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Generalized Bloch equations and dissipation of longitudinal magnetic-field energy

Anatoly Yu. Smirnov
Radiophysics Department, N. Lobachevsky State University, Gagarin avenue, 23, 603600, Nizhny Novgorod, Russia

~Received 20 December 1996!

For a spin-12 coupled to a Gaussian heat bath in the presence of an external magnetic field, we generalize the
Bloch equations to the non-Markovian case. Using this generalization as the base, we show that the time-
varying component of the magnetic field parallel to its constant part is absorbed by the spin system, especially
at high temperatures of the heat bath. For the spectral density and dispersion of longitudinal spin fluctuations,
we obtain expressions that are in good agreement with known results.@S1063-651X~97!04308-0#

PACS number~s!: 05.30.2d, 05.40.1j, 76.20.1q
s

a

el
e

s,
e,

the
er

ld

-

se

at

ep-

ld
e

o-

the
I. INTRODUCTION

Dissipative dynamics of a spin-1
2 in the presence of an

external magnetic fieldBW (t) is well known to be described
by the Bloch equations@1–6# for the averaged Pauli matrice
sW 5$sx(t),sy(t),sz(t)%:

^ṡx~ t !&1
1

T2
^sx~ t !&1D^sy~ t !&52 f z~ t !^sy~ t !&22 f y~ t !

3^sz~ t !&,
~1!

^ṡy~ t !&1
1

T2
^sy~ t !&2D^sx~ t !&52 f x~ t !^sz~ t !&22 f z~ t !

3^sx~ t !&,

^ṡz~ t !&1
^sz~ t !&2sz

0

T1
52 f y~ t !^sx~ t !&22 f x~ t !^sy~ t !&.

~2!

Here a magnetic fieldBW (t) is supposed to incorporate
z-directed constant partBW 05(0,0,B0) and a time-varying
magnetic field BW 1(t), so that
D522gm0B0 , fW(t)5gm0BW 1(t), m05e\/2mc is the Bohr
magneton, andg signifies theg factor of the spin particle
with massm (g51 for an electron!. The longitudinal and
transversal relaxation time are therewith denoted byT1 and
T2, respectively, whilesz

052tanh(D/2T) is the equilibrium
z projection of the averaged spin matrix,T is a heat bath
temperatures,\51, andkB51.

Among other things the Bloch equations~1! and~2! allow
one to calculate the energy of an oscillating magnetic fi
BW 1(t) which is absorbed by the spin system in a unit of tim
and in a unit of volume@7#:

P~v!5
v

2pE0

2p/v K BW 1~ t !•
dmW ~ t !

dt L dt, ~3!

where v is a frequency of magnetic-field oscillation
mW (t)5gm0sW (t) is the magnetic moment of the spin particl
561063-651X/97/56~2!/1484~6!/$10.00
d

and the bracketŝ•••& denote an ensemble average over
initial state of a heat bath in combination with the trace ov
spins.

If the magnetic fieldBW 1(t) rotates in a plane (x,y) which
is normal to the direction of the constant magnetic fie
BW 0 :BW 1(t)5„B1cos(vt),2B1sin(vt),0…, so the shape of the
absorption lineP(v), Eq. ~3!, is determined by the imagi
nary parts of the transversal susceptibilitiesFxx(v) and
Fyy(v) @3,4#:

Px~v!5 1
2 ~gm0!2B1

2Im$Fxx~v!1Fyy~v!%, ~4!

where the linear magnetic susceptibilityF i j (v)
( i , j 5x,y,z) is a Fourier transform of the averaged respon
function

d^s i~ t !&
d f j~ t8!

5~gm0!22
d^m i~ t !&

d~B1! j~ t8!
5E dv

2p
e2 iv~ t2t8!F i j ~v!

~5!

taken atf j50. It follows from the Bloch equations~1! and
~2! that absorption of the transversal magnetic fieldPx(v) is
described by the expression@3–6#

Px~v!54~gm0!2B1
2tanhS D

2TD gxDv2

~v22D2!214gx
2v2 ~6!

if coupling of the spin to a heat bath is weak, so th
D@gx ,gy ,gz , wheregx5gy51/T2 andgz51/T1 .

