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Nonstationary behavior of a high-spin molecule in a bifrequency alternating current magnetic field
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An interaction of a high-spin molecule with a bifrequency ac magnetic field, occurring at times much shorter
than the molecule relaxation times, has been considered. The molecule is subjected to a dc magnetic field
perpendicular to the easy anisotropy axis of the molecule. The bifrequency ac field is a superposition of two ac
fields, one of which is perpendicular to the easy anisotropy axis and causes resonant transitions between the
lower states of the fundamental and first excited doublets. The other ac field is parallel to the easy anisotropy
axis and has a frequency much smaller than the frequency of the first ac field. It has been shown that, first, the
molecule can absorb or emit energy, depending on the frequency of the low-frequency ac field, second, the
bifrequency ac magnetic field induces tunneling of the molecule magnetization with the Rabi frequency. The
conditions of observation of the effects predicted are discussed.
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[. INTRODUCTION In the present paper, we study a nonstationary process of
interaction of a high-spin moleculéor a rare-earth-metal

Among a number of works devoted to quantum coherencén) with a bifrequency ac field at times much shorter than
and quantum tunneling of magnetization in high-spin mol-the relaxation times. We assume that the molecule doublets
ecules[1,2], the papers in which the absorption of an acare split due to a dc magnetic field perpendicular to the easy
magnetic field is studied are of special interest because exnisotropy axis of the molecule, or due to a dc magnetic field
periments with ac fields allow one to obtain information and the transverse anisotropy simultaneously. The bifre-
about the spectrum and relaxation times of magnetic molguency ac field is a superposition of two ac magnetic fields,
ecules. In particular, the imaginary part of the high-one of which is perpendicular to the easy anisotropy axis and
frequency susceptibility, connected with transitions betweemesonant for transitions between the lower states of the fun-
two states of the fundamental doublet of a high-spin mol-damental and first excited doublets. The other ac field is
ecule, was investigated {i8—5]. The measurements carried parallel to the easy anisotropy axis, markedly weaker than
out in [3,4] demonstrated a nonlinear effect, namely, a largethe first ac field, and has a frequency that is much smaller
decrease of the imaginary part of the susceptibility with in-than the frequency of the first ac field. We will show that the
creasing the amplitude of the ac field. In Ri&] the depen-  molecule can absorb the energy of the low-frequency ac field
dence of the imaginary part of the susceptibility on temperaer emit it, depending on the frequency of this field. The
ture was measurehe nature of the obtained dependence isfrequencies at which the resonant interaction of the molecule
discussed iri5,6]). with the weaker ac field occurs do not coincide with the

In the cited works, the stationary proces$es., the pro- natural transition frequencies, but depend on the amplitude
cesses at large times as compared to the relaxation times the stronger ac field.
characterizing transitions between the states of the funda- We will also show that the bifrequency ac field induces
mental doubletwere considered. In Ref7] the nonstation- tunneling of the molecule magnetization with the Rabi fre-
ary behavior of a magnetic molecule under the action of amuency determined by the stronger ac field. It should be no-
ac field was studied. The ac field frequency was assumed ticed that, in Ref.[7], the initial state of the molecule
be resonant for transitions between the lower states of theorresponded to a definite projection of the molecule magne-
fundamental and first excited doublets. It has been showtization on the easy anisotropy axis, i.e., at the initial mo-
that, in this case, due to oscillations of magnetization withment the molecule was not in equilibrium. Now we consider
the Rabi frequency, the time required for the magnetizationthe nonstationary behavior of the molecule in the case in
tunneling between two opposite directions is much shortewhich the molecule is in equilibrium at the initial moment,
than the time of tunneling in the absence of an ac magnetite., the mean value of the projection of the molecule mag-
field (for the first time, the influence of a resonant ac electricnetization on the easy anisotropy axis is equal to zero. How-
field on electron tunneling in a double quantum well formedever, in this case, oscillations of magnetization, associated
in a semiconductor heterostructure was discussed by Holttwith tunneling and being analogous to those in Réf, oc-

aus[8]). cur in the presence of two mutually perpendicular ac mag-
netic fields.
Describing the magnetic molecule, we take into account
*Email address: tokman@ipm.sci-nnov.ru the longitudinal and transverse anisotropy energy and neglect
"Email address: vugalter@phys.unn.runnet.ru the dipolar-dipolar interactions between magnetic molecules,
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and the coupling between magnetic molecules and nucleayular momentum instead of the spin operator, but for brevity
spins (hyperfine interactions Such a model seems reason- ye use the notatio® in all cases.

