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Direct mechanism of spin orientation by circularly polarized light
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Dissipative spin dynamics in a rotating magnetic field created by a circularly polarized light is considered.
With the generalized Bloch equations we show that the steady-state spin polarization along the laser beam axis
arises as a result of the direct transfer of the angular momentum from photons to the spin-1/2 in a medium
without optical absorption. An application of this mechanism for explaining the inverse Faraday effect is
discussed[S0163-182809)04829-9

Much attention has been focused in recent years on the The Hamiltonian of a quantum particle with a spin-1/2
study of nonequilibrium spin dynamics in the presence of &ypjected to the rotaing magnetic fieldB(t)
dissipative environmertt? Among other things this interest _ (B, coswgt, Sinwgt,0) and coupled to a heat bath with vari-
is caused by the rapid progress of magnetoelectrdriss ables{Q;(t)}(i=x,y,z) may be written as
well as by the possibility of putting electronic or nuclear : e
spins to work in quantum computets. .

The employment of spin-polarized carriers is shared by all  H= (A/2) (o4 CoSwot + oy Sinwet) —o- Q(t) +Hg.
magnetoelelectronic devices. It is well knowthat the sim- )
plest way to polarize a spin particle in a given direction is in .
applying of a constant magnetic field along this direction. AHere Hg is the free Hamiltonian of the heat batlo;
spin orientation by circularly polarized light in semiconduc- =(oy,0y,0,) are the Pauli matrices of the particle with a
tors with optical absorption is also a possibiffty.In this magnetic momenjz=gueo, massm, and g-factorg; o
case the orientation is connected with the interband transi= oz /omcis the magneton,,and= —égMoBo is the elilergy
tions, and the transfer of the angular momentum from pho

. . o ) Usplitting. As mentioned above, the rotating magnetic field
tons to electrons is due to a spin-orbit interaction. The spin-

orbit interaction can also account for a spin polarizationB(t) can be produced by the circularly polarized laser beam

induced by a circularly polarized light in crystals without a Propagating along the axis. Contrary to the wo_rl?g’

mirror symmetry? dev_oted to the theory of optical orientation, we ignore here
In the present work we analyze a mechanism of the directhe influence of the laser beam on charge degrees of freedom

transfer of the angular momentum from the circularly polar-and suppose that the spatial state of the particle is unaffected.

ized light to the spin-1/2 in a medium without optical absorp-At this stage we do not dwell on the specific model of the

tion. To do this we derive non-Markovian equations for theheat bath. An important point is that its unperturbed vari-

spin particle coupled to the heat bath because the convebles{Q{®/(t)}(i=x,y,z) governed by the free Hamiltonian

tional Bloch equatiorfsdo not give an insight into the occur- Hg are described by the Gaussian statisfiegth a response

rence of spin orientation and a constant magnetization in th&inction

field of a circularly polarized laser beam. This optically-

induced magnetization is usually supposed to be due to the @i (1,1 =[Q(1),Q%(t") 1)y at—t"), 2

optical Stark effect which removes the degeneracy of ground

states'%in so doing to explain this phenomenon known asa covariance

the inverse Faraday effétt'® the interaction of the light

with charge degrees of freedom of atoms is taken into con-

sideration. We propose here another mechanism descriptive

of the production of a magnetization by circularly polarized and zero mean value{Qi(O)(t))zo. The Eourier transforms

light in a nonabsorbing medium. It follows from Maxwell's f1h functi q . v th
equation$® that the circularly polarized laser beam creates)! (N€ response function and covariance, namely, thé suscep-

not only an electric field, but a rotating magnetic field astit.)iIity and Fhe spectral density of the heat b"?‘th ﬂ.uctue.ttions,
well. We consider an influence of this magnetic field on spinWIII be.de5|gn.eq agij() and§j (w), respectlvelyﬁ.(t) 1S
degrees of freedom coupled also to a dissipative environmertlli‘e unit Heaviside step functlon, the brackets .) S|gn|fy

and show that the steady-state spin orientation along the las8f average over the !n't"f’ll stat_e of the heat bath W't.h a tem-
beam axis arises in response to the joint action of the rotatinBeratureT In a gomblnatlon with the ftrace over Sp'nK.B(
magnetic field and the dissipative environment. An investi-_ 1’ﬁ:1)'_AS th_'s tal_<es place, the total heat bath variables
gation of this effect can be of particular importance not onlyQi(t) are linear in spin operatof§:

for a better understanding of controlled nonequilibrium spin
dynamics in magnetic nanostructures but for laser-enhanced
NMR spectroscopy as well.

