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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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I. INTRODUCTION

Among a number of works devoted to quantum cohere
and quantum tunneling of magnetization in high-spin m
ecules@1,2#, the papers in which the absorption of an
magnetic field is studied are of special interest because
periments with ac fields allow one to obtain informatio
about the spectrum and relaxation times of magnetic m
ecules. In particular, the imaginary part of the hig
frequency susceptibility, connected with transitions betwe
two states of the fundamental doublet of a high-spin m
ecule, was investigated in@3–5#. The measurements carrie
out in @3,4# demonstrated a nonlinear effect, namely, a la
decrease of the imaginary part of the susceptibility with
creasing the amplitude of the ac field. In Ref.@5# the depen-
dence of the imaginary part of the susceptibility on tempe
ture was measured~the nature of the obtained dependence
discussed in@5,6#!.

In the cited works, the stationary processes~i.e., the pro-
cesses at large times as compared to the relaxation t
characterizing transitions between the states of the fun
mental doublet! were considered. In Ref.@7# the nonstation-
ary behavior of a magnetic molecule under the action of
ac field was studied. The ac field frequency was assume
be resonant for transitions between the lower states of
fundamental and first excited doublets. It has been sho
that, in this case, due to oscillations of magnetization w
the Rabi frequency, the time required for the magnetizat
tunneling between two opposite directions is much sho
than the time of tunneling in the absence of an ac magn
field ~for the first time, the influence of a resonant ac elec
field on electron tunneling in a double quantum well form
in a semiconductor heterostructure was discussed by Ho
aus@8#!.

*Email address: tokman@ipm.sci-nnov.ru
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In the present paper, we study a nonstationary proces
interaction of a high-spin molecule~or a rare-earth-meta
ion! with a bifrequency ac field at times much shorter th
the relaxation times. We assume that the molecule doub
are split due to a dc magnetic field perpendicular to the e
anisotropy axis of the molecule, or due to a dc magnetic fi
and the transverse anisotropy simultaneously. The bi
quency ac field is a superposition of two ac magnetic fiel
one of which is perpendicular to the easy anisotropy axis
resonant for transitions between the lower states of the
damental and first excited doublets. The other ac field
parallel to the easy anisotropy axis, markedly weaker th
the first ac field, and has a frequency that is much sma
than the frequency of the first ac field. We will show that t
molecule can absorb the energy of the low-frequency ac fi
or emit it, depending on the frequency of this field. T
frequencies at which the resonant interaction of the molec
with the weaker ac field occurs do not coincide with t
natural transition frequencies, but depend on the amplit
of the stronger ac field.

We will also show that the bifrequency ac field induc
tunneling of the molecule magnetization with the Rabi fr
quency determined by the stronger ac field. It should be
ticed that, in Ref.@7#, the initial state of the molecule
corresponded to a definite projection of the molecule mag
tization on the easy anisotropy axis, i.e., at the initial m
ment the molecule was not in equilibrium. Now we consid
the nonstationary behavior of the molecule in the case
which the molecule is in equilibrium at the initial momen
i.e., the mean value of the projection of the molecule m
netization on the easy anisotropy axis is equal to zero. H
ever, in this case, oscillations of magnetization, associa
with tunneling and being analogous to those in Ref.@7#, oc-
cur in the presence of two mutually perpendicular ac m
netic fields.

Describing the magnetic molecule, we take into acco
the longitudinal and transverse anisotropy energy and neg
the dipolar-dipolar interactions between magnetic molecu
©2002 The American Physical Society07-1
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I. D. TOKMAN AND G. A. VUGALTER PHYSICAL REVIEW A 66, 013407 ~2002!
and the coupling between magnetic molecules and nuc
spins ~hyperfine interactions!. Such a model seems reaso
able due to the following facts.

~i! Generally speaking, the dipolar-dipolar and hyperfi
interactions influence the magnitude of the doublet splitt
~see, for example, Refs.@9,10# in which the splitting of dou-
blets in the clusters of Fe8 and rare-earth-metal ions Dy31 is
discussed!. Nevertheless, the influence of a dc magnetic fi
perpendicular to the easy anisotropy axis on the dou
splitting is more essential~according to@11#, the splitting in
Fe8 can be changed by several orders as a result of an in
nificant increase of the dc magnetic field!.

