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In the present study the general equations which describe the absorptEsbaler spectra under radio-
frequency(rf) magnetic field excitation with arbitrary frequency and field strength have been derived. Within
our model chosen for a ferromagnet as a system of exchange-cdiglacting Stoner-Wohlfarth particles,
the evolution of the magnetization and the correspondingdauer spectra as a function of temperature and
initial magnetization relaxation parameters are traced. It is found that the collapse effect is of a pronounced
threshold character with respect to the rf field strength and does not need strong rf fields for its realization. The
necessary condition for the observation of a collapse effect is only a rf amplitude causing the corresponding
magnetization curves to be symmetrical in time reversal. The theory developed allows us to perform calcula-
tions of Massbauer spectra under rf magnetic field excitation and the corresponding magnetizatioriatsoves
for multiphase systems such as modern nanostructured magnetic).allys results are also useful in a
situation when the hyperfine field at the nuclei does not follow the rf magnetic field. This circumstance
determines the rather nontrivial transition from the collapsed (inestrong enough rf fieldto the well-
resolved hyperfine structu@ weak rf field and contributes therefore in understanding the selective partial
collapse effect{S0163-18207)02033-X]

l. INTRODUCTION sidebands located at nw, (wy is the rf-field frequency
observed in Ref. 1, similar sidebands in the absence of the
More than 20 years ago, Pfeifférpresentedf’Fe Moss-  collapse effect were observed earlier in “$dbauer
bauer transmission experiments exposing a Permalloy algpectrd®!3 and treated as acoustically modulated sidebands
sorber to radio frequendyf) magnetic fields, in which the rf  due to the magnetostriction in the sample. Pfeiffer also asso-
collapse effect has been observed. The well-resolved magiated the appearance of sidebands only with magnetostric-
netically split spectrum was found to collapse in a strongtion effects and even considered the fact of their appearance
enough rf field to a single central line of nearly natural line-along with the collapsed line as evidence for the temperature
width. Later, this effect was often observed in other softof the sample under investigation being below the Curie tem-
magnetic material®:® In recent time, the phenomenon has perature, which eliminates the appearance of the collapsed
become of special interest due to the high efficiency ofine due to rf sample heating above the Curie temperature
Mossbauer spectroscopy with rf excitation in the study ofpoint. In the following experimental studies of the collapse
modern nanocrystalline magnetic alldys' and with the dis-  effect, a broadened collapsed line with no visible sidebands
covery of the partial selective collapse effétPfeiffer sug- was observed at definite conditioh®.The latter made the
gested a simple physical explanation of the effect. The maghypothesis of the magnetostriction origin of sidebands more
netization of the sample that exhibits soft enough magneticeliable. However, the following theoretical works showed
properties will be switched in the direction following the that the reversal of the sample’s magnetization should nec-
external magnetic rf field. Because the hyperfine field vectoessarily result also in the appearance of sidebands even when
at the nuclei is strongly coupled to the magnetic moments omagnetostriction vanishé4:1® The sideband appearance is
the atoms, it also starts to change its direction in response tue to the formation of energy quasilevels in the nuclear
the rf field, so that it is always antialigngat iron nuclej Zeeman subsystem under a fluctuating hyperfine teks a
with the applied field. Suppose tha} the rf-field frequency result, up to now the mechanism of sideband formation in the
is higher than the Larmor frequency of the nuclei in theirpresence of the collapse effect remains open to some extent.
hyperfine field andii) the rf-field amplitude is strong enough  The rf collapse effect is revealed in clear form only in rf
to drive the magnetization into saturation. In this case thdields strong enough. In weak or intermediate fields, a very
magnetic hyperfine field at the nucleus will be averaged taich and complex picture of the transformation of 84bauer
zero and a single lin¢or a quadrupole doublepattern is  spectra is observeti! However, up to now there is no
expected to appear in the spectrum. theory that describes the transformation of ddlbauer spec-
Along with the collapsed spectrum symmetric pairs oftra under excitation by rf fields of arbitrary strength even in a
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simplified manner. The theoretical works mentioned aboveated by means of the solution of nonlinear equations, the
already in their basis, were motivated to describe the absorgiumber of which may be rather great for systems with a
tion Mossbauer spectra only in the limiting case of strong rfnumber of phases and distributions of parameters of par-
field and were founded completely on the criteria proposedicles. Nevertheless, the calculation of the $dbauer spectra
by Pfeiffer for the explanation of the collapse effect. Experi-can be performed using a normal PC for systems in which
mental spectra influenced by weak rf fields were not anathe number of parameters exceeds one hundred. In the lim-
lyzed at all and often not cited. iting case of fast relaxation, symplified equations for absorp-
The present work is just dedicated to the development ofOn Mossbauer spectra are derived. In order to clarify the
a theory describing absorption Msbauer spectra under ex- qpal_ltatlve behawor of Mssbauer spectra under rf—fleld' ex-
citation of the sample by a rf field of arbitrary strength. Thecitation, we will assume that the forced magnetostriction
theory is based on the assumption of a stochastic nature §fnishes completely.
the time evolution of the hyperfine field:(t). The mag-
netic dynamics of a system does not strictly prescribe the
time dependence dfi«(t), but defines only stochastic pa- Il. FOUNDATION OF THE PROBLEM
rameters of the time trajectorigs bif:(t). The complete set In magnetic materials subjected to a time-dependent mag-
of expressions for absorption Msbauer spectra can be de- netic field (i.e., rf field), complicated relaxation processes
rived for rf fields of arbitrary frequency and strength. For thepccur, which manifest themselves macroscopically, for in-
case of strong rf fields, the expressions make the “determinstance, as a magnetization reversal with pronounced hyster-
istic” description of Hy«(t) be possible, and the known re- esis behavior. The same processes influence absorption
sults for absorption spectra are derivédihe theory needs Mossbauer spectra. The shape of the spectra reflects more
some clearly defined model to describe the magnetic dynanitetailed information about the magnetic relaxation processes
ics of the system due to both thermal fluctuations and rf-fieldhan magnetization measurements do. It is obvious that the
excitation. First of all, we will follow the ideas of Stoner and magnetization reversal cannot be homogeneous over the
Wohlfarth'® and consider a ferromagnet as an ensemble o§ample’s bulk because of the anisotropy energy and is going
single-domain particlegor clusters. Between the particles on in steps through particular small pieces if the latter are
we assume an interaction which can be of exchange and/@redetermined somehow by peculiarities of preparation and
dipole-dipole type. Further, we assume that the exchangstructure of the magnetic material as well as by exchange
interaction within a single particle exceeds the exchangeénteractions. The most striking example here is a system of
and/or dipole-dipole interactions between the particles. Thguperparamagnetic particles, in which exchange interactions
magnetic relaxation parameters of the system are evaluategthin a single particle exceed magnetic interactions between
in the framework of the molecular-field approximation. Their the particles. The experimental preparation technique of such
results are used to perform a calculation of the sample’systems allows both the particle’s size and average distance
magnetization and in the development of the theory describbetween them to be controlled within a wide rafgee-
ing the Mcssbauer spectra under rf magnetic fields. Thiscause of the presence of magnetic anisotropy energy or shape
model seems to be the most appropriate for the ensembles ehergy for particles of cubic symmetry, the magnetic mo-
superparamagnetic particl$’and magnetic alloys consist- ment of a single particle influenced by an external variable
ing of nanocrystalline and amorphous pha%eés.lt also magnetic field cannot change its direction continuously and
leads to a deeper understanding what the partial selectiiictuates between directions along the easiest magnetization
collapse effect is. Recentfyit was experimentally found axis. In general, such fluctuations are random in character
that in nanostructured ferromagnetic alloys the collapseand do not occur simultaneously for all particles. Moreover,
effect is able to distinguish between the different phasesin reality there are usually distributions of particles over di-