able due to the following facts. For Mny, acetate the operator of the transverse anisotropy

(i) Generally speaking, the dipolar-dipolar and hyperfine - N ~(eh e ;
interactions influence the magnitude of the doublet splittingenergy 's of the formH, C(ﬂ+$‘l), where C is the

(see, for example, Reff9,10] in which the splitting of dou-  transverse anisotropy constast,=S,+iS, [17]. The trans-
blets in the clusters of eand rare-earth-metal ions By is ~ Verse anisotropy of keclusters is characterized by two axes
discussell Nevertheless, the influence of a dc magnetic fielg(™edium and hardperpendicular to the easy anisotropy axis.
perpendicular to the easy anisotropy axis on the doublf the direction of the dc fieldi.e., thex axis) coincides \{\Vlth
splitting is more essentighccording tq11], the splitting in ~ the medium axis, the transverse anisotropy energijs
Fe; can be changed by several orders as a result of an insig= E%, where E is a positive constanfl8] (it should be
nificant increase of the dc magnetic figld noticed that in experiments carried out in Rgfl] the inter-

(ii) Despite the dipolar-dipolar interactions between mag-action of Fg clusters with an ac field parallel to the easy axis
netic molecules and the hyperfine interactions decrease thgas most effective precisely in the case in which a dc field
relaxation times of a magnetic moleculer a rare-earth- was parallel to the medium ayigor rare-earth-metal ions in
metal ion, it has been establishgdO] that such a nonsta- a dysprosium-doped glass, as a rule, the transverse anisot-
tionary process as tunneling-state echoes in high-spin rar@epy energy is not taken into account, however, the authors
earth-metal ions can be observed. of Ref.[10] state that better agreement between their theory

Furthermore, we assume that the sample temperature éhd experimental results has been achieved by using the
very low so that, in the absence of ac fields, the moleculeggnsverse anisotropy enerdy;, = —KAS§ with K/D=0.6.
occupy the ground state or the states of the fundamental doygcorging to[4], taking into account the transverse anisot-

blet. In this case, just the two lowest doublets of the mol—ropy for magnetic molecules of Crin the form analogous
ecule Ere Igfé)ur mt_eredst.h inf h levels of to that for rare-earth-metal ions BY ensures better agree-
It should be noticed that, in fact, three levels of a Mag-ant petween the theory and experimental results. In,Mn

netic molecule are involved in the processes considered b%fcetate the transverse anisotropy is inessential be@iBe
low. The problem of interaction of a three-level system WitthX 1075 [19]. On the contrary, the transverse anisotropy

electromagnetic fields has been studied for a long fisee, of Fe, clusters is more essentid{D=0.3[18]). However,

for example,[12,13 and references therginin particular, it should be emphasized that, for all molecules and ions men-

the appI|<|:at|ton of a tthrefr_e-lle\éel systel?w d/s\ui)Ject to ta blfre'tioned above, the transverse anisotropy can be regarded as a
guency electromagnetic '|e(1 € so-calledi-lype sys em . small perturbation with respect to the longitudinal aniso-
for lasing without inversion and obtaining elec'[romagnetl—tropy

cally induced transparency is widely discussed currently In all cases mentioned above, the molecule levels form

