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Abstract. A new type of resonant phenomena in thé3ddbauer spectroscopy of soft magnetic
materials in radiofrequency (rf) magnetic fields is predicted for the rf field frequencies related to
those of components of the magnetic hyperfine structure via the parametric resonance condition.
Resonant effects of this kind are still unknown in physics; they are realized not at frequencies of
transitions between the energy sub-levels of the ground or excited nuclear states, which take place
in conventional nuclear magnetic resonance, but at frequencies which are a combination of the
frequencies of hyperfine transitions. In this case a separation between the real energy levels can
exceed the value of the ‘resonant’ frequency by about 10 orders of magnitude and the resonant rf
field sets as if in coherency between these energy levels. Such resonances can only be observed
when relaxation processes play an essential role, which permits them to be defined as the relaxation-
stimulated resonances. The simplestrelaxation model of so-called one-way and localized relaxation
is proposed. Within this model an analytical expression fosbbauer absorption spectrais derived,
based on which the specific features of the new resonant effects are analysed in detail.

1. Introduction

Studies of the Mssbauer spectra of magnetic materials under external radiofrequency (rf)
magnetic field excitation are of interest mainly in connection with the collapse effect
found by Pfeiffer in 1971 [1]. When a strong enough rf field is applied, a well-resolved
magnetic hyperfine (HF) structure collapses into a single central line (or quadrupole doublet)
accompanied with sidebands. This effect has been observed for a number of soft magnetic
materials (see [2] and references therein). One more range of phenomena in the field is
associated with the observation of double gamma-magnetic resonance [3]. At the rf field
frequencyw,r, equal to one of the nuclear magnetic resonance frequencies for ground (

or excited {,) nuclear states, the strongest influence of the rf field on the shapésstiduer
absorption spectra is expected. Therefore, in this case a splitting of all spectral components is
predicted. Attempts to observe the effect started in the 1960s [3], but they were ineffective for
a long time, until recently, when the nuclear magnetic resonance at the eX&teduclear

level was observed by Kazan physicists (see [4] and references therein).

In the present paper, resonant phenomena of a qualitatively new type are predicted. The
new resonances should reveal themselves in the spectra taken at the parametric resonance
condition, i.e. at

o = 2IMw, — mw,| 1)

n
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wheren is an integerm and M are the projections of nuclear spin in the ground and excited
states, respectively, on the direction of the hyperfine field at the nucleus. Resonant effects of
this kind are still unknown and their non-trivial character becomes evident if one recalls that
the energy separation between the ground and excited nuclear levels is larger than the splitting
of the nuclear levels in a hyperfine field by about 10 orders of magnitude. In spite of this,
the resonant rf field sets as if in coherency between the hyperfine sub-levels of the nucleus in
the ground and excited states. These resonant effects can be observed only when relaxation
processes play an essential role in the sample’s magnetization reversal. For this very reason,
resonances of the kind (1) will be calleglaxation-stimulated resonances

A theory developed in [5] for the description of relaxatiotd&4bauer absorption spectra
under rf magnetic field excitation allows one to calculate the spectra as a function of the rf field
frequency and amplitude and by that, naturally, to elucidate the question of the presence of new
resonances. Simply by means of numerical calculations based on the general equations, these
new resonances have been found. However, owing to the singularity of these phenomena, here
we simplify the very relaxation model to such an extent that permits the final equations for the
absorption spectrum to be derived in a relatively simple form. Along with that, in section 2, we
introduce a model obne-way and localized relaxatid@WLR), a special type of relaxation
process.

In section 3, an analytical expression for the description 6§8fbhauer absorption spectra
within the OWLR model is derived. This expression allows one to describe completely the
collapse effect and to carry out a simple analysis of the relaxation-stimulated resonances as a
function of relaxation parameters. The latter is described in section 4.