It appears only partially at the selective location of therections of the easiest magnetization axéxture, volumes,
nanograins. and local nearest neighborhoods in the systems. The hyper-
First of all, this closed model establishes the criteriafine fieldsH,; at nuclei in such a system obviously follow
needed for observation of the collapse effect. Pfeiffer’s cri-changes in magnetic moments of particular particles and not
teria are sufficient to observe the collapse effect; however, ithose in the magnetic moment of the whole sample. Since the
reality the effect can be found at less stringent limitations. Itdirection of a magnetic moment for a single particle changes

is found that the transition from the collapsed line to thejn time stochastically, thél,(t) direction also will change

visually resolved hyperfine structure occurs in a very narrowo some extent in time randomly. The relaxation model for a

interval of the rf-field strength arourtd, and is accompanied  single magnetic particle and a particle system will be deter-

by qualitative changes in the magnetization-reversal procesgined in the next section, and right now we come to a deri-

The magnetic hysteresis curves above and below this transjation of the general expression for absorption sstoauer

tion point h, are absolutely different in character: At  spectra based only on the stochastic charactet,gft).

>h, the hysteresis curve is symmetrical for rf-field reversal, Let the time-dependent hyperfine figh}(t) influence a

and ath<h, there is no such symmetry, but there exist twonucleus. Suppose it is always parallel to a certaiaxis

hysteresis curves transformed one into another with time rewnhile its value can vary arbitrarily including changes in sign

versal. to opposite one. In this case the Hamiltonian of the system
In Sec. lll, a general equation for absorption spectra issan be written as

derived. Even in its final representation, it appears to be

rather complicated. The spectra are represented as a double L . ~

integral over operator functions, and the operators are evalu- H=Hy+gunl Hp(t) +V n(to), (D)
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where the Hamiltonianf-lo describes the energy levels of a ¢(a,w)
nucleus in ground and excited states with no hyperfine inter-

ion- ; e i 1 (s 2
action; the second term describes the hyperfine interaction. _ ~ J' dt
Hereg is the nucleag factor, uy is the nuclear magnetoh, T Jo 0
is the projection of nuclear spin on the hyperfine field direc-

o[-

tion; V,\(to) describes tr_\e interact_ion_between theuan- = i T”dtofwdtl exp[—l“o(tl—to)]fwdt

tum and nucleus, antl, is the switching on time of the T Jo to ty
interaction?? The timet, is usually ignored, but there is the t

time-dependent rf field in our case, which has its zero time X<exﬁ’j i[a_wa(t,)]dt,}> te.c. (5)
reference; sa, should be retained. t