[14-18. doublets which are split due to the dc magnetic field or due
to the transverse anisotropy and the dc magnetic field simul-
Il. MOLECULE AT ZERO TEMPERATURE taneously. The phenomena we discuss below do not depend
. . on the nature of the doublet splitting.
Let us consider a magnetic molecufer example, M, Just the two lowest doublets of the molecule are of our

acetate, Reor CrNis) or a rare-earth-metal ion subject to a jhterest. The levels belonging to them 420,21]
dc magnetic field and two crossed ac magnetic fields with

diﬁerent_frequencies. The dc fi_eld and one of the ac fields are Eﬁz —Dm?+1AE, (m=SS-1). @)
perpendicular to the easy anisotropy axis of the molecule.
The second ac field is parallel to this axis. As we have men- S>1 is th leculdi i AE. i I
tioned, we take into account the longitudinal and transvers&!€'€ S>1 is the moleculgion) spin; AE, is a small tun-

anisotropies and write the molecule Hamiltonian in the formN€ling splitting of themth doublet. If the transverse anisot-
ropy is negligible and the splitting is caused by the dc field

N AP - ] that is comparatively weakgugHoy/(DS)<1), one can use
H=—DS;+Hi —gupSi(Ho+Hysinw,t) the expressiofi20,21]
—gueSHSinw,t, (1) AE — 2D(S+m)! /gﬂBHO 2m
™ (2m=1)171%(S—m)!| 2D

)
wherez is the easy anisotropy axi§;, S,, S, are thex, y,

andz projections of the spin operatadt;, is the operator of The wave functions corresponding &, , E,, are sym-
the transverse anisotropy enerdy;g, ug are the longitudi-  metric and antisymmetric ones. If we regard the transverse

nal anisotropy energy constant, the Larfdetor, and the  anisotropy and the dc field as small perturbations, we can
Bohr magneton, respectivellt, is the dc magnetic fieldve  35sume that

suppose the direction of this field to coincide with tke
axis); Hy (H,) and wy (w,) are the amplitude and angular

. . 1 1
frequency of the ac field parallel to (z) axis. For a rare- O — (ot @~ — (g~ ), ()
earth-metal ion we should write the operator of the total an- Ym J2 (Ym+ §om), Y J2 (¥m=dm
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where Yy are eigenfunctions of the Opera@ (ASzl//tm: time with the initial ConditionSZ(ll)(O): C(gl)(O):O, retain-
+my. ). For brevity we designate,=Eg , s;=E¢, &, ing the tr-:\rms which canAbe resonant, and taking into account
=Es 1, e3=ES 1, 00=¢8, 01=¢®, 0=y, o5 that(eiS|eo)=S, (¢3lS,/e,)=S—1, we come to

=¢(§91 and introduce the transition frequencieg,= (g

—e)lh (0=k<j<3). cy=_ WeSHy exi(wot Q= w))t] =1

We suppose that the ac field perpendicular to the easy ! 4\ (w10T Qr—w,)
anisotropy axis is exactly resonant for transitions between . B _
the levelssy ande,, i.e., wy= wyy. The frequencyw, of the — exq'_(")lo Qr+ 0] 1), (10)
other ac field is much lower tham,. Both ac fields are (w10~ Qrtw,)

weak, but the amplitude of the ac field parallel to the easy
anisotropy axis is small as compared to the amplitude of the
ac field perpendicular to this axisl,<H,.

In this section we consider the interaction of the molecule )
(ion) with the bifrequency ac field at zero temperatufie ( n exfli(wg— Qpt w)t] -1
=0) during the time which is much shorter than the relax- (w3~ Qrtwy)

ation time r, of the wave-function phase. Therefore we can ) . . ) )
describe the behavior of the molecule by a Sdinger equa- The first fraction in the big parentheses in Et0) describes
tion transitions of the molecule from the quasienergy levgl