~ii ! Despite the dipolar-dipolar interactions between m
netic molecules and the hyperfine interactions decrease
relaxation times of a magnetic molecule~or a rare-earth-
metal ion!, it has been established@10# that such a nonsta
tionary process as tunneling-state echoes in high-spin r
earth-metal ions can be observed.

Furthermore, we assume that the sample temperatu
very low so that, in the absence of ac fields, the molecu
occupy the ground state or the states of the fundamental
blet. In this case, just the two lowest doublets of the m
ecule are of our interest.

It should be noticed that, in fact, three levels of a ma
netic molecule are involved in the processes considered
low. The problem of interaction of a three-level system w
electromagnetic fields has been studied for a long time~see,
for example,@12,13# and references therein!. In particular,
the application of a three-level system subject to a bif
quency electromagnetic field~the so-calledL-type system!
for lasing without inversion and obtaining electromagne
cally induced transparency is widely discussed curren
@14–16#.

II. MOLECULE AT ZERO TEMPERATURE

Let us consider a magnetic molecule~for example, Mn12
acetate, Fe8 or CrNi6) or a rare-earth-metal ion subject to
dc magnetic field and two crossed ac magnetic fields w
different frequencies. The dc field and one of the ac fields
perpendicular to the easy anisotropy axis of the molec
The second ac field is parallel to this axis. As we have m
tioned, we take into account the longitudinal and transve
anisotropies and write the molecule Hamiltonian in the fo

Ĥ52DŜz
21Ĥtr2gmBŜx~H01Hxsinvxt !

2gmBŜzHzsinvzt, ~1!

wherez is the easy anisotropy axis;Ŝx , Ŝy , Ŝz are thex, y,
andz projections of the spin operator;Ĥtr is the operator of
the transverse anisotropy energy;D, g, mB are the longitudi-
nal anisotropy energy constant, the Lande´ factor, and the
Bohr magneton, respectively;H0 is the dc magnetic field~we
suppose the direction of this field to coincide with thex
axis!; Hx (Hz) and vx (vz) are the amplitude and angula
frequency of the ac field parallel tox ~z! axis. For a rare-
earth-metal ion we should write the operator of the total
01340
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gular momentum instead of the spin operator, but for brev
we use the notationŜ in all cases.

For Mn12 acetate the operator of the transverse anisotr
energy is of the formĤtr5C(Ŝ1

4 1Ŝ2
4 ), where C is the

transverse anisotropy constant,Ŝ65Ŝx6 iŜy @17#. The trans-
verse anisotropy of Fe8 clusters is characterized by two axe
~medium and hard! perpendicular to the easy anisotropy ax
If the direction of the dc field~i.e., thex axis! coincides with
the medium axis, the transverse anisotropy energy isĤtr

5EŜy
2 , where E is a positive constant@18# ~it should be

noticed that in experiments carried out in Ref.@11# the inter-
action of Fe8 clusters with an ac field parallel to the easy ax
was most effective precisely in the case in which a dc fi
was parallel to the medium axis!. For rare-earth-metal ions in
a dysprosium-doped glass, as a rule, the transverse an
ropy energy is not taken into account, however, the auth
of Ref. @10# state that better agreement between their the
and experimental results has been achieved by using
transverse anisotropy energyĤtr52KŜx

2 with K/D.0.6.
According to@4#, taking into account the transverse aniso
ropy for magnetic molecules of CrNi6 in the form analogous
to that for rare-earth-metal ions Dy31 ensures better agree
ment between the theory and experimental results. In M12
acetate the transverse anisotropy is inessential becauseC/D
.531025 @19#. On the contrary, the transverse anisotro
of Fe8 clusters is more essential (E/D.0.3 @18#!. However,
it should be emphasized that, for all molecules and ions m
tioned above, the transverse anisotropy can be regarded
small perturbation with respect to the longitudinal anis
tropy.