M (1.t =(3 [Q(1),Q(t")1.), 3)

Qm=d%0+memmnqm» (4)
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In the frame of reference rotating in synchronism with the
external magnetic field the Hamiltonidh) rearranges to the +2j dtyMg(t,t1)(i[Z(1),y(t1]-)
form

H=(A/2) x(t)—X;(t)P;(t) +Hg, (5) +2f dtyes(t,t1)(3[2(1),y(t)]4), €)

where the new spin operators arg=2z(t)=o0, and x;
le(t)o-]!xl XX2 lel—sz—COSwot W12 _W21 o ]
= —sinwgt, P;=W;;(t)Q; (i,j=1,2) are the new variables (z(1))— Ay(1)) = 2] dt;Mc(t,t)(I[x(t),y(ty]-)
of the heat bathP3 Q,.
The Heisenberg equations for the spin operators in the N
rotating frame of referencei (,k=1,2,3) follow from the +2f dtyoc(t,ty)(z [x(1),y(t1)]+)
Hamiltonian(5)

Xi= A X+ 26310 Py (6) _Zf dt;M(t,t) (i[x(t), x(t;]-)

Here A12: _AZl: 0)0,A23: _A32: _A,Eijk iS the anti'
symmetric unit tensorg ;5= 1. —ZJ dt;es(t,t)(3 [X(t),X(t)]4)
In the case of the isotropic dissipative environment we

have ¢;;(t,t")=6;¢(t,t"), and the heat bath variables — .

P,,P, are linear in spin operatossy, whereas the heat bath —2 | duyMc(t )y (1) x(t]-)
operatorP5 is linear in z(t) with the following response

functions in the rotating frame of reference:c(t,ty) _zf dt t O TV() X(t
Dt teoaolt by et ot tSme b rec(tin) (3 [y(t).x(t)]4)

According to the method developed in Refs. 16 and 17,
we can deduce now the stochastic Heisenberg-Langevin —2J dt,Mg(t,t)(i[y(t),y(t,]-)
equations. But here we are interested in the average dynam-
ics of spin operators only. The corresponding non-

Markovian equations can be obtained by substituting of the —ZI dtyes(t,t)(z [y(1),y(t)]:). (9)
total heat bath variables into E¢) followed by averaging

over the initial state of the heat bath: At this point we apply the symmetrized variant of the

quantum Furutsu-Novikov theoréfnt’

(K(D) = ooy (D) =2 f LMt L) ([ y(D),2(t1]) 3
<%[Qi(o)(t),x(t)]+>:f dt; My (t,t)(I[x(1), o (ty)] ).

+2 [ dtot ) Iy 21)1.) 10
o This theorem follows immediately from the fact that the spin
—2f dtyMc(t,t)(i[z(t),y(t1]-) operatorsyj(t) are functionals of heat bath varlablgs(o)}

An average(Q(O)(t)a](t» can be found by pairing of the

(0) (0)
B 1 operatorQ;’(t) with any one operato®,’(t;) involved in
ZJ’ dtiec(tt)(z [2(1).y(t)]+) the functionalo(t); in so doing the operath(ko)(tl) must
be eliminated fromy(t). As a result a functional derivative,
+2f dt;Mg(t,t)(i[z(t),X(t,]_) or, that is the same, a commutator appears in @f).

We denote here M(t ty)= M(t ty) 0(t—tq), Mc(t tq)
—M(t t;)coswg(t—ty), Ms(t t)= M(t t)sinwg(t—ty), [AB]+
+2f dtyes(t,t)(z [2(t),x(t1)]+), —AB+BlA. ° o
7 To simplify the non-Markovian equation&’)—(9) ob-
@) tained we use the weak-damping approximation and suppose
that the evolution of spin operators in the collision terms of

(Y1) + @o(x(1)) +A(z()) Egs. (7)—(9) is governed by the free Hamiltoniahi,
_ =(A/2)x only. It follows from free Eq(6) with all heat bath
= —ZI dtyM(t,t)(i[x(t),z(ty]-) variablesQ(t) being omitted that the spin operators will os-

cillate with the frequencyQ) =A%+ a)02 for a retardation

_ 1 time r=t—t,. The weak-damping limit which is particularly

ZJ dtip(t.ta)(z [X(1),2(ty) 1) appropriate for a spin coupling to the super-Ohmic heat
bath'® allows one to calculate the commutators in EG3—