—hQg to the higher levek;, accompanied by absorption of
- a quantumi w,. The second fraction in the big parentheses
E:Hlﬂ- (5)  in Eq. (10) describes transitions of the molecule from the
quasienergy levety+7% g to the lower levels,, accompa-
Due to the conditiorH,<H,, we can seek a solution of the nied by emission of a quantufio, [eo+#%Qg>e; due to
Schralinger equatior(5) in the form the inequality(9)]. Analogously, the first fraction in the big
parentheses in Eql1) describes transitions of the molecule
from the quasienergy level,— A to the higher levek,,
lﬁ(t):kzo [CO(0)+C() Terexp( —igt/h),  (6)  accompanied by absorption of a quantéim,, whereas the
N second fraction in these parentheses describes transitions
where CO(t) (k=0,1,2,3) are time-dependent coefficients TOM the quasienergy level,+#()g to the lower leveles,
in the absence of the ac field with the frequemgy, C(!)(t) ~ @ccompanied by emission of a quantdm, . According to
are the corrections of the first order in the amplitidle the mterpretaﬂo_n given abov‘?’ the molecule a_lbsorbs the en-
First of all, we find the coefficients(?)(t). Let the initial ~ S"9Y Of the ac fieldH,(t) =H;sinw;t most effectively(reso-
state of the molecule be the statg, then C{’(0)=1, nantly at the frequencies), = Qg+ w19, ©;=Qp+ wg, and
Cc{9(0)=0 (k=1,2,3). Under the action of the resonant acSMits the energy most effectively at the frequencies

X o ) ) X =0r— w1, w,=Qr—w3,. The interpretation given in this
field, the coefficientsCo™(t), C57(t) change essentially, paragraph will be confirmed by a straightforward calculation

whereasC{”(t), C{(t) can be neglected. The transitions of the power absorbed and emitted by the molefste Egs.
between the levels,, &, are described by the resonant per- (16)—(18)].
turbation theory22] according to which The perturbation theory used f?lr) derivation of E¢E0)
0 0 . and(11) is valid if the coefficientsC}4(t) are much smaller
C(H)=cosQgt, CY(1)=—sinOgt, @ than unity. At the resonant frequéﬁcie@=QRt w10, ®,
=QRr* w3y, this means thayugSH,t/(4%)<<1. This condi-
tion certainly holds if the inequality

i gue(S— 1)Hz/ exfi(wszt+ Qr—w)t]—1

(L))~
G (v % (0t Qg

11)

if

3

where

QR=gZ—fX<¢2|S| 90)= g’;BTZf ® Hedh/(gueSry) 13
is satisfied.

is the Rabi frequency. The resonant perturbation theory and

therefore the expression) are valid under the condition A. Rabi’s oscillations

(gr<wy. Below we shall suppose that the Rabi frequency is  First, let us find the mean value of terojection of the

comparatively high, namelfg> w19, w32,1/7,. Thus, the  gpin

amplitudeH, has to be such that the condition

(S,(0))= (V)5 p(1)) = 2SR C* () () e e1d]

w20>QR>maX{a)10,w32,1/T¢} (9) )
+2(S—1)RgCP* (t)c{P(t)e s, (13

holds.

We substitute Eqs(6) and (7) into Eq. (5), retain the The symbol Re(--) means the real part of the number
terms of the first order irH,, and obtain expressions for (--.). Substitution of Eqs(10) and(11) into Eq.(13) yields
dC(kl)(t)/dt (k=1,3). Integrating these expressions overa rather cumbersome expression. However, at the combina-
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tive frequencieso,= Qr* w19, 0,=Qr* w3, at whichthe ¢, ,=27x6.8x10° s ! used in[5] puts a severe restriction
interaction of the molecule with the ac field,(t) is reso-  on the amplitude of the stronger ac field 220 Oe).
nant, we have

B. Absorbed and emitted power

1
<Sz(t)>|wz:ﬂRiwlo:Iﬁg“BSZHZt COSw1 ¢t COSQRt, To calculate the mean powét, absorbed by the mol-
(14) ecule at the frequenay,, it is convenient to use the formula
[23]
L 20 1 i - dH, (1)
<Sz(t)>|wZ=QRiw322ﬁgMB(s_ 1)“H t sinwgst sinQgt. P, =—gua(S,(1)) i (16)
(15