In all cases mentioned above, the molecule levels fo
doublets which are split due to the dc magnetic field or d
to the transverse anisotropy and the dc magnetic field sim
taneously. The phenomena we discuss below do not dep
on the nature of the doublet splitting.

Just the two lowest doublets of the molecule are of o
interest. The levels belonging to them are@20,21#

Em
6.2Dm26 1

2 DEm ~m5S,S21!. ~2!

Here S@1 is the molecule~ion! spin; DEm is a small tun-
neling splitting of themth doublet. If the transverse aniso
ropy is negligible and the splitting is caused by the dc fie
that is comparatively weak (gmBH0 /(DS)!1), one can use
the expression@20,21#

DEm.
2D~S1m!!

@~2m21!! #2~S2m!! S gmBH0

2D D 2m

. ~3!

The wave functions corresponding toEm
2 , Em

1 are sym-
metric and antisymmetric ones. If we regard the transve
anisotropy and the dc field as small perturbations, we
assume that

cm
(s).

1

A2
~cm1c2m!, cm

(a).
1

A2
~cm2c2m!, ~4!
7-2
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wherec6m are eigenfunctions of the operatorŜz (Ŝzc6m5
6mc6m). For brevity we designate«05ES

2 , «15ES
1 , «2

5ES21
2 , «35ES21

1 , w05cS
(s) , w15cS

(a) , w25cS21
(s) , w3

5cS21
(a) and introduce the transition frequenciesv jk5(« j

2«k)/\ (0<k, j <3).
We suppose that the ac field perpendicular to the e

anisotropy axis is exactly resonant for transitions betw
the levels«0 and«2, i.e.,vx5v20. The frequencyvz of the
other ac field is much lower thanvx . Both ac fields are
weak, but the amplitude of the ac field parallel to the ea
anisotropy axis is small as compared to the amplitude of
ac field perpendicular to this axis,Hz!Hx .

In this section we consider the interaction of the molec
~ion! with the bifrequency ac field at zero temperatureT
50) during the time which is much shorter than the rela
ation timetw of the wave-function phase. Therefore we c
describe the behavior of the molecule by a Schro¨dinger equa-
tion

i\
]c

]t
5Ĥc. ~5!

Due to the conditionHz!Hx , we can seek a solution of th
Schrödinger equation~5! in the form

c~ t !. (
k50

3

@Ck
(0)~ t !1Ck

(1)~ t !#wkexp~2 i«kt/\!, ~6!

whereCk
(0)(t) (k50,1,2,3) are time-dependent coefficien

in the absence of the ac field with the frequencyvz ; Ck
(1)(t)

are the corrections of the first order in the amplitudeHz .
First of all, we find the coefficientsCk

(0)(t). Let the initial
state of the molecule be the statew0, then C0

(0)(0)51,
Ck

(0)(0)50 (k51,2,3). Under the action of the resonant
field, the coefficientsC0

(0)(t), C2
(0)(t) change essentially

whereasC1
(0)(t), C3

(0)(t) can be neglected. The transition
between the levels«0 , «2 are described by the resonant pe
turbation theory@22# according to which

C0
(0)~ t !.cosVRt, C2

(0)~ t !.2sinVRt, ~7!

where

VR5
gmBHx

2\
^w2uŜxuw0&5

gmBHxAS

2A2 \
~8!

is the Rabi frequency. The resonant perturbation theory
therefore the expressions~7! are valid under the condition
VR!v20. Below we shall suppose that the Rabi frequency
comparatively high, namely,VR@v10,v32,1/tw . Thus, the
amplitudeHx has to be such that the condition

v20@VR@max$v10,v32,1/tw% ~9!

holds.
We substitute Eqs.~6! and ~7! into Eq. ~5!, retain the

terms of the first order inHz , and obtain expressions fo
dCk

(1)(t)/dt (k51,3). Integrating these expressions ov
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time with the initial conditionsC1
(1)(0)5C3

(1)(0)50, retain-
ing the terms which can be resonant, and taking into acco
that ^w1uŜzuw0&5S, ^w3uŜzuw2&5S21, we come to

C1
(1)~ t !.2

gmBSHz

4\ S exp@ i ~v101VR2vz!t#21

i ~v101VR2vz!