+2f dtlmc(t,tlxi [2(t),X(t]_) (9) and E) obta_ln the_5|mple eq'uatlons. for averaged spin vari-
ablesx;=x,X,=Y,X3=2z at the instant:

+2f dtl(PC(tltl)<%[Z(t)VX(tl)]+> i(i_(Aij_rij)Xj:a’i ) (12)
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We drop also the brackets. . . ) which designate averaging constraints imposed by the linear fluctuation-dissipation
over the initial state of the heat bath with a temperaflire theorem. In this case quadratic and cubic characteristics of
The coefficientse; ,I'jj(i,j=x,y,z) are eventually deter- the our nonequilibrium system must obey the nonlinear
mined by the Fourier transforms of the response funot®n fluctuation-dissipation relatior’$:? It should be stressed,
and covariancé3), namely, by the heat bath susceptibility however, that a compliance of the results obtained with the
Xij(w)=8ijx(»), J(w)=Im x(w), and by the spectral den- nonlinear fluctuation-dissipation theorem is not verified here.
sity Sj(w) = 6;S(w) of heat bath fluctuations: The coefficientd ;,,I"51,123,1"3, are not written out be-
cause they contribute only to frequency shifts which are of
little interest here. We drop also the coefficientbecause it
makes a negligible contribution to the steady-state spin pro-
jections calculated below.

A (O] 1 (O]
al=—26 J(Q)‘f‘ﬁ\](wo)'f'z 1—6 J(Q+ wg)

1 @Wo For the steady-state spin projectiogsyg,Zz, in the rotat-
+ -l 1+—= - 020
2 ! Q JQ=wo) |, (12 ing frame of reference we obtain from Eq4.1)—(18) that
Yo=0, and
AZ (Q—w0)2
as=—2q7(wo) ~ gz I Q+wg) A B(Awy) wo B(A,wq)
XO:__—.;O-ZZZOZ_—.a (19)
Q y(A,wp;T) Q y(A,wg;T)
(Q+(1)0)2
gz Q= wy), (13 where
2 A2 B(A, w) ZAZJ(Q)+(Q+wO)2J(Q )
w , W) = —w
Iy =2295(0)+ 205 () +| 1— 2| S(OQ + wp) 702 0?2 °
Q Q Q
(Q_w°)23(9+ ) (20)
Rl wp),
+ 1+ 22 w0), (14) 0? °
A? Q) (Q+wg)?
2 A2 ’y(A,wO;T):Z\QjJ(Q)COt E +—QZ_J(Q_‘”O)

o= 265S(0)+ 265[S(0) + S(wo)]

_ _ 2
XCotr(Q w0)+(ﬂ ©o) IQ+ wp)

_@olf, @0 1+ 2% g0- 2T a2
15 x cot] 50 21
(15 co T | (21
A? (Q—wg)? with Q=A%+ wf
33=2— +———S(Q+ B @o-
3= 22 (o) qz SFeo) As mentioned above, we ignore the shift of the precession
Ot )2 frequency() that is due to the spin-environment interaction.
#S(Q_wo), (16)  Assume now that the spin involved lies in the plamez] at
Q the moment=0 with the initial projectiongx(0),0z(0)},

whereas the rotating magnetic field is switched on at the
momentt= —o. Then, the free-induction decay of the spin-
polarized particle is described by the following expressions:

(x)oA A wqo

X(t) = [l_ Gxx(t)]X0+ Gxx(t)x(o) + ze(t)[z(o) - ZO]a
: (17) (22)

S(Q—wq)

Wo
+_
1 Q

woA Z(1)=[1—GzA1)]zo+ G,A1)Z(0) + Gy(1)[X(0) = Xo],
T'15=2-57[S(0) - S(0)]. (18 (23
where
In terms of diagrammatic technique these results can be )2 ot 21 v ot