At the same time the most-used Bloch equations~1! and
~2! predict a zero result for the longitudinal magnetic susc
tibility Fzz(v):@Fzz(v)#Bloch50, and with it for the corre-
sponding absorption spectrum

Pz~v!5 1
2 ~gm0!2B1

2vImFzz~v!; ~7!

that is, the energy of the time-varying magnetic fie
BW 1(t)5„0,0,B1cos(vt)… is not bound to be absorbed by th
spin system interacting with a heat bath:@Pz(v)#Bloch50. It
immediately follows from the fluctuation-dissipation the
rem @8#

Kzz~v!5ImFzz~v!coth~v/2T! ~8!

that longitudinal fluctuations of spin variables covered by
cumulant function
1484 © 1997 The American Physical Society
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56 1485GENERALIZED BLOCH EQUATIONS AND DISSIPATION . . .
^ 1
2 @sz~ t !,sz~ t8!#1&5E dv

2p
e2 iv~ t2t8!Kzz~v! ~9!

are also nonexistent. But, in view of the fact th
sz

2(t)51,(sz
0)25tanh2(D/2T), the variance ofsz fluctua-

tions

^~Dsz!
2&5^ 1

2 @sz~ t !,sz~ t !#1&5E dv

2p
Kzz~v!, ~10!

can be significantly different from zero:

^~Dsz!
2&5^~sz!

2&2~sz
0!2512tanh2~D/2T!, ~11!

especially at high temperaturesT@D. Thus the conventiona
Bloch equations~1! and ~2! lead to zero results for absorp
tion of the longitudinal magnetic-field energy, and with it f
the longitudinal fluctuations of spin variables, that cannot
accepted as reasonable in view of spin coupling to a h
bath.

The aim of the present paper is to obtain more corr
expressions for the longitudinal absorption and fluctuat
spectra of the spin system, and so to remedy the ab
mentioned problem of the Bloch theory. The way to do t
is through a non-Markovian generalization of the Blo
equations, taking into account memory effects in the inter
tion of the spin with the heat bath. A great deal of effort we
into the derivation of non-Markovian kinetic equation
@9–14# and into the investigation of non-Markovian effec
@11–16#. The problem in question is also of special intere
for understanding dissipative quantum tunneling in sol
@17–22#.

In this work we show that the generalized Bloch equ
tions are a prime necessity in the treatment of the lin
response function̂ dsz(t)/d f z(t8)& f 50 as well as in the
study of nonlinear memory phenomena associated with
influence of strong internal driving on the relaxation a
decoherence processes@20,23,24#. The non-Markovian sto-
chastic equations for a two-level system interacting with
Gaussian heat bath@14,15,25# have considerable utility for
this purpose. In Sec. II we derive the non-Markovian eq
tions for averaged spin variables, taking into account an
fluence ofz-directed time-dependent magnetic field on sp
relaxation. In Sec. III we calculate the linear response of
spin to the action of the longitudinal magnetic field, and fi
expressions for the absorption and fluctuation spectra
should be noted that the generalized Bloch equations
duced in Sec. II are exact for a spin coupled to a Gaus
heat bath. However, we shall use a weak-damping limit
the calculation of the absorption and fluctuation spectra.
cause of this, we shall restrict our consideration to the cas
a super-Ohmic bath@17# with the spectral density
J(v);vn,n.1, or to the case of an Ohmic heat ba
(n51) provided that the system-environment coupling co
stant is small and the temperatureT of the heat bath is mod
est. We also suppose that the temperatureT is not too low:
T@\g, with g being a spin relaxation rate. It might be we
to point out that a three-dimensional acoustic-phonon h
bath responsible for relaxation and fluctuations in solids
super-Ohmic withn53 or 5 @17#, and the same is true for
photon heat bath withn53 @25,26#.
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II. GENERALIZED BLOCH EQUATIONS

Starting with the microscopic Hamiltonian

H5
D

2
sz2sW •QW ~ t !2szf z~ t !1HB ~12!

for the spin subsystem coupled to a heat bath with variab
$Qi(t)%( i 5x,y,z) and with the free HamiltonianHB in the
presence of an external magnetic fie
BW (t)5$0,0,B01B1(t)%, we obtain the Heisenberg equation

ḃ~ t !52i $Qz~ t !b~ t !2Q2~ t !sz~ t !%, ~13!