2
exp@ i ~v102VR1vz!t#21

i ~v102VR1vz!
D , ~10!

C3
(1)~ t !.2 i

gmB~S21!Hz

4\ S exp@ i ~v321VR2vz!t#21

i ~v321VR2vz!

1
exp@ i ~v322VR1vz!t#21

i ~v322VR1vz!
D . ~11!

The first fraction in the big parentheses in Eq.~10! describes
transitions of the molecule from the quasienergy level«0
2\VR to the higher level«1, accompanied by absorption o
a quantum\vz . The second fraction in the big parenthes
in Eq. ~10! describes transitions of the molecule from t
quasienergy level«01\VR to the lower level«1, accompa-
nied by emission of a quantum\vz @«01\VR.«1 due to
the inequality~9!#. Analogously, the first fraction in the big
parentheses in Eq.~11! describes transitions of the molecu
from the quasienergy level«22\VR to the higher level«3,
accompanied by absorption of a quantum\vz , whereas the
second fraction in these parentheses describes transi
from the quasienergy level«21\VR to the lower level«3,
accompanied by emission of a quantum\vz . According to
the interpretation given above, the molecule absorbs the
ergy of the ac fieldHz(t)5Hzsinvzt most effectively~reso-
nantly! at the frequenciesvz5VR1v10, vz5VR1v32 and
emits the energy most effectively at the frequenciesvz
5VR2v10, vz5VR2v32. The interpretation given in this
paragraph will be confirmed by a straightforward calculati
of the power absorbed and emitted by the molecule@see Eqs.
~16!–~18!#.

The perturbation theory used for derivation of Eqs.~10!
and~11! is valid if the coefficientsC1,3

(1)(t) are much smaller
than unity. At the resonant frequenciesvz5VR6v10, vz
5VR6v32, this means thatgmBSHzt/(4\)!1. This condi-
tion certainly holds if the inequality

Hz!4\/~gmBStw! ~12!

is satisfied.

A. Rabi’s oscillations

First, let us find the mean value of thez projection of the
spin

^Sz~ t !&5^c~ t !uŜzuc~ t !&52SRe@C0
(0)* ~ t !C1

(1)~ t !e2 iv10t#

12~S21!Re@C2
(0)* ~ t !C3

(1)~ t !e2 iv32t#. ~13!

The symbol Re(•••) means the real part of the numb
(•••). Substitution of Eqs.~10! and~11! into Eq.~13! yields
a rather cumbersome expression. However, at the comb
7-3



.

-

is

n
f

em
b

fi
m
un
r
p-

e

e

te

o
la

to
typ
on

se

th

nt
s-
nc

a

re-
of

le,

axis

ion
ion
e-
ility
the
ost
e
so-
ntal
-

en
nts
ot

ro-

f a
een
g
m
r of
abi

e
ts,

I. D. TOKMAN AND G. A. VUGALTER PHYSICAL REVIEW A 66, 013407 ~2002!
tive frequenciesvz5VR6v10, vz5VR6v32, at which the
interaction of the molecule with the ac fieldHz(t) is reso-
nant, we have

^Sz~ t !&uvz5VR6v10
.7

1

2\
gmBS2Hzt cosv10t cosVRt,

~14!

^Sz~ t !&uvz5VR6v32
.

1

2\
gmB~S21!2Hzt sinv32t sinVRt.

~15!

Since we assume thatVR@v10,v32, we can interpret Eqs
~14! and ~15! as describing Rabi’s oscillations~i.e., oscilla-
tions with the Rabi frequency! of the z projection of the
molecule spin~magnetization!. The amplitude of these oscil
lations is time dependent. We remind that Eqs.~14! and~15!
are valid at timest!tw .