The line over the right-hand side of E({L.6) means averag-
Since we assume th&lz>wg, w3, We can interpret Egs. ing over a time interval which is much smaller than the re-
(14) and (15) as describing Rabi's oscillatior(ge., oscilla-  laxation timer,, but larger than the characteristic periods of
tions with the Rabi frequengyof the z projection of the oscillations.

molecule spinmagnetization The amplitude of these oscil- Substituting Eqs(14) and(15) into Eq.(16) and suppos-
lations is time dependent. We remind that Ed<l) and(15) ing w107,<1, we obtain at the resonant frequencies
are valid at timeg<r7,. =Qr* oy for larget (1/Qg<t<7,),

To observe the predicted effect of Rg:k;i’s oscillations, it is
appropriate to use 0.1% dysprosium (Dy-doped glasses
because, at least, they are characterized by the sufficiently sz:QRiwmziE(QRi“’lo)(g'“BHZS)Zt' 17)
long relaxation timer,, in the case in which just the levels of
the fundamental doublet are involved in the process. We emAnalogously, for lbg,<t<r,,
phasize that in these glasses tunneling-state echoes have been L
observed 10]. According to the experimental daf&0], for 2
these glasseS=15/2, DS 107 KI,O g=4/3, 7,~10°5 s. Po~0gz05,= * g7 (Qr* 02 [gueH(S= DI (18)

In the processes under our consideration the levels of the first

excited doublet are involved, therefore the relaxation timeOne can see thaa?wz<0 at the frequencies,= Qr— w1,

may have a smaller value. Unfortunately, this value is un-,,= (- ws,, therefore at these frequencies the molecule,
known. We admit the quantity,, to have the value of order indeed, does not absorb, but emits energy.

10"7 s which is typical for magnetic ions in crystals. Sup-  Up to now we have assumed that the easy anisotropy axis
posingH,=70 kOe, we find thatw;;=0.5X10° s™, wy,  of any magnetic molecule is perpendicular to the dc figld
=35x10% s7!, w3,=3.9x10° s™'. Therefore the in- Really such an alignment is unfeasible. A random deflection
equalities (9) and (12) yield 34 Oe<H,<10° Oe, H, of the easy anisotropy axis of a molecule from the direction
<0.5 Oe. Really the upper restriction bfy is not important  perpendicular toH, destroys the resonant interaction be-
because it is a great problem to excite such a strong ac fieldween the molecule and the ac field. Therefore the possibility
It should be noticed that the inequalitiesor, <1, w3, of the observation of the effects we discuss depends on the
>1 are valid. Below we shall use these inequalities. part of the molecules whose easy anisotropy axis is almost

If the resonant interaction of the molecule with the perpendicular to the fielt,. Such a problem arose when the
weaker ac field just at the frequencies= Qg+ w,pis of our  absorption of an ac field, the frequency of which was reso-
interest, the right-hand side of the inequali®) has to be nant for transitions between the states of the fundamental
replaced by mapwyo,1/7,}. As a consequence, the estimate doublet, was observel@-5,11. Analogously, a random de-
H,>34 Oe(see abovecan be replaced bi,>3 Oe. flection of the medium axigfor example, in a Fgcluste)

In Fey clusters tunneling-state echoes have not been olfrom the direction ofH, decreases the interaction between
served. Probably, this means that in these clusters the relathe molecule and the ac field. However, the experiments
ation time 7, is very small and therefore it is not easy to [3-5,11 confirmed that the sample misalignment was not
observe Rabi’s oscilations. Nevertheless, let us estimate typfateful despite the part of the molecules involved in the pro-
cal frequencies and amplitudes of the bifrequency field, coneess was being smalbf the order of 102 for Mn,, acetate
jecturing that 7,~10"% s. For Fg clusters S=10, D  [5] and 10° for Fe, [11]).
=0.31 K, g=2, thereforew,y=7.7x10' s 1. Using the The influence of a strong light field on the absorption of a
numerical results given in Refll], we find thatw,;=27  weak electromagnetic wave by an ordinary atom has been
x10° s latHy,=13 kOe. We restrict ourselves to the casewell known [24]. Rabi’s oscillations induced by the strong
of the resonant interaction at the frequencies=Qg light field cause a shift of the frequency at which the atom
* wqg. Then the amplitudes of the ac fields should satisfy theesonantly absorbs the weak wave. The specific character of
inequalities 5 O&H,<3.9x10* Oe, H,<2.3 Oe. a magnetic molecule as compared to the atom is that the Rabi