The wave functions of the groundg,(t) and excited
Y (t) nuclear states in the time-dependent hyperfine fiel
can be defined as

ereo,=f n,00t, is the effective absorber thickneds, is
he probability of the Mesbauer effect in the absorbar, is
the density of resonant nuclei in the absorlagyjs the trans-
verse resonant absorption cross section, gnés the ab-
t sorber thicknessy=(m,M); the coefficientC , denote the
’pm(t):exr{_iggMNmJ th(t’)dt’hm}, intensities of the corresponding transitions and are defined
fo (2)  through the Clebsch-Gordan coefficients=2m/w is the
rf-field period.
¢ Along with averaging over the rf-field period in E¢p),
¢M(t):exp{ —ige,uNMf Hp(t")dt’ stochastic averaging over different time trajectories of
to Hy(t) is to be performed, which is denoted as the brackets in
E, T Eq. (5). In order to understand clearly the way of solving of
+(i - —)(t—to)}lMy the problem, we will consider the case with no rf field and
ko2 render the deduction following the procedure suggested by
Andersor?®?* According to the latter, we assume that the
Heregyuy andgeuy are the nuclear magnetic moments, function Hy(t) is given by a uniform Markoff process; that
andM are the projections of nuclear spin on the hyperfineis, the hyperfine fieldH«(t) can take om discrete values
field direction in the ground and excited states, correspondH f#) and fluctuates stochastically between them. Moreover, it
ing, andE, andT' are the energy and width of the excited is assumed that the probability of a transition from the state

nuclear level. k, to k, for a small time intervalAt is given as
According to the general theory of the resonant
radiation??> the amplitude of absorption of the quantum Py k(A =Py At at ky#ky, (6)

with energyE=r is given by where Pk, is the probability of thek; to k, transition per
unit time. Then the probability to stay within the current state

* ~ . for At is defined by the obvious condition
Cm(@)= | (P(D]V n(to)e' 70 yn(t))dt Y

t

0

- [ 2 Pip(AD=1, v
svaf exp“ [t )dt +iB(t—to) |dt, 2
o fo whence it appears
()
o P (AD=1= 2> p At ®)
where omy(t) = (9eM —ggm) unHpi(t), @=w+il'(/2, and k1#ky

Vv are the matrix elements of the nuclear current operator, ) ) , . )
which include the Mesbauer effect probability. The squared !N this case the stochastic averaging over different time
modulus of the absorption amplitude is used to define thdr@ectories ofHy(t) in Eq. (5) is reduced to averaging over
absorption cross sectiGh However, such a procedure is ad- allkpossmle colm.b|nat|on.s of -tranS|t|ons bgtween the states
equate only with no external perturbations like a rf field. InH&f - Let us divide the time intervalt(,t) into n equally

the presence of a rf field, the averaging over zero ttpe SPacedAt steps. In accordance with what is mentioned
must be done. Because of the strict periodicity of the rf field,above, the expression in the brackets in £&.can be writ-

it is obvious that the averaging should be performed withint€n as

one period. Then the absorption cross section can be written

as <exp( fti[w—wa(t')]dt’]>
ty

~ i~ (k)
o(w)=0,2; [NJ?e(a,0), (4) = 2 W(te®Ten APy (AL
[o% Ky n

where xel@me, APy (AY), (9
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Here 0= (geM —ggm) uyHE , andW,(t,) is the popula- 1 Ty »
tion of the statek att;. For the subsequent work it is con- ~ ¢(@.@)=F dt, | dt
. . . . s A o'rf 0 tg
venient to introduce the matrix of hyperfine transitiohg
and the relaxation matri®, which are determined as L , ,
X{ ex i[o—w,(t")]dt
ty
)k =08 10 ® »
(@a)kk, = @ Sk, (10 +J dtle_rotlf dt
0 ty

(Plig=Puq At k#k, a1 X <exp[ jti['i)—wa(t’+Trf)]dt]>
4
~ t
(P)i=— 2 Prk.. (12) —<epo i[o—w,(t")]dt’ > +c.c.
kizk T 51
(16)

Taking into account the notation and E8), Eq. (9) can be

. . From the periodicity of rf field, it can be easily shown that
reduced to the matrix representation p Y y

the second term in Eq16) is canceled and this equation is
reduced to the form

t
<eXp{ L'[w_w“(t )]dt }> o(2,0)= F1T fTrfdtlet
o'rf JO ty

=(W(t ei[fv—@’a—ﬁ’(tk)]m 1), 13 t
( (1)@ L (13 ><<exp|f i[a—wa(t')]dt’]>+c.c. (17)
ty
wheret,=t,+(k—1)At, (W(t,)| is the population vector, The expression of the stochastic average in the brackets with
and|1) is the unity column. regards to the time-dependent relaxation parameters has been