To observe the predicted effect of Rabi’s oscillations, it
appropriate to use 0.1% dysprosium (Dy31)-doped glasses
because, at least, they are characterized by the sufficie
long relaxation timetw in the case in which just the levels o
the fundamental doublet are involved in the process. We
phasize that in these glasses tunneling-state echoes have
observed@10#. According to the experimental data@10#, for
these glassesS515/2, DS2.102 K, g.4/3, tw;1025 s.
In the processes under our consideration the levels of the
excited doublet are involved, therefore the relaxation ti
may have a smaller value. Unfortunately, this value is
known. We admit the quantitytw to have the value of orde
1027 s which is typical for magnetic ions in crystals. Su
posingH0570 kOe, we find thatv10.0.53106 s21, v20
.3.531012 s21, v32.3.93108 s21. Therefore the in-
equalities ~9! and ~12! yield 34 Oe!Hx!105 Oe, Hz
!0.5 Oe. Really the upper restriction onHx is not important
because it is a great problem to excite such a strong ac fi
It should be noticed that the inequalitiesv10tw!1, v32tw

@1 are valid. Below we shall use these inequalities.
If the resonant interaction of the molecule with th

weaker ac field just at the frequenciesvz5VR6v10 is of our
interest, the right-hand side of the inequality~9! has to be
replaced by max$v10,1/tw%. As a consequence, the estima
Hx@34 Oe~see above! can be replaced byHx@3 Oe.

In Fe8 clusters tunneling-state echoes have not been
served. Probably, this means that in these clusters the re
ation time tw is very small and therefore it is not easy
observe Rabi’s oscilations. Nevertheless, let us estimate
cal frequencies and amplitudes of the bifrequency field, c
jecturing that tw;1028 s. For Fe8 clusters S510, D
.0.31 K, g.2, thereforev20.7.731011 s21. Using the
numerical results given in Ref.@11#, we find thatv10.2p
3106 s21 at H0513 kOe. We restrict ourselves to the ca
of the resonant interaction at the frequenciesvz5VR
6v10. Then the amplitudes of the ac fields should satisfy
inequalities 5 Oe!Hx!3.93104 Oe, Hz!2.3 Oe.

It should be noticed that the conditions of experime
carried out in@5# are not favorable for observing Rabi’s o
cillations in Mn12 acetate molecules because the freque
01340
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v1052p36.83108 s21 used in@5# puts a severe restriction
on the amplitude of the stronger ac field (Hx@220 Oe).

B. Absorbed and emitted power

To calculate the mean powerPvz
absorbed by the mol-

ecule at the frequencyvz , it is convenient to use the formul
@23#

Pvz
52gmB^Sz~ t !&

dHz~ t !

dt
. ~16!

The line over the right-hand side of Eq.~16! means averag-
ing over a time interval which is much smaller than the
laxation timetw , but larger than the characteristic periods
oscillations.

Substituting Eqs.~14! and~15! into Eq. ~16! and suppos-
ing v10tw!1, we obtain at the resonant frequenciesvz
5VR6v10 for large t (1/VR!t!tw),

Pvz5VR6v10
.6

1

4\
~VR6v10!~gmBHzS!2t. ~17!

Analogously, for 1/v32!t!tw ,

Pvz5VR6v32
.6

1

8\
~VR6v32!@gmBHz~S21!#2t. ~18!

One can see thatPvz
,0 at the frequenciesvz5VR2v10,

vz5VR2v32, therefore at these frequencies the molecu
indeed, does not absorb, but emits energy.

Up to now we have assumed that the easy anisotropy
of any magnetic molecule is perpendicular to the dc fieldH0.
Really such an alignment is unfeasible. A random deflect
of the easy anisotropy axis of a molecule from the direct
perpendicular toH0 destroys the resonant interaction b
tween the molecule and the ac field. Therefore the possib
of the observation of the effects we discuss depends on
part of the molecules whose easy anisotropy axis is alm
perpendicular to the fieldH0. Such a problem arose when th
absorption of an ac field, the frequency of which was re
nant for transitions between the states of the fundame
doublet, was observed@3–5,11#. Analogously, a random de
flection of the medium axis~for example, in a Fe8 cluster!
from the direction ofH0 decreases the interaction betwe
the molecule and the ac field. However, the experime
@3–5,11# confirmed that the sample misalignment was n
fateful despite the part of the molecules involved in the p
cess was being small~of the order of 1023 for Mn12 acetate
@5# and 1026 for Fe8 @11#!.