ṡz~ t !5 i $Q2~ t !b1~ t !2Q1~ t !b~ t !% ~14!

for the spin operators

b~ t !5$sx~ t !2 isy~ t !%expF i E
0

t

D~t!dtG , ~15!

b1(t), andsz(t).
Our main interest here is with absorption of the longit

dinal magnetic field (BW 1)z(t)5(gm0)21f z(t) only; therefore,
the transversal projections of the time-varying magnetic fi
are taken as being zero:f x(t)5 f y(t)50, while the longitu-
dinal force f z(t) is incorporated in the time-dependent spl
ting D(t)5D22 f z(t). Here the functionsQ6 are the new
heat bath variables

Q2~ t !5$Qx~ t !2 iQy~ t !%expF i E
0

t

D~t!dtG5@Q1~ t !#1,

~16!

and the superscript (1) designates the Hermitian conjuga
tion.

It was shown in Ref.@14# that the response of a Gaussia
heat bath to the action of the dynamic subsystem is linea
spin variabless j (t)( j 5x,y,z),

Qi~ t !5Qi
~0!~ t !1E dt1w i j ~ t,t1!s j~ t1!, ~17!

where $Qi
(0)(t)% are the unperturbed heat bath variab

which are assumed to be Gaussian with zero mean va
^Qi

(0)(t)&50, with a covariance

Mi j ~ t,t8!5^ 1
2 @Qi

~0!~ t !,Qi
~0!~ t8!#1&

5E dv

2p
e2 iv~ t2t8!Si j ~v!, ~18!

and a response function

w i j ~ t,t8!5^ i @Qi
~0!~ t !,Qi

~0!~ t8!#2&u~ t2t8!

5E dv

2p
e2 iv~ t2t8!x i j ~v!. ~19!

Hereu(t) is the unit Heaviside step function, andx i j (v) and
Si j (v) are the susceptibility and the spectral density, resp
tively, of heat bath fluctuations. It is worth noting that th
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1486 56ANATOLY YU. SMIRNOV
independent-oscillator model of the heat bath@17,27# which
is most extensively employed in dissipative quantum m
chanics is also described by Gaussian statistics. In this
the imaginary part Imx(v) of the heat bath susceptibility i
proportional to the spectral functionJ(v) used in works de-
voted to dissipative quantum tunneling@17,19,20#. For the
isotropic heat bath we havew i j (t,t8)5d i j w(t,t8) and
Mi j (t,t8)5d i j M (t,t8), so that the variablesQ6(t) and
Qz(t) may be written as

Qz~ t !5Qz
~0!~ t !1E dt1w~ t,t1!sz~ t1!,

Q2~ t !5@Q1~ t !#15Q2
~0!~ t !1E dt1w2~ t,t1!b~ t1!,

~20!

with

w2~ t,t1!5@w1~ t,t1!#15w~ t,t1!expF i E
t1

t

dtD~t!G .
~21!

The new spin and heat bath variablesb(t), b1(t), and
Q6(t) allow us to take into consideration an effect of t
arbitrary longitudinal magnetic field (BW 1)z(t) on the relax-
ation process.

Substituting Eqs.~20! in the Heisenberg equations~13!
and ~14! followed by averaging over the initial state of th
heat bath gives the generalized non-Markovian Bloch eq
tions (\51):

^ḃ~ t !&12i E dt1$M̃ 2~ t,t1!^ i @sz~ t !,b~ t1!#2&1w2~ t,t1!

3^ 1
2 @sz~ t !,b~ t1!#1&%22i E dt1$M̃ ~ t,t1!

3^ i @b~ t !,sz~ t1!#2&1w~ t,t1!^ 1
2 @b~ t !,sz~ t1!#1&%50,

~22!

^ṡz~ t !1 i E dt1$M̃ 1~ t,t1!^ i @b~ t !,b1~ t1!#2&1w1~ t,t1!

3^ 1
2 @b~ t !,b1~ t1!#1&%2 i E dt1$M̃ 2~ t,t1!

3^ i @b1~ t !,b~ t1!#2&1w2~ t,t1!^ 1
2 @b1~ t !,b~ t1!#1&%

50. ~23!

The quantum Furutsu-Novikov theorem@14#

^ 1
2 @Qz

~0!~ t !,b~ t !#1&5E dt1M̃ ~ t,t1!^ i @b~ t !,sz~ t1!#2&,

~24!

with M̃ (t,t1)5M (t,t1)u(t2t1), and the function

M 2~ t,t1!5@M 1~ t,t1!#15M ~ t,t1!expF i E
t1

t

dtD~t!G ,
~25!
-
se

a-

are being used at the derivation of Eqs.~22! and ~23!.
The exact microscopic equations~22! and~23! can be put

in a more simple form assuming a weak coupling of the s
subsystem to the heat bath. We suppose that the dam
rateg of spin variables is much less than the frequencyD:
g!D, so that we have approximatelyb(t).b(t1),
sz(t).sz(t1) and

@b1~ t !,b~ t1!#254sz~ t1!;@b~ t !,b1~ t1!#154,

@sz~ t !,b~ t1!#252b~ t1!;@sz~ t !,b~ t1!#150.

It is known @17# that such underdamped behavior of the tw
level system takes place for a super-Ohmic heat bath or
an Ohmic heat bath if the system-environment coupling
sufficiently weak and the heat bath temperature is not
high. The investigation of the spin coupling to a sub-Ohm
heat bath is much more cumbersome@17,21# and is not per-
formed here. Thus in the weak-damping limit the followin
non-Markovian equations may be obtained from the gene
ized Bloch equations~22! and ~23!:

^ḃ~ t !&1E dt1G~ t,t1!^b~ t1!&50, ~26!

^ṡz~ t !&1E dt1Gz~ t,t1!^sz~ t1!&1az~ t !50. ~27!

These equations incorporate an effect of the magnetic fi
f z(t) on the relaxation process, as indicated by the dep
dence of the functionsG(t,t1), Gz(t,t1), andaz(t) on the
time-varying splittingD(t)5D22 f z(t):

G~ t,t1!54M̃ ~ t,t1!F11expS i E
t1

t

dtD~t! D G ,
Gz~ t,t1!58M̃ ~ t,t1!cosS E

t1

t

dtD~t! D ,

~28!

az~ t !54E dt1w~ t,t1!sinS E
t1

t

dtD~t! D .

In the absence of a time-dependent magnetic fi
@ f z(t)50,D(t)5D# we obtain the well-known results
@1–6,17# describing the relaxation of longitudinal and tran
versal spin variables:

^sz~ t !&5e2gzt^sz~0!&1@12e2gzt#sz
0 ,

^s tr~ t !&5e2gxt2 iDt^s tr~0!&, ~29!

where s tr5sx2 isy ;sz
052tanh(D/2T) is the equilibrium

z projection of the spin; gx52@S(0)1S(D)# and
gz54S(D) are the transversal and longitudinal dampi
rates, respectively; andS(v) is the spectral density of hea
bath fluctuations~18! which is proportional to the imaginary
part Imx(v) of the heat bath susceptibility~19! @8#:
S(v)5Imx(v)coth(v/2T). As expected@17#, for super-
Ohmic and Ohmic heat baths, there are conditions wh
correspond to the underdamped behavior of the spin sys
and justify the weak-damping limit (g/D!1).
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56 1487GENERALIZED BLOCH EQUATIONS AND DISSIPATION . . .
III. ABSORPTION OF THE MAGNETIC FIELD
AND LONGITUDINAL SPIN FLUCTUATIONS

We now proceed to a calculation of the linear-respo
function ^dsz(t)/d f z(t8)& determining the absorption
Pz(v), Eq. ~7!, of the longitudinal magnetic field. As for th
standard Bloch equations~1! and ~2!, the longitudinal mag-
netic field f z(t) does not appear in the generalized equat
~27! in an explicit form. However, by virtue of time nonlo
cality the functionsGz(t,t1), G(t,t1), and az(t) are func-
tionals of the magnetic fieldf z(t). That is why the equation
for the linear longitudinal response function, resulting fro
the non-Markovian equation~27!, has a nonzero right-han
side:

d

dtK dsz~ t !

d f z~ t8!L 1E dt1Gz~ t,t1!K dsz~ t1!

d f z~ t8! L
5

daz~ t !

d f z~ t8!
2sz

0E dt1
dGz~ t,t1!

d f z~ t8!

58u~ t2t8!E
2`

t8
dt1Lz~ t2t1!, ~30!

with

Lz~t!5w~t!cos~Dt!22M̃ ~t!sz
0sin~Dt!. ~31!

Here we take into account the relation

d

d f z~ t8!
E

t1

t

dt@D22 f z~t!#522E
t1

t

dtd~t2t8!

522u~ t2t8!u~ t82t1!, ~32!

and on differentiation with respect tof z(t8) set f z50. For
longitudinal susceptibilityFzz(v) one obtains, from Eqs.~5!
and ~30!,

Fzz~v!5
8

iv

Lz~v!2Lz~0!

2 iv1Gz~v!
, ~33!

whereLz(v), Gz(v), and