In the absence of a rf field, the relaxation constants aebtained in the previous section and is determined by Eqg.
well as the operatoP do not depend on time. Besides that, (13). The averaging procedure hardly differs from that for
(W(t)| are the equilibrium population vectors and are alsothe relaxation parameters being constant. However, in this
time independent. Then E¢13) can be reduced to the ex- case we cannot come from Ed.3) to Eq. (14).

pression Let us introduce the operator
n ~
t = o G(ty,H)= lim J] ell-@ePtolat
<epr i['a")—a)a(t')]dt’]>:<Wo|el(wwaP)(tt1)|1>, (t1,1) AHOKEI
ty

(14 . t .
=T exp[ dt'[—idw,—P(t")];, (19
ty
and, correspondingly, Eq5) becomes of the simple form ~
whereT is the time-ordering operator which acts following

the rule

w—w,tTiP

== {w
olaw)= | Wy

- 1>+c.c. (15 . [A(t)B(t’), t>t’,

This is the conventional representation of the relaxatiorin accordance with the definition and the periodicity of the rf
Mossbauer spectra, based on which the absorption spectfiald, the operatof(t;,t) has the properties
are practically analyzed in most of the worlsee, for in-

stance, the review in Ref. 25 é(tl,t)=é(t1,tz)é(t2,t) at t;<t,<t, (19)

IIl. RELAXATION MO ~SSBAUER SPECTRA Gt + Ty, 1+ ) =G(1y,1). (20
UNDER rf MAGNETIC-FIELD EXCITATION:

GENERAL EQUATIONS Taking into account Eq€9) and(18), Eq. (5) is reduced to

Let us have a look at Eq5). Taking into account the 1 Tt ° Bt A
periodicity of the rf field, it can be transformed to an essen- ¢(@:®)= ToTr fo dtlft dt(W(ty)|e UG(ty,1)[1)
tially simpler form. The integration ovep can be performed !
by parts, which results in +c.c. (21
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)
h
p p FIG. 1. State of a particle with opposite direc-
12 2 tions of the magnetic momeM in external mag-
netic fieldh [(a,b] and scheme of the transitions
between these two stat@s).
¢y
a b c
Taking into consideration Eq§l9) and(20), Eq.(21) can be Along with the exchange interaction, the magnetic anisot-
reduced to a form that is more convenient for practical cal+opy energy of a particular particle should be taken into con-
culations: sideration, which is used to be determined as
1 Ty ty+ Ty Ean=KV,sirfé, (25)
ola,w)= f dtlf dt . . . .
IgTy Jo ty whereK is the magnetic anisotropy energy constary,is
the volume of the particle, and is the angle between the
exgio(t—t;)] magnetization vector and its easy direction in the particle.
X<W(t1)|1—exp(i’<§T )é(t t+Ty) Below, we will suppose that the magnetic anisotropy energy
LT is much greater than temperature:
X G(ty,1)|1)+c.c. (22

KVo>kgT. (26)

This re_:presentation where; integration is performed_ in finiteIfthe condition is valid, then such a particle may stay only in
terms is the most appropriate for computer calculations. Ac- : y stay only

tually, Egs. (21) and (22) replace the known Singwi- tJVOdSta}[tﬁS W|t|hﬂop;;)ost|'te dn};ﬁctmnst. Olf its mag][\etlc mom(;:ntt.
Sjolander equatidfi when the sample is subjected to a vari-t n erth erzma FL.JC uf\'/(\)/?:’l gtﬁar Ic ? Jumlps rom ,:.)n?. Slc? e
able magnetic field. This resulsolves the considered O anotherisee rig. Ith neither external magnetic fie

problem completelyand delivers the shape of absorption ngtggearixghagﬁe w:)teriaacttézn abnedm{ﬁgntr:;es'tpc?r:tlfﬁfs,et:g'zz
Mossbauer spectra in the presence of relaxation and rf-field quaily popu ’ ” quenc

perturbation, provided that the magnetic dynamics of the sys]E 1? darr:dtrr)]ﬂ atretequal to e?chbother_. In ‘;’m extelrntal dmagnetlc
tem is known. In general form, the time evolution of the I€ld 1, the states appear to be variously populated:

population vectokW(t,)| is described by the equation . exp( = E, /ksT) -
N Wi o= )
(W(t)| Golty, ) =(W(D)], (23 "* exp(En/keT)+ exp(—En/keT)
~ ) . _ where
whereGy(t;,t) is determined by Eq(18) at w,=0. Equa-
tions (21)—(23) can be used for a wide variety of relaxation En=M¢Voh (28)
processes.
and M, is the specific saturation magnetization of a single
IV. RELAXATION MODEL AND DYNAMICS particle.

