacting with such vibrating nucleus,

Lk
—iot

replaced by AWVe Every

can exchange its frequency @ by nQ with even »n .
Once the nucleus is exposed to the rf magnetic
field, its ground and excited levels split into infinite
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series of quasi-energetic levels, which are spaced by
the interval #€). Emission or absorption of
y -quanta by such a nucleus is accompanied by

nuclear transition between quasi-energetic levels of
the ground set and excited set. As a result, the
nucleus absorbs and emits y -quanta with energy

shifted by any number of rf quanta #Q . In other
words, ¥ -quantum emits or absorbs rf photons.

Note that in the vacuum such a process of emission
or absorbtion of one photon by another is practically
inhibited.

Respectively, the absorption spectrum, presented
in Fig. 3, contains equidistant sidebands of all orders
n==1,+£2,... Nevertheless, it is not the case for the

coherent rf forward scattering in standard geometry
with perpendicular H(z) and beam of y -rays. Then

the coherent wave exchanges with the rf field only
by couples of the rf photons, and the forward
scattering spectrum (see Fig. 2) contains only even
sidebands (n=%2,%+4,...). It is ensured by

interference of the terms £, and £} . in the

coherent scattering amplitude (see also [21, 22]),
which is destructive for odd numbers n.

Good fitting of our data for FeBO, in the rf

magnetic field is obtained, assuming that kA =0
and taking into consideration only periodic
magnetization reversals. Thus, we can conclude that
no significant magnetostrictive vibrations are excited
in iron borate perpendicularly to the external rf field
H(z) and sidebands in rf Mdssbauer spectra of

FeBO, are caused mainly by periodic reversals of

the magnetic field at the nuclei. So the
magnetostrictive standing wave, which is excited in
the transversal direction to the beam of y -photons,

is not scattered effectively by defects in FeBOs to
give rise to vibrations along this beam. Therefore the
magnetostrictive mechanism for the sideband
formation in FeBOs, proposed in [36], seems to be
insufficient. Note that the magnetostrictive
vibrations are excited with double rf frequency. If
only these vibrations were responsible for
appearance of sidebands, then the sidebands in the
absorption spectra would be separated by the
interval 2Q), while our spectra as well as those of
[36] clearly demonstrate that the absorption lines are
spaced by Q.
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0. 5. I3woank, E. K. Cagukos, I'. L. Ilerpos, B. B. Apinin, ®. I'. Barizos, B. IO. CniBak

CIIEKTP MECCBAYEPIBCBKOI'O PO3CISAHHSA BIIEPE]] ®EPOMAI'HETHKAMM
B PAJIOYACTOTHOMY MATI'HITHOMY OJII

BuBuaeTbcs npoxopKeHHS MeccOayepiBChbKOTO BUIIPOMIHIOBAHHS Kpi3h TOBCTHH ()epOMAarHiTHUH KpUCTal, IO
repedyBa€e B pajiouaCTOTHOMY MarHiTHOMYy 1ojii. PO3BHHYTO KBaHTOBOMEXaHIUHY JAMHAMiYHY TEOPil0 PO3CISIHHS, SKa
Oepe 10 yBard mepioAMYHI peBepcii MarHiTHOrO IOJII Ha spaX Ta KOTepeHTHI KonuBaHHS sjaep. [lomipsHo
MeccOayepiBChbKHI CHEKTp pO3CisiHHS BHepen M’skoro ¢gepomarHernka FeBOs, 1m0 3HaXOAMTHCS B paiiouaCTOTHOMY
MAarHiTHOMy MoJi. BusBIEHO, IO KOTepeHTHa raMMa-XBHJIS B KPHCTaldl BUNPOMIHIOE YU TOIVIMHAE TIBKM Iapu
pamioyactoTHUX ()OTOHIB, YHACIHIJOK YOTrO CHEKTpP PO3CISIHHS BIIEPEA CKIIAQJAEThCSA 13 PIBHOBIJIANCHHUX JIiHIH,
PO3IIIGHUX Ha TOJABIHHY YacTOTy, Y NPOTHJICKHICTh IO CIEKTpa MOrIHHaHHSA. Haili ekcriepuMeHTalbHI JaHi Ta
YHCIIOBI PO3PaxXyHKH JOOpE y3TOMKYIOTHCS, SIKIIO MPHUITyCTHTH, IO HAaATOHKE mosie Ha siapax FeBO; mepiogmdno
peBepcye 0e3 OyIb-SIKMX KOTEPEHTHUX KOJIMBAHb.

Kniouosi crosa: MeccbayepiBcbka CIIEKTPOCKOITIS, CIIEKTPH PO3CIsIHHS BIIepes, Oopar 3aia, palio4acToOTHEe MarHi-
THE TIOJIE.

A. 5. I3w0oauk, E. K. Cagpikos, I'. U. IletpoB, B. B. Apunun, ®@.I'. Baruzos, B. l0. CnuBak

CIIEKTP MECCBAYJ2POBCKOI'O PACCESIHUA BIEPE] ®EPPOMATIHETUKAMM
B PAAIMOYACTOTHOM MAI'HUTHOM IIOJIE

Wzyuaercss NpoXOKAEHHE MeccOaydpOBCKOTO HM3IIYYCHHS CKBO3b TOJCTBIH  ()EPPOMArHUTHBIA  KPUCTAILI,
HaxXOMSIIMICS B PAagMOYaCTOTHOM MAarHUTHOM THosie. Pa3BuTa KBaHTOBOMEXaHMUYECKas IMHAMHYECKAs TEOPHS
paccesHHs, NPUHUMAIOAs BO BHUMaHHME NEPHOAMYECKHE PEBEPCHH MAarHUTHOTO IO Ha sApax W KOTEPEHTHEIE
KoyuteOanus simep. M3mepeHn MeccOayepoOBCKHEl CIIEKTp paccesiHUsL Brepen Msrkoro ¢eppomarHeruka FeBO;,
HaxXOJAIIErocss B PagHOYacTOTHOM MarHUTHOM mone. OOHapy»KeHO, YTO KOTepeHTHas TraMMa-BOJHA B KpHCTaje
M3JIydaeT WIM MOIJIOMIAeT TONBKO Iapbl PaJnOYacTOTHBIX (DOTOHOB, BCIICICTBHE YEro CIIEKTP PACCESHHS BIIEpEN
COCTOHMT W3 paBHOYINAJCHHBIX JIMHUH, pa3[eleHHBIX Ha IBOWHYIO YacTOTy, B HPOTHBOINOJOXHOCTh CIIEKTPY
roryonieHys. Hamm skcneprMeHTanbHble JaHHbIE M YUCIICHHBIE PACUYeThl XOPOIIO COTJIACYIOTCS, €CIIH JIOIyCTUTb, YTO
CBEpXTOHKOE T10JIe Ha sitpax FeBO; meprnoanieckn peBepcupyer 0e3 Kakux-IH00 KOTepeHTHBIX KOJUIeOaHu.

Knrouesvie cnosa: MmeccOay’poBCKasi CIEKTPOCKOINS, CIIEKTPBI paccesiHus BIiepea, Oopar jkene3a, paauo4yacToTHOE
MAar"HuTHOC II0JIC.
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