2. Model of OWLR

Consider a sample as an ensemble of single-domain ferromagnetic particles with unidirectional
magnetic anisotropy energy of whid,, is assumed to be large enough so that

E. =KV > kgT )

where V is the volume of the particleK is the magnetic anisotropy constarit,is the
temperature, anflp is the Boltzmann constant. Owing to condition (2), it is supposed that,
in the absence of an external magnetic field, each particle can stay in only two states, 1 and
2, with the same energy and opposite directions of the particle’s magnetic moment along the
easiest magnetization axis. Generally speaking, these states are bound with each other through
relaxation processes described by the probabilities of the transitions per unit optinzand
p21, Which are equal to each other with no external magnetic field. When an external magnetic
field is applied, the energies of these states become different and their magnetic moments
change in direction in order to tune to the direction of the magnetic field. Moreover, the
probabilities of the transitiong;1, and p,1, become different so that in accordance with the
detailed balancing principle, the transition from the upper to the lower level appears to be more
probable than the opposite transition (see figure 1). This difference is determined by various
energy barriersl/; andU,, to be overcome for the downward and upward transitions.

In an external rf magnetic field

H(t) = Hy COSw,ft (3)
the relaxation rates can be represented in the form

p12(t) = poexp[-Ui(t)/kpT]
p21(t) = poexp[~Ua(t)/kpT] (4)
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Figure 1. Two equilibrium states of a particle with different directions of its magnetic momé&nt
in an external magnetic fiell (a) and a scheme of the transitions between the states (b).

where pg is a constant slightly dependent on the magnetic field strefgth. The values

of the energy barriers for single-domain particles with different orientation of the easiest
magnetization axis have long since been obtained by Stoner and Wohlfarth [6]. According
to the results of this work, one can find that for a particle with the easiest magnetization axis
parallel to the direction of the magnetic field

H,. + |H()|]?
[ II{Z(t)I] (5)

whereH, = 2K /My is the so-called critical field andlfy is the specific magnetization of the
particle. Equation (5) applies at the field strenétfr) < H., while atH(¢+) > H,, according
to [6], the value ofU;(¢) is equal to zero anl;1(¢) assumes the value o2 H (¢).

From equations (2), (4) and (5), one can neglect relaxation processes in the absence of a
magnetic field. When a magnetic field is applied, the relaxation process remains activated, but
there are different energy barriers for the downward and upward transitions. The energy barrier
for the upward transition increases with increasing field strength and, hence, such transitions
can also be disregarded. On the other hand, for the downward transition, the energylbarrier
decreases with increasing field strength and when the field strength reaches a certain value, the
relaxation processes become so intense that they influence the shape ¢stimlkr spectra.
Relaxation processes of this kind, when only the downward transitions can be taken into
account and the upward transitions can be neglected, will be referredeasgay relaxation

As seen from equation (5), intense relaxation processes will occur at maximum values of
the field strength, i.e. at moments

I :kTrf/Z (6)

wherek is an integer and.; = 27 /w,s is the rf field period. Therefore, at higkiV the
relaxation processes should be taken into consideration only in the time integvals,(

t + 1), wherer, is much smaller thaif,,. We introduce the integral characteristics of the
relaxation process,andq, defined by

T,r/2
r= exp[ - 2/ p21(t) dtj|
T.f/2—tk

r

g=1-r. (7

Uypo(t) = 2KV
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Figure 2. Time trajectories of the hyperfine magnetic field in the model of OWLR (a), with no
relaxation ay = 0 (b), and in the regime of the complete particle’s magnetization revergatét

(©.

Herer determines the probability of a particle staying in the same state on passing the point
t, andgq is the probability that it changes its state on passing this point. As one can see below,
just these integral characteristics will determine the shape of thesbauer spectra.

Now we can introduce a model of so-calletalized relaxatiorwhere the relaxation is
considered to take place in an infinitely small time interval, arogndo that the resulting
effect of the relaxation can be completely described by the parametardq. Due to the
exponentialp,1(¢) dependence (4), one can extend the time integval equation (7) up to
T, /4 with an exponential accuracy, which results in

Tp/2
r= exp[ - 2/ p21(t) dt] (8)
T,

/4

Note that within this model the time trajectories of the hyperfine field become stochastic in
character, as shown in figure 2, and in a momgtiitere occurs a bifurcation of the trajectories;
one of them remains in the same direction of the hyperfine field and the other changes to the
opposite direction. As seen from the figure, the time trajectorieg fer 0 andg = 1 are
deterministic in character. The first case wjth= 0 is trivial and corresponds to the time-
independent hyperfine field, while the second case has a simple analytical solution which
describes the collapse effect and the formation of sidebands [7, 8].