OF A MAGNETIC SYSTEM In aqcordance with Eqs{27).and (28),.the equilibrium .
magnetic moment of a particle is determined by the equation
In the following we propose an example of a model de-
scribing the magnetic relaxation processes in a ferromagnet. Mo(T)=My(T)/Mtani (M gVoh/kgT). (29
Let us consider a ferromagnet as an ensemble of Stonef— the absence of an external fielt=h.. and according to
Wohlfarth particles and suppose that exchange interactio (24, we find X 16105 Nex. N9
within a single particle exceed the exchange and/or dipole- q- ’
dipole interactions between the particles. The interaction be- Ma(T) =tani ma(T) T /T 30
tween particles will be taken into consideration within the o(T) imo(T)Te/T], 30
molecular-field approximation, in which the interaction is where
described in terms of an exchange fidlg, proportional to
. . _n2
the magnetizatioM (t) of the whole sample: Tc=MgVoCex/Kg . (32)

hee=CeM (1), (24) HereT. is the Curig t_empera_ture. In the para.magne'Fic range
atT>T¢ only the trivial solutionM o(T) =0 exists, while at
wherec,, is a factor that determines the Curie temperature a3 <T¢, in the ferromagnetic state, a nonzero solution exists.
seen below. If the particles are of the same kind, equal volin our case, in a system of identical particlébg(T) is just
ume, and the sample’s bulk is closely packed with the parthe specific magnetization of the whole sample.
ticles, M(t) coincides with the specific magnetization of a  In an external magnetic field, along with changes in the
single particle. equilibrium populations, the probabilities of transitions be-
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tween the equilibrium states change too and become func- . iw,+PiAt) —piAt)
tions of the applied field. Determination of the field depen- o, +P(t)={ ¢ IR (39
dences of the relaxation parameters is a quite complicated P21(t) t0q+ P2i(t)

problem?” However, the relation between the relaxation pa-and the population vector components are determined as
rameters, which is defined by the detailed balancing prin-
ciple, remains valid: Wy At)=3[1Em(t)]. (40)
0. _ .0 Taking into account thai(t) can be evaluated according to
W3 P12=W5Po1. (32 .
1Pz T2kl the procedure discussed above, E§$) and (40) allow the

For definition, we suppose that the energy of magnetic interabsorption Mssbauer spectra to be calculated.
actions is rather smaller than the magnetic anisotropy energy,
that is, V. FAST RELAXATION REGIME

As can be understood from the above, the shape of ab-
En<Ean. (33)  sorption Mwssbauer spectra is a complicated function of the
rf-field frequency and strength, Larmor frequencies, and re-
Jaxation parameters as well. In the general case calculations
of the spectra are rather extensive, and the general equations
P1o=PoeXHd (— Eant Ep)/kgT], cannot be simplified without any assumptions. However, in

(34) several limiting cases, two of which will be considered be-

low, Egs.(21) and(22) can be greatly simplified.

P21= PoeXL(~ Ean—En)/kgT], Let us consider a situation when the relaxation process is

wherep, is a constant. Equation@4) will be used for the ~Xtremely fast so that the parameter

calculation of both the magnetization curves andsstzauer

spectra. Since the relaxation process in this case is of under p' 9 =poexp(—Ean/ksT), (41)
barrier nature, the external magnetic field may change the

relaxation parameters by several orders of magnitude. Not\@’h'fhl detetrrr1n|nes ?n “|r|1|t|al” retlaxfatllc()jn of ferrorpagneﬂc h
that for strong magnetic fields more accurate equations cajarticies with no external magnetic ield, appears to be muc
greater than both the rf-field frequency and Larmor fre-

be used”’
As easily seen from Eq$23), the time evolution of the quency:
magnetic moment of a particle subjected to an external rf

In this case the probabilities of transitions can be written a

field p(0)>wrf 1 W - (42
In the limit of high p{©) one can neglect the left part of Eq.
h(t) = hocos wyt), (35 (36 and get
is described within a simple equation m(t) =M (t)/Mo=tant (m(t) +hy(t)/hO) T /T],
(43
m whereh®=c M.
g~ ~POIMO —me(T)], (36) Suppose that the sample’s temperature is bdlgw Then
there are two qualitatively different kinds of solution of Eq.
where (36) as a function of the rf-field strength,. At h, greater
than a threshold fieldh,, Eq. (36) has the only solution
m(t)=M(t)/Mg, p(t)=piah(t))+poy(h(t)), symmetrical with respect to time reversal. B§<<h, there

exist two solutions, each of which transforms into the other
andmy(t) is given by Eq.(29), in which h is to be replaced with time reversal. It can be easily found that the threshold

by field is determined from
T
h=he,+h(t). (37 hy=h9{ J1-T/T.— AL C(A+1-TITo)— 1“
Equation(36) is to be supplemented with initial conditions. (44)

In our case the latter is the periodic boundary condition Naturally, h, depends on temperature and the dependence is

shown in Fig. 2. The characteristic magnetization curves as
m(t+Ty)=m(t). (39) hysteresis loops are shown in Fig. 3. In high fielgsthe

hysteresis behavior corresponds to simple physical concep-

In solving the nonlinear equatiof86), one should use Eq. tions. The fieldh, breaks off the exchange interactions, and
(29), along with Eq.(38). Examples of the solution of these due to the fast relaxation processes, the particle’s magnetic
equations will be presented in the following sections includ-moment has time to change its direction, which results in the
ing the hysteresis curves. hysteresis curve being symmetrical with respect to time re-