The influence of a strong light field on the absorption o
weak electromagnetic wave by an ordinary atom has b
well known @24#. Rabi’s oscillations induced by the stron
light field cause a shift of the frequency at which the ato
resonantly absorbs the weak wave. The specific characte
a magnetic molecule as compared to the atom is that the R
frequency~multiplied by\) of the magnetic molecule can b
much larger than the splitting of the molecule double
whereas the Rabi frequency~multiplied by\) of the atom, as
7-4
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a rule, is essentially smaller than the spacing between
atom levels. As a result, the atom can only absorb the w
electromagnetic wave, whereas the magnetic molecule
absorb and emit energy.

III. MOLECULE AT FINITE TEMPERATURE

To describe the behavior of the molecule at finite tempe
ture, we use the equations for the density matrixr̂ @12#.
These equations have the form

drk j

dt
1

i

\
~«k2« j !rk j1

i

\
@Ĥ int ,r̂ #k j52

1

tk j
rk j ~kÞ j !,

~19!

dr j j

dt
1

i

\
@Ĥ int ,r̂ # j j 5 (

k50

2

~wk jrkk2wjkr j j !. ~20!

Here k, j 50,1,2 ~in this section we restrict ourselves
the case where just three lowest levels are involved in
process; such a case is easily realizable from the experim
talist’s point of view!; rk j is a density matrix element;

Ĥ int52gmB~ŜxHxsinvxt1ŜzHzsinvzt ! ~21!

is the operator of interaction of the molecule with the bifr
quency ac field;tk j is the relaxation time of the phase of th
matrix elementrk j ; wk j is the rate of transition from thekth
level to the j th one. Instead of the transition ratewk j , it is
usual to introduce the timeTk j of relaxation of the popula-
tion wherewk j5Tk j

21r j j
(0) , r j j

(0) is an element of the equilib
rium density matrix. It should be noticed thatTk j5Tjk . The
matrix elements (Ĥ int)k j different from zero can be found i
one takes into account that

^w0uŜzuw1&5S, ^w0uŜxuw2&5AS/2. ~22!

The initial condition for Eqs.~19! and ~20! is rk j(t50)
5rkk

(0)dk j . We suppose the temperature to be low enou
(T!\v20/kB wherekB is the Boltzmann constant! that we
can assumer00

(0) ,r11
(0)Þ0, r22

(0).0.
Since the amplitudeHz is very small as compared toHx ,

we seek the solution of Eqs.~19! and ~20! in the form rk j

. r̃k j1dr̃k j , wherer̃k j is the solution corresponding toHz

50 anddr̃k j is the correction of the first order inHz . The

matrix r̃̂ obeys the normalization condition Trr̃̂51. We con-
sider the case of exact resonance,vx5v20, and use the ap
proach analogous to the resonant perturbation theory for
Schrödinger equation in the case in which the levels«0 , «2
are resonant@22#. Then for smallt,

t! t̃205min$t20,T20%, ~23!

we obtain

r̃005r00
(0)cos2~VRt !, ~24!

r̃225r00
(0)sin2~VRt !, ~25!
01340
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r̃025
1

2
r00

(0)sin~2VRt !exp~ iv20t !, ~26!

r̃115r11
(0) , r̃015 r̃1250. ~27!

The resonant perturbation theory predicting Rabi’s os
lations is valid if the conditionv20@VR holds. It makes
sense to speak of Rabi’s oscillations ifVR@1/t̃20. As in the
preceding section, below we will suppose that the amplitu
Hx is not very small, namely,VR@max$v10,1/t̃20%. Thus,
the double inequality

v20@VR@max$v10,1/t̃20% ~28!

has to hold.
Substituting expressions~24!–~27! into Eqs.~19! and~20!

and neglecting the relaxation terms, we find in the first or
with respect toHz for small t ~we give only one matrix
element determining the mean value of thez projection of
the spin!

dr̃015 i (
p,q561

q
gmBSHz

8\~v102pVR2qvz!
exp~ iqvzt !