The relaxation model considered above is the simplest one and can be described by
parameter or g which can represent different physical processes, for instance, the presence of
the interparticle interaction or its absence. On the other hand, as one can see below, within this
model a rather simple analytical expression for the description of theshauer absorption
spectra can be derived so that qualitative effects of a rf magnetic field can be traced.
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3. Mossbauer absorption spectra within the model of OWLR

A theory on the relaxation Bssbauer spectra of single-domain ferromagnetic particles under
rf magnetic field excitation was first developed in [5] under the assumption that changes in the
direction of the particle’s magnetic moment can be neglected and the hyperfine field at nucleus
H,y can change only to the opposite direction as a result of relaxation processes. According
to the results of this work, we have for the absorption cross-section

()—"”F(Z’Zw 2 (@) 9)
o(w) = 2 4 ol Qo (@
wherex = (M, m), the coefficient€’, determine the intensities of the corresponding hyperfine

transitions and can be expressed in terms of the Clebsch—Gordan coeffigiénthe effective
absorber thicknes§y is the width of the excited nuclear level, and

1 Tf q t+T,¢ q eia‘)(z’fz) R ( )
o (@) = / t/ (W) ——— G, (t,t)|1) + c.c. 10
v LoT,r Jo ‘ 19T Gy(t, 1t +T,y)
Here® = w +1Iy/2,
.
Gut,t) =T exp[/ dr’ (—idy — ﬁ(r”))] (11)
t
5 p12(t)  —paat)
Pty — 12
® <—P21(l) p21(t) ) (12)
- Wy 0
o= ) a3)

whereT is the time-ordering operatosy, = Mw, — mwg, We,; = &e,oMn Hpr, oy 1S the
nuclear magnetorg, . are the nucleag-factors for the ground and excited nuclear states,
respectively, and the vector of population of the energy stétgg:)|, is completely defined
by the relaxation process

d(W(z) X~
<dt |=—<W(t)|P(t). (14)
In solving this equation one should use the periodicity condition instead of the initial condition
(Wa+Tp)l = (W)l (15)
So, for the OLWR model discussed in the previous section one can easily obtain
1
(Wil = —(@1n) fort € (ta, tak+1)
(W)l = 13r (16)
(Wa| = (rd fort e (a1, tor+2).
1+r

Using equations (9)—(15) one can calculate thésbbauer absorption spectra for arbitrary
amplitude and frequency of a rf field with no restrictions on the character of the relaxation
processes. Since the operatdgaandP do not commute with each other and the operakars

in the general case do not commute in different moments, it is necessary to perform relatively
complicated calculations, a major part being the calculations of the chronological ordering
operators. The power of the modern computer allows one to carry out much more complicated
calculations in comparison with those in the case considered here (see, for instance, [8]).
However, there is no possibility of a qualitative analysis of the transformation of tissbauer
spectra. The simplified OWLR model just removes this defect.
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Indeed, inthe OWLR model, between the points of localization of the relaxation processes,
one can neglect the relaxation and a simple expression for the Green furgtiony’), is
obtained

—iwy (' —1)
€ 0 ) for (1, 1) € (tx, tes1). (17)

éa(t7 t/) = ( 0 éwa(l'—l)

In calculating the functiong, (7, ') in the vicinity of the points;, one can neglect terms
of the hyperfine interactions and retain only the relaxation oper@toMoreover, in our
model of the one-way relaxation the operatél(s) do commute in different moments, which
allows the corresponding functions, (¢, ¢') to be expressed in terms of the integral relaxation
characteristicg andg (see equation (8)):

Go(t,1) = Ry = (6 rl) for 1 € (tys1 — te, tas1)s 1 € (toket, toast + 1) (18)

Gy, 1) =Ry = (; 0) fort e (ty — to, tog), t' € (tog, tox +1,). (19)

r

For arbitra[yt andt' the functionG, (¢, ') is easily found by taking into account the
property of thel’ product:

Go(t, 1) = Go(t, 1) G (", 1) fort <t" <t (20)
So, for the functiorG (7, t + T,r) appearing in equation (10) we have
Gu(t.t +T) = G.1(0.0G4(0. T,5)Go(0,1)  fort e (0.T,4/2) (21)

where

. . Tr\ ~ ~ T¢\ ~
Gu(0.T,p) = G (0, 5 )Rlca (o, 5 )Rz- (22)

Note that all the function&,, and their inverses which appear on the right of equations (21)
and (22) are determined by equation (17). Thus, there are simple analytical expressions for the
Green function€s, (7, ') for arbitrary time intervals in the OWLR model chosen here. Taking
into consideration equations (16)—(22), the initial formula (10) can be transformed to

Po (@) = g (0) + ¢’ (w) (23)
where

1
FoT,f

1
— €971 G4(0, T,)

T,/~/2 A
@ (w) = (W1] / dr e G(0, t)i
0

t+Trf RN
x/ dt’' € G, (0, t)|1) + c.c. (24)
0
Then, equation (9) for the absorption cross-section takes the form
o,I'2 ,
o) = =52 ) 1Cul’y (). (25)

As seen from equation (24), the integrals over time are easily taken and, omitting the trivial
details, we write down the final result in the analytical form

T,
@i (@) = —’;0 [(Aa(wn -

— = |By(@)) — A@, | +C.C. (26)
1- elerf Ga (0, Trf) i|



Relaxation-stimulated resonances 629

where

N r e—iqu,f +q2 qr

Go{ (0, Trf) == ( q e—iwaTrf r e—iwaTrf) (27)

<Aa(w)| = (f(_y +Ya), rf(—i - yot)) (28)

n A T+ \ - 5

|Bo(@)) = (1 +d'G (o, 2f> Rl) (J}((yy . yy)’) 29)
. 1—f(=y+ys) . 1= f(=Y—Ya)

A o = < P 30
b =G T G 30)

dr—1
flx) = » (31)
y= @Trf/z Yo = waTrf/z- (32)

Using equations (25)—(32) the ddsbauer absorption spectrum under rf field excitation
can be calculated for arbitrary frequency of the rf field, including both high and low frequency
ranges, as well as for arbitrary values of the relaxation parametipte that in the OWLR
model considered here the transformation of the spectra with the rf field amplitude changing
is simply determined by variations in the paramejer It is obvious that this correlation
can be rather diverse depending on the character of the relaxation processes, as well as on
the geometric (the shape, volume and orientation of particles) and energy (positions of local
minima and values of barriers) parameters.

Figure 3 shows examples of the transformation of théssbauer absorption spectra
calculated within the OWLR model. In rf fields which are weak enough, when the relaxation
effect can be neglected, i.e. fgr= 0

_ ([ —€9)/i( = ya)
o0 == (LG o 33)
so that equation (26) is reduced to the form

, 1 1 1 1 1
#ul®) = =0, (w —on a)+wa> 4 ((w — 0+ T4 v+ r3/4>
(34)
and the absorption spectrum is a superposition of Lorentzians with natural linewidth, which
correspond to the static magnetic HF structure (see figure 3(a)).

In strong rf fields, when complete magnetization reversal occurs for half a period of the
rf field, i.e. forg = 1, we easily find

ol () = Ty {f(i R VAGO RS R ACRSD) BN f(—§+ya)}+c‘c'

= 35
4l 1 - exp(2iy) (Y = ya) (35)
which is the most compact representation of the well known result describing the collapse
effect and formation of sidebands [7, 8] (see figure 3(e)).

4. Relaxation-stimulated resonances

The calculations performed for an intermediate range of the relaxation parameter,<01,

reveal a specific transformation of the spectral shape with changing rf field frequency. For
most values of the rf field frequency, the behaviour shown in the central column of figure 3
takes place. With the relaxation rajancreasing or, identically, with the rf field amplitude
increasing, a characteristic relaxation broadening of all spectral lines is observed, which is
followed by the collapse of the magnetic HF structure into a single central line with sidebands.
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Figure 3. Transformation of the Nssbauer absorption spectra with the relaxation parameter
g =0,0.2,0.4, 0.6, 1 (a)—(e) of the OWLR model for different values of the rf field frequency
wry /2 = 50 MHz (left column), 75 MHz (central column), and 100 MHz (right column). Here
and below, the calculations are performed for #Ee nuclei,wz;2 1/2/2r = 50 MHz and a
nonpolarized/-beam transverse to the direction of an external rf field.

However, when the rf field frequency is equal to one of the magnetic HF structure frequencies
or is related to the latter via the parametric resonance condition (1), a qualitatively different
behaviour occurs. The left column in figure 3 corresponds to the resonant frequency

Wrf = W3/2,1/2 = %a)e — %a)g. (36)

As seen from this figure, in almost the whole range ofthere a well resolved HF structure is
observed the outermost spectral lines hardly broaden and remain very narrow with the natural
linewidth, whereas there is a substantial broadening of the inner spectral lines.

In the right column of figure 3, which corresponds to the resonant frequency

wrr = 2w3/21/2 (37)
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Figure 4. Mossbauer spectra calculated within the OWLR model-&t0.3 in a rf magnetic field
with the frequencyn, s /2r = 45, 50 and 55 MHz (a)—(c), near the frequengy? 1/2.

a distinct splitting of the outermost spectral lines is observed at small valye@igbires 3(b)
and (c)), while the inner spectral lines demonstrate a conventional relaxation broadening
characteristic of the spectra in the central column of figure 3.

These results were actually obtained by analysing the shape ofdbslduer spectra of
magnetic systems, like an ensemble of the Stoner—Wohlfarth particles, by means of numerical
calculations based on the general equations derived in [5, 8]. Obviously, it is impossible to
understand the physical mechanisms of the formation of the resonant phenomena on the basis
of general equations like equation (10), which not only has a simple analytical solution, but
even requires a great deal of effort for its computer realization. The OWLR model helps one
not only to derive rather simple equations for the description of the spectra, but also to express
in a clear form the parameters of the spectral lines as a function of the relaxation patameter
and the rf field frequency in the vicinity of the resonances (1).
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Figure 5. Mdssbauer spectra calculated within the OWLR model-&t0.2 in a rf magnetic field
with the frequencyy, /2 = 94, 99, and 104 MHz (a)—(c), near the doubled frequengy 1 /2.

We will assume that the relaxation is slow enough, i.e.,

g <1 (38)
as well as considering spectral ranges in the vicinitygfso that
|0)_C()a| < Wy . (39)

The rf field frequency is considered to be close to one of the parametric resonance frequencies,
ie.,

o — 0| K W, (40)
where
™ 2w,
o) = 20 (41)
n

If conditions (38) and (39) hold, the vectors (29) and (30) do not depend on the frequency and
they take the simplest forms

M@ =a0 o) =(g). (42)
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Figure 6. Mdssbauer spectra calculated within the OWLR modegl-&t0.5 in a rf magnetic field
with the frequency, s /27 = 54.5 MHz near the doubled frequeney,2 1,2 (8),0,f = w1/2,1/2 =
27 x 29 MHz (b),w,_/ = 2w3/2v1/2/3 = 27 x 33 MHz (C),w,f = "J3/2,1/2/2 = 27 x 25 MHz
(d).

As far as the term (31) is concerned, it results in only a minor background correction to the first
term in equation (26) and can be neglected. Moreover, in the framework of the approximation
taken, one has to also neglect terms squared over q in equation (27) for the fudc{mn

T.r). As aresult, equation (26) is reduced to a simpler form

1 w—wy, — Aw+il'/2
Gu(@) = ——Im . . . (43)
I'o (w—wy+il'/2)(w—wy, — Aw+iT'/2) £y
where
q
= 44
r=1, (44)
Aw =nw,; — 2w, (45)
[ =Tp+2y. (46)

Signs (+) and £) before the second term in the denominator of equation (43) correspond to
the even and odd resonances (41). It is clear that equation (43) can be decomposed into two
Lorentzians

A1 . Az
®w—wy—A+il'/2 w+w, —nws+i+il'/2

1
() = ‘r—o'm( ) (a7)

where
=3/ (Aw)? F 4y2 — |Aw]) (48)
|Aw| + A A
=—— = = 49
17 Aol + 2 27 Aw|+ 20 (49)
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If the relaxation process is not essential and one can regatd, there is only the line
at the positionw,. As relaxation becomes involved, the second line appears at the position
(—wq + nw,y), i.€., at the place of the sideband from the hyperfine component at the position
—w,. Thus, the relaxation process generates the appearance of sidebands.

From equations (48)—(49), such a generation is sharply resonant in character over the rf
field frequency. In large detuning af.; from the resonant frequendyz| > 2y, we have

2 2

dol 27 jaap
i.e., the intensity of the major line is close to unity and that of the sideband is rather small.
On the other hand, in exact resonance, as seen from equations (48) and (49), the intensities of
both the lines appear to be equal to each other,

A; = A, =05, (51)

It is also interesting to follow the transformation of the shapes of these two lines. There
are two different kinds of behaviour depending on the parity of the resonance in this case. So,
for the even resonance (see equation (36)), the valueinfexact resonance appears to be
purely imaginary so that both the lines coincide in their positions, but differ in width:

r=r, I, =g+ 4y. (52)
Wheny > I’y the spectrum is a superposition of narrow and broad lines, which is revealed
as a sharp increase in the peak intensity for these lines. This has been demonstrated by means
of numerical calculations using the general equations (25)—(32) (see figure 4). wyith
detuning from the exact resonance, the width of the first line increases and that of the second
line decreases so thatj@tw| = 2y they become equal and withw| increasing further the
linewidths do not change.

A qualitatively different behaviour occurs for the odd resonance (see figure 5). In this
case, the value of is always real and the widths of both the lines are equal to each other.
However, on the other hand, as it is easily seen from equations (47) and (48), the lines cannot
be in the same position in the spectrum, i.e., there is a minimum distance between them

Alz = 2)/ (53)
and they cannot be closer to each other than this value.

The resonant effects described above reveal themselves not only for the outermost spectral
lines, but also for the resonant frequencies (41) corresponding to the inner lines (see figures 6(a)
and (b)), as well as for the resonant frequencies of higher ordgse figures 6(c) and (d)).

Naturally, a question arises as to whether the effects predicted could be observed in real
situations, for instance, when a sample consists of particles with random orientation of their
easiest magnetization axes and the hyperfine field at the nucleus can smoothly change direction.
Calculations performed using general equations like equation (10) show that for such systems,
the characteristic features of the even resonances to a considerable extent remain as they are,
whereas the odd resonances are essentially smoothed down. In order to observe the latter,
textured samples need to be prepared.

Ar=1— (50)

5. Conclusions

The analysis carried out has allowed the peculiarities of the relaxation-stimulated resonance
effects to be exposed in a distinct form. The proposed model of OWLR enablestdsbiler
absorption spectra under rf field excitation to be described in the simplest way. Using this
model, the transformation of the spectra could be traced as a function of the rf field amplitude
and frequency as well as the relaxation parameters.



Relaxation-stimulated resonances 635

Acknowledgment

We are grateful to the ‘Internationalesi® des BMBF’, Bonn, and the Russian Ministry of
Science and Technology, Moscow, for supporting our collaboration on the project RUS-157-97.

References

(1]
(2]
(3]

(4]
(5]
(6]
[7]
(8]

Pfeiffer L 1971J. Appl. Phys421725

Hesse Xt al 1998Hyperfine Interact113499

Matthias E 1968Hyperfine Interactions and Nuclear Transitioed E Matthias ath D A Shirley (Amsterdam:
North-Holland) p 815

Vagizov F G, Manapov R A, SadykdE K and Zakire L L 1998 Hyperfine Interact11691

Afanas’ev A M, Chue M A and Hesse J 199Phys. RevB 56 5489

Stong E C and Wohlfath E P 1948hil. Trans. Royal Soc. Londoh 240599

Julian S R and DanialJ M 1988Phys. RevB 384394

Afanas’ev A M, Chue M A and Hesse J 1998ETP86 983