Let us turn to the general equatio(®l) and (22). The  versal. In a small magnetic field insufficient for magnetiza-
matrix i ® ,+ P(t) that appears therein can be written as  tion reversal, the magnetic moment of a particle as well as
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FIG. 2. Temperature dependence of the threshold figlénd -

exchange fieldh,, normalized toh(?) .

that of the whole sample may slightly oscillate around its — T ‘\ﬂ(‘\(‘\qm(‘_
equilibrium state which is, generally speaking, determined d

by the initial state of the whole sample or particular domain.
In a ferromagnet, there are two such states with opposite — . : , , —
directions of the sample’s magnetic moment with respect to -10 V (Sm/s) 10

the rf magnetic-field axis. In principle, the states are abso-

lutely equivalent, but either the initial state of the whole FIG. 3. Magnetization curvedeft) in a 100-MHz rf field at
sample before rf-field switching on or an additional smallT/Tc=0.5 for different rf-field strengths:ho/he,=5.0, 0.2665,
magnetic field predetermines the alternative of the two solu9-2664, and 0.01 fron{a) to (d) and corresponding absorption
tions. The transition from one regime to another occurs alossbauer spectraight) at w, =60 MHz in the fast relaxation re-
definite values of, when the sample’s state with the mag- '€

netic moment direction opposite to the rf-field direction be- ) ) i

comes absolutely unstable. Within the fast relaxation limit,2nd the eigenvalues and eigenvectors are easily found to be

the system falls down to the state with the magnetic moment

all_gned paralle_l \_N|th_ the rf field apphed_at the moment. Ir! M=o () =w,mt), |ub(t))= i ’

this case, a distinctive symmetry breaking of the magnetic

system in the external rf field takes place. It is similar to

thermodynamical considerations concerning the broken sym- <v(1>(t)| = (wy(t),wy(1)),

metry in ferromagnets. Here it is, on principle, impossible to

determine the direction of a magnetic moment of the whole —Wy(t)

sample(or a particular domainwhile an extremely small  A2(t)=p, |U(2)(t)>=( w(t) ) W2M]=(-1,0,
constant magnetic field predetermines the direction. When ! (47)

the relaxation processes are not extremely fast, the transition

from one regime to another is going on more or lesswherew, 4(t) is defined by Eq(40). If the inequality(46) is
smoothly (see Fig. 4. Note that the value of the threshold held, the only term witlj =1 in the sum ovej on the right
field in the whole temperature range, except for the low-of Eqg. (45) can be kept, the other terms vanishing in the fast
temperature region, appears to be considerably smaller thaslaxation limit. As a result, the operat@(t;,t) is defined
the temperature averaged and exchange fiblg(T) by the simple equation

=hOM(T)/M,, the temperature dependence of which is

also presented in Fig. 3. - t wq(t)  wy(t)

Now let us turn to Eq(18). Let \;(t) be the eigenvalues, G(tl.t)=exﬁ{—if wa(t,)dtl:|(w M w (t))'
and|u(t)) and(v()(t)| be the right and left eigenvectors E ! 2 (48)
of the matrixi @, + P(t). Then each factor in E¢18) can be
represented in the form Then, a new representation of the functipfw, w) from Eq.

(21) is easily found to be
n
ei[*&)afp(tk)]At:E e*i)\(lk)|u(l)(tk)><v(f )(tk)| (45)
i=1

(@)= — -[T”dt-fmdt
ad,W)=— 7 —

¢ 1—‘OTrf 0 ! 0

In the case of a two-level system, the matiréx,+ P(t) is

t
represented by Ed45) where in the fast relaxation limit Xexp[ —if [@—w,(t'+1y)]dt’ | +c.c.
0

P=P12t P2>w, (46) (49)
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This equation by analogy with E¢R2) is reduced to a form m
more appropriate for concrete calculations: v ‘V’ v
e
1 J’Trf Trt B
y)= dt dt
(P(a w) 1—‘OTrf 0 ! 0
exdimt—ifhw (t'+t)dt']
X — T —+c.Cc b |
1-exdioT —if w,t' +t)dt’]
(50)

Note that Eqs(49) and (50) do not include the populations
w; (t) which appear in the initial equationi®1) and (22):
however, the magnetism does not vanish completely, but i
involved in the equations for the absorption spectra througl
the functionw,, defined within Eq.(47).

Figure 3 shows also the absorption $4bauer spectra for
different values of the rf-field strength,, which have been
calculated within Eqs(4) and(50). At high hy much greater
thanh,,, when the external rf field breaks off the exchange

interactions, the magnetization reversal, suggested by Pf<E E VV VY VV

iffer as a condition to observe the collapse effect, is realized > e
That is, the sample’s magnetic moment follows the externa >
rf field almost everywhere, except for a smhji(t) range  amswcsssdvosesee -