It should be noticed that the conditions of experimentsfrequency(multiplied by#) of the magnetic molecule can be
carried out in[5] are not favorable for observing Rabi’'s os- much larger than the splitting of the molecule doublets,
cillations in Mny, acetate molecules because the frequencyvhereas the Rabi frequenéyultiplied by#) of the atom, as

013407-4



NONSTATIONARY BEHAVIOR OF A HIGH-SPIN . .. PHYSICAL REVIEW A66, 013407 (2002

a rule, is essentially smaller than the spacing between the -1
atom levels. As a result, the atom can only absorb the weak p02=§pg%)5in(29Rt)EXF(iwzot), (26)
electromagnetic wave, whereas the magnetic molecule can
absorb and emit energy. ~ o o~ _~
P11= P17,  Po1=pP12=0. 27

Ill. MOLECULE AT FINITE TEMPERATURE

The resonant perturbation theory predicting Rabi’s oscil-

To describe the behavior of the molecule at finite temperafations is valid if the conditionw,;>{g holds. It makes

ture, we use the equations for the density magri12].
These equations have the form

dka i i ~ ~ 1 )
WJFg((?k_sj)ijJfg[Hint,P]kj:_T—kaj (k#]),
(19
dp“ | N ~ 2
W‘*‘g[Hint:P]jj:go (Wyjprk—Wikpjj). (20

sense to speak of Rabi’s oscillationdl> 1/~Tzo. As in the
preceding section, below we will suppose that the amplitude
H, is not very small, namer.QR>ma>{wlo,l/7-20}. Thus,
the double inequality
20> Q> max w19, 1750} (28)

has to hold.

Substituting expression24)—(27) into Eqgs.(19) and(20)
and neglecting the relaxation terms, we find in the first order

Herek,j=0,1,2 (in this section we restrict ourselves to with respect toH, for small t (we give only one matrix
the case where just three lowest levels are involved in thelement determining the mean value of therojection of
process; such a case is easily realizable from the experimethe spin

talist's point of view; py; is a density matrix element;

Hine= — gus(SH Sinwt + S,H,sinw,t) (21

is the operator of interaction of the molecule with the bifre-
quency ac fieldr; is the relaxation time of the phase of the

matrix elemenpy; ; wy; is the rate of transition from thieth
level to thejth one. Instead of the transition ratg;, it is
usual to introduce the timg,; of relaxation of the popula-
tion wherew,;=T,;"p{”, p{ is an element of the equilib-

rium density matrix. It should be noticed thgg;=Tj,. The

matrix elements%im)kj different from zero can be found if

one takes into account that

(eolSle)=S, (@olSde)=1S2.
The initial condition for Eqgs.(19) and (20) is p;(t=0)

(22

q glLBSHz
8fi(w10— PQr—qo,

5;301= i E

P )exp(iqwzt)

X [expi (w39~ pQr—qu,)t—1][3plY -2

+piexpip2Qgt)]. (29)
Equation(29) is valid under the conditions

t<’7':min{Tlo,Tlo,Tzo,Tzo,7'21,T21}, (30)

| 8porl <1. (31)

A. Rabi’s oscillations

Now we can calculate the mean value of thgrojection

=p(@8;. We suppose the temperature to be low enougtPf the spin

(T<hwy/kg Wherekg is the Boltzmann constanthat we
can assumely ,p{9+0, pP=0.

Since the amplitudél, is very small as compared td, ,
we seek the solution of Eq$19) and (20) in the form py;
=pyj+ Spkj, Wherep,; is the solution corresponding td,
=0 and 57)kj is the correction of the first order iH,. The
matrix?) obeys the normalization condition %lt 1. We con-
sider the case of exact resonaneg:= w,g, and use the ap-

(SA1))=(®0|S/¢1)2 Repg;=2SRedpo;. (32

One can verify that Répy;=0 and therefordS,(t))=0 if

w10=0. Hence, in order to induce an ac magnetization of the

molecule along the easy anisotropy axis, it is necessary not

only to apply an ac magnetic field parallel to this axis, but

also to have a splitting of the fundamental doublet.
Substitution of Eq.(29) into Eq. (32) yields at resonant

proach analogous to the resonant perturbation theory for theombinative frequencies,= Qg+ w4,

Schralinger equation in the case in which the levels ¢,
are resonanit22]. Then for smalk,

t<Tp0=Min{ 720, T2}, (23

we obtain
Poo=pig/coS(Qgt), (24)
p22=pig/sSiI(Qgt), (25)

gueS™H
—a H(3p—2)cod (Qr

+ a)lo)t] + PB%)COS{(QRi wlO)t]}
(33

+1

<Sz(t)>|wz=ﬂ|:gi w1g

In particular, if the temperature satisfies the condition

hw10< kBT<ﬁw20, (34)
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the matrix eIemenpg%) is close to 1/2, and Eq33) amounts  One can see tha?wZ:QR+wlo is positive(i.e., the molecule
to absorbs the energywhereasP, _q_-,  is negative(ie.,

the molecule emits the enengy
5 . . At temperatures defined by the inequaliti@d), the ma-
<SZ(t)>|wz:9’R:w102 - Eg“BS Hat sinwst Sin€lgt. trix elementp{Y is close to 1/2 and therefore absorption and
(35 emission of energy are negligible. At very low temperatures

_ (ks T<#w,0), the matrix elemenp(?) is close to unity, and
For very low temperaturekgT <7 w;g), the matrix element o come to the expressida?).

pl) is close to unity, and, as one could expect, E2p)
reduces to Eq(14). Thus, at finite temperature we come to
Rabi’s oscillations of the projection of the molecule spin
again. We have studied a nonstationary process of interaction of
The relaxation times, excepty, are unknown, therefore a magnetic moleculéor a rare-earth-metal igrwith a bifre-

we do not knowr. If this quantity is such thab,q7<1 (we  quency ac magnetic field. The latter is a superposition of two
assume this case to be the most probghilee amplitude of ac fields with different frequencies and polarizations. The ac
Rabi’s oscillations is proportional ttF for temperatures be- field with a comparatively low frequency is parallel to the
longing to the interval(34) [see Egs.(30) and (35)] and easy anisotropy axis of the molecule and essentially weaker
proportional tot for very low temperaturegsee Eq.(14)].  than the ac field which is perpendicular to this axis and has a
The latter case is more preferable for observation of Rabi'higher frequency. It has been shown that the bifrequency ac

IV. CONCLUSION

oscillations than the former one. field induces Rabi’s oscillations of the magnetization projec-
At the resonant frequencies, the conditi®l) of validity  tion on the easy anisotropy axis. The amplitude of these os-
of Eq. (29) certainly holds if cillations is time dependent. Under the action of a stronger ac
field, the molecule can resonantly not only absorb the energy

H,<8%/(gugST). (36) of the weaker ac field, but emit the energy at the frequency

of the weaker ac field as well.

Though our results are approximate and imply that the
transverse anisotropy and the dc magnetic field are treated as
To calculate the mean powét, absorbed by the mol- small perturbations with respect to the longitudinal anisot-
ecule at the frequency,, we use the formuld16) once  OPY, We believe, however, that this approach catches the

again, but now(S,(t)) is described by Eq33). We restrict ~ Physics of the phenomena we have considered.

ourselves to the case in whiah,qr<1. Carrying out the

averaging procedure, we obtain at the resonant frequencies ACKNOWLEDGMENTS
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