3@expi ~v102pVR2qvz!t21#@3r00
(0)22

1r00
(0)exp~ ip2VRt !#. ~29!

Equation~29! is valid under the conditions

t!t5min$t10,T10,t20,T20,t21,T21%, ~30!

udr̃01u!1. ~31!

A. Rabi’s oscillations

Now we can calculate the mean value of thez projection
of the spin

^Sz~ t !&5^w0uŜzuw1&2 Rer0152SRedr̃01. ~32!

One can verify that Redr̃0150 and thereforêSz(t)&50 if
v1050. Hence, in order to induce an ac magnetization of
molecule along the easy anisotropy axis, it is necessary
only to apply an ac magnetic field parallel to this axis, b
also to have a splitting of the fundamental doublet.

Substitution of Eq.~29! into Eq. ~32! yields at resonant
combinative frequenciesvz5VR6v10,

^Sz~ t !&uvz5VR6v10
.7

gmBS2Hz

4\
t$~3r00

(0)22!cos@~VR

6v10!t#1r00
(0)cos@~VR7v10!t#%.

~33!

In particular, if the temperature satisfies the condition

\v10!kBT!\v20, ~34!
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the matrix elementr00
(0) is close to 1/2, and Eq.~33! amounts

to

^Sz~ t !&uvz5VR6v10
.2

1

4\
gmBS2Hzt sinv10t sinVRt.

~35!

For very low temperature (kBT!\v10), the matrix element
r00

(0) is close to unity, and, as one could expect, Eq.~33!
reduces to Eq.~14!. Thus, at finite temperature we come
Rabi’s oscillations of thez projection of the molecule spin
again.

The relaxation times, exceptt10, are unknown, therefore
we do not knowt. If this quantity is such thatv10t!1 ~we
assume this case to be the most probable!, the amplitude of
Rabi’s oscillations is proportional tot2 for temperatures be
longing to the interval~34! @see Eqs.~30! and ~35!# and
proportional tot for very low temperatures@see Eq.~14!#.
The latter case is more preferable for observation of Ra
oscillations than the former one.

At the resonant frequencies, the condition~31! of validity
of Eq. ~29! certainly holds if

Hz!8\/~gmBSt!. ~36!

B. Absorbed and emitted power

To calculate the mean powerPvz
absorbed by the mol

ecule at the frequencyvz , we use the formula~16! once
again, but noŵ Sz(t)& is described by Eq.~33!. We restrict
ourselves to the case in whichv10t!1. Carrying out the
averaging procedure, we obtain at the resonant frequen
for t@1/(VR6v10),

Pvz5VR6v10
.6

1

4\
~VR6v10!~gmBSHz!

2~2r00
(0)21!t.

~37!
ys

y

01340
’s

ies

One can see thatPvz5VR1v10
is positive~i.e., the molecule

absorbs the energy!, whereasPvz5VR2v10
is negative~i.e.,

the molecule emits the energy!.
At temperatures defined by the inequalities~34!, the ma-

trix elementr00
(0) is close to 1/2 and therefore absorption a

emission of energy are negligible. At very low temperatu
(kBT!\v10), the matrix elementr00

(0) is close to unity, and
we come to the expression~17!.

IV. CONCLUSION

We have studied a nonstationary process of interaction
a magnetic molecule~or a rare-earth-metal ion! with a bifre-
quency ac magnetic field. The latter is a superposition of t
ac fields with different frequencies and polarizations. The
field with a comparatively low frequency is parallel to th
easy anisotropy axis of the molecule and essentially wea
than the ac field which is perpendicular to this axis and ha
higher frequency. It has been shown that the bifrequency
field induces Rabi’s oscillations of the magnetization proje
tion on the easy anisotropy axis. The amplitude of these
cillations is time dependent. Under the action of a stronge
field, the molecule can resonantly not only absorb the ene
of the weaker ac field, but emit the energy at the freque
of the weaker ac field as well.

Though our results are approximate and imply that
transverse anisotropy and the dc magnetic field are treate
small perturbations with respect to the longitudinal anis
ropy, we believe, however, that this approach catches
physics of the phenomena we have considered.
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