[Fig. 3(@]. When the rf-field direction changes to the oppo- i

site one, the magnetic moment changes its direction almo:

simultaneously to the opposite. Besides that, according t — f

Eq. (47), the hyperfine field at the nuclei always follows the - , . , :
sample’s magnetic moment. For the whole rf-field period,™***** senness® 10 0 10
the hyperfine field is completely averaged to zero so that th_ V (mm/s)
resulting absorption spectrum looks like a single line accom-
panied by weak sidebands, which is in accordance with ear:,
lier theoretical predictions. With decreasihgthe hysteresis 3263, 0.3262, 0.326, and 0.25 from fro@ to (f) and corre-
curves change in shape, and in the vicinity of the threshol bondiﬁg labsor,pti(l)n M,nsbauer. spectraight) at w, =60 MHz in
field h, the magnetic moment does not completely follow the e tat but finite relaxation regime pf®) =200 Mhz.

rf field [Fig. 3(b)], but for half the timem(t) appears to be
oriented in the direction opposite with respect to the rf-fieldI . ) i . )
direction. Nevertheless, as seen from Fi¢o)3the collapse axation constanp™™ is only twice greater than the rf-field

effect is realized in a complete manner with slight changes ifrequency. In this situation it is already possible to trace the
the line shapeThus, in order to observe the complete col- Characteristic features of the transition from the collapsed

lapse effect, it is sufficient that the hyperfine field be averlin€ {0 the resolved spectrum. In approaching the threshold

aged to zero for the rf-field period and it is not necessarypOint from high-rf-field strength, a strong broadening of the
that the magnetic moment totally follow the rf fieResides spectrum occurs, and as seen from Figh) and 4c), the

that, a rather weak rf-field strength considerably smaller thqutenSitier]S. of si(fjebands ?(e?rT;Sr?' A similgrlpicture reveafls in
the exchange field one is quite enough to give rise to th@PProaching, from weak fieldsh, a partial averaging o

collapse effect. With further decreasihg, just at the point the hypgrfine field and broadening of par.ticular spectral lines
where it becomes smaller thdm , the process of magneti- occur[Figs. 4c) and 4d)], the outmost lines being broad-

zation reversal changes abruptly in character, as has beé;}r[fed more Etronﬁly tr:an the INNET ONes. Note that evzn n
discussed already, and a well-resolved sextet appears in tlﬁlé's case, when t ere axation process is nqt_ so faspé
absorption spectrfFig. 3c)]. At lower h, values the mag- is only twice the rf-field frequency, the transition takes place

it ; R ther narrow range of the rf-field strength. The rf-field
netization curve and the spectra change slightly. Thus, in thif! & ra : .
fast relaxation limit, the collapse effect is of pronouncedStrengths for Figs. ®) and 4d) differ only by several frac-

threshold character. Aty<h, the well-resolved hyperfine tions of a percent. Nevertheless, the transition interval is al-
structure is to be 6bser3ed awhile g>h, the collapsed ready much broader than that in the fast relaxation limit
spectrum is revealed ' a where the transition widtiAh/h, can be very small in the

When the relaxation is not extremely fast, the generafange of about 10",
equation (22) should be used to calculate the absorption
spectra. In this case the external-field dependence of the re- VI. MULTIPHASE SYSTEMS
laxation constants must be known, and E6) and (39)
will be used below. Figure 4 shows the magnetization curves It is obvious that in real situations it is difficult to find a
and absorption Mgsbauer spectra for the case when the resystem that consists of identical particles. Indeed, there are

FIG. 4. Magnetization curvefeft) in the 100-MHz rf field at
Tc=0.5 for different rf-field strengths:hg/h.=0.4, 0.327,
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spreads in the volum¥g; and the orientation of particley m

as well as the system may contain a number of different
phases which differ in the specific saturation magnetic mo- é%ﬁ a
0

mentsMy; , the anisotropy energy, and, therefore, the relax-
ation parameterg;(t), and also in the constanti)). The
dynamics of a magnetic system will be described by com-
bined equations like Eq36) for particles of different kinds:

dM;(t)
dt

=—pi(OIMi(1) —Mei(T)], (51)

where the index denotes particles of a particular kind amd
is the unit vector along theth magnetic moment direction.
Then the sample’s magnetic moment can be determined as

M(t)=2, giM;nn;, (52)

wheren is the unit vector along the sample’s magnetic mo-
ment direction, which is supposed to be aligned along the

magnetic rf field, andj; is the weight factor for particles of
theith kind. With that the “equilibrium” magnetic moment

of a particle will be defined through the average one by .
means of FIG. 5. Magnetization curves and ldsbauer spectra in the 100-

MHz rf field with hy/h,=0.2910 (a) and 0.2905(c) at T/T¢

=0.5, w, =60 MHz, andp® =200 MHz for a distribution of easi-
(53) est magnetization axes of particular particlés, and(d) are the

corresponding partial magnetization curves and subspectra for par-

ticles with 6=10° (crossed ling 45° (dotted ling, and 80°(solid

line). Dual solution is not presented (d).