obtained if we will apply the free Green functions deter- Gux(t)= (A77Q%) e” "'+ (w/ Q%) e 7'cost,  (24)
mined by the HamiltonianHy=(A/2)x to calculate B 2 Fam Ayt
(antjicommutators like ([x(t),z(t;)].). The designation GxoAt) == (woA/Q7) [ " —e " "cosOt], (25
Im x(w)=J(w) is used here because the imaginary part P _ _
Im x(w) of the susceptibility2) plays the role of the spec- A1) = (wg/Q?%) e "'+ (A%0?) e cosOt, (26)
tral functionJ(w) used in dissipative quantum mechanits; with the damping ratey=y(A,wo;T) (21) and
in so doing the function§(w) andJ(w) are related by the
Callen-Welton fluctuation-dissipation  theorem:S(w) Yo=2(w2/Q?) S(0)+2(A%0)S(wo)+ 2 v.  (27)
=J(w)coth(/2T). It should be noted that fluctuation and
dissipative characteristics of the spin subsystem subjected to It should be noted that at the state of equilibrium when the
the strong electromagnetic radiation do not need to be undexternal magnetic field is constant in timed=0) and
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aligned with thex axis we obtain the well-known formulds inverse proportion to the temperatufezy=A?/4w,T. It is
for the transversal and longitudinal damping rates, respeawvorth noting that the similar dependencies of the optically
tively: yo=2[S(0)+S(A)],y=4S(A) as well for the equi- induced magnetization on the temperature and on the laser
librium spin projectionxy= 02: —tanh(A/2T). Under circu- !ntensity_ are found by van der Z_iel, Pershan, and Mals’c_f‘om
larly polarized light @,#0) an additional spin orientation I expenmenial studies of the inverse Faraday effect in the
2, (19) along the laser beam axis occurs. This polarization i€TySta! of Ed ":CaF,. o , _
caused by the direct transfer of the angular momentum from As Eq.(29) suggests, the spin orientation allong Hheis .
electromagnetic radiation to the spin-1/2. As is evident fromtenddS to a sattératt)tlog as Tﬁ laser d'né?é];\/'rt]y r|1ncrbeases.dTh|s
Egs. (19—(21), photons with the reverse direction of the trend was noted by Raja, Allen, an Ich observe
angular momentunwith the frequencyw, of opposite sigh an inverse Faraday effect in JBa;0;, crystals at room tem-
o A 0 ! . peratures. Closer theoretical examination of the spin orienta-
produce the opposrt_e n direction Spin orientation. Thetion induced by circularly polarized light in a medium with-
steady-state spin projectic reaches its peak out optical absorption requires a detail knowledge of the heat
0o_ . _ 2. A2 bath spectral functiord(w), however, this is beyond the
72=2= (@ Voot A7) (28) scope of the present article.
at zero temperature and decreases as the temperature in-In conclusion, we have studied the spin orientation in a
creases. In the classical case whien() the spin polariza- rotating magnetic field produced by a circularly polarized
tion along thez axis is inversely related to the temperature. light. We have shown that the combined effect of the rotating
We do not specify here the concrete model of the heamagnetic field and the dissipative environment on the spin
bath. Its spectral function is usually approximated by thedegrees of freedom gives rise to the steady-state spin projec-
expresssiott J(w)=Aw%e @I/, tions o0=2° (19), (28), (29) along the laser beam axis. The
For spin-lattice relaxation the optical frequeney of the  occurrence of this polarization is due to the direct transfer of
circularly polarized light may be in excess of the frequencythe angular momentum from electromagnetic radiation to the
w., SO that the second terms in Eq80) and (21) make a  spin-1/2. There are in addition the spin componerﬁg (

major  contribution to the coefficients(A,wo) and  =xCcosmgt,oy=x’sinwt) rotating in synchronism with the
¥(A,wo;T), respectively, and the light-induced spin polar- external magnetic field in the plane perpendicular to the di-
Ization Is rection of light propagation. We have also considered the

free-induction decay of the spin-polarized partitéee Egs.
0__ 2

oz =tani(A%/4w,T), (29 (22)—(26)] and calculated the corresponding damping rates
provided that B A < wq,Q — wo=A?/2w,. This steady-state (21), (30), andy, (27). It should be noted that our results for

spin orientation establishes with a rate the dependencies of the spin polarization on the temperature
and on the light intensity are in qualitative agreement with
y=4J(A%2wp)coth( A% 4w,T). (300 the experimental results'? concerning the inverse Faraday

With the supplementary proviso that?<4w,T, the opti- effect.

cally induced spin polarization is directly proportional to the | am grateful to M. Novikov for a discussion which mo-
intensity of the laser bearB? (A2=4g°w2B?) and is in tivated me to write this article.
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