-~ Te
Mi(T)=Mgitanh a;h;(t) T
where

hi(t)=[m(t) +hy(t)/hE)nn;,
by the angled=10°, 45°, and 80° with respect to the rf-field
direction are showifiFigs. §b) and §d)]. As seen from the
m(t)=2 giMi(t)nni/ E giMgnn;, figure, for each group of particles the hysteresis curves dif-
: : fer, but they are similar to each other and to that for the
whole sample in their character. That ishgtgreater than a
) threshold field all the curves are symmetrical in time rever-
KeTc= 2 9iChVoiMgi(nn;)?, sal, and ath, lower than the threshold field there are two
' solutions, which transform one into another with time rever-
sal, for both particles of a certain kind and the whole sample.
O 0 [There are no dual solutions in Fig(d® from visual aids]
x4 giCexMoinn; Figure 6 shows the absorption M&bauer spectra in a wider
range of the rf-field strengths. Despite the character of the
hysteresis curves changing abruptly witly crossing the
2 threshold field, there are no sharp changes in the spectra
@i~ MOiVOizk ngOknn"/ Ek M Vo) within the field transition, as has been observed above for the
case of a single particle, and a rather smooth transition from
Note that Eqs(51) are not independent, but coupled in a the collapsed line to the resolved hyperfine structure occurs.
nonlinear manner through Eg&2). Nevertheless, the solu- The character of this transition differs qualitatively for the
tion of such equations, when the number of them is not exapproach to the transition point from high and low fields
ceeding 100, can be performed even using personal computy. In a strong rf field, a narrow single line is observed
ers. together with weak sidebands. Their appearance in the high
As an example, consider the case when the sample is I limit is according with the results of earlier theoretical
single-phase magnetic system consisting of particles of equaglculationsi® while with h, decreasing the central line
volume, but their easiest magnetization axes are distributeldroadens to some extent and the intensities of sidebands de-
uniformly over all directions. The corresponding magnetiza-creases. In approaching the threshold field, the intensities of
tion curves and absorption spectra for two close values of ththe sidebands practically vanish. It is clear from the above
rf-field strength are shown in Figs(# and Hc). Addition-  analysis that it is hardly possible to derive any simple de-
ally, the hysteresis curves and corresponding partial spectigcription of the field dependence of the intensities of side-
for particles whose easiest magnetization axes are orientdsnds. In the region of low rf field, the transition appears to
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_Y \\(f Y— a VII. CONCLUSIONS

Thus, in the present study, the general equations which
describe the transformation of absorption $dbauer spectra
under rf-field excitation with arbitrary rf-field frequency and
strength have been derived. Within the model chosen for a
ferromagnet as a system of interacting Stoner-Wohlfarth
single-domain particles, the evolution of the spectra as a
function of temperature and the initial relaxation parameters
can be traced. It is found that the collapse effect is of a
pronounced threshold character with respect to the rf-field
strength and does not need strong rf fields for its realization.
The effect reveals in clear form even in rf fields by far lower
than the exchange and dipole-dipole fields. The necessary
condition for the observation of the collapse effect is only a

d
rf field of such a strength that the corresponding magnetiza-
tion curves would be symmetrical in time reversal.
W e The theory developed allows the corresponding calcula-

|
1

f tions for multiphase systems to be performed which, from a
g theoretical point of view, are also interesting by the fact that
W therein evidently occurs a situation when the resulting spec-
| . | ' | trum is a superposition of partial ones for particular super-
-10 0 10 paramagnetic particles and the hyperfine field at nuclei does
V (mm/s) not follow the total magnetic moment of the whole sample,
FIG. 6. Méssbauer spectra in the 100-MHz rf field of different PUt the magnetic moment of a particular particle. This cir-
strengthshy/h,= 1.0, 0.3, 0.2908, 0.2906, and 0.28, and 0.001 CUMstance _det«_armlnes a rather nontr|V|a_1I transition from the
from (a) to (g) at T/Tc=0.5, w_ = 60 MHz, andp(® =200 MHz for collapsed Ilne(ln a strong_enough rf fl_ebdto the well-
a uniform distribution of easiest magnetization axes of the particlest€solved hyperfine structuré a weak rf field.

In real conditions a number of factors should be taken into
be essentially more prolonged. As seen from Figl)5the account to describe the. .e>.<perimental data. Due to the_pro-
hysteresis curves for particles with different orientations offounced threshold specificity of the effect near the transition
the easiest magnetization axes strongly differ near the trarfield, it is necessary to take into consideration a small spread
sition point and, correspondingly, that is true for 8bauer in the values of parameters such as temperature and weak
spectra. Since the resulting spectrum is a superposition ¢fonstant magnetic field as well as the rf field strength, the
partial ones for particles of different kind, the field depen-latter inevitably arising due to the skin effect. Averaging
dence of the spectral shape is observed down to rather low fver the distributions of the parameters is directly performed
field, which becomes apparent as remarkable line shifts andn the basis of the derived equations and offers no special
changes in shapes of particular lines. complication. Besides that, the rf field may cause additional

In similar manner the calculations of Msbauer spectra spectral lines appearing as sidebands similar to that due to
can be performed in the presence of distribution of particlesnagnetostriction. Within the until now existing theories, this
over their volumes and for multiphase systems as well as foeffect only is taken into account in terms of a simple multi-
the cases when all the distributions mentioned take placealication of the initial spectrum at corresponding peri¢sise
However, there are a variety of situations so that the problenRef. 12. All these problems need to be studied in detail and
needs to be specially studied, which will be done elsewherewill be considered for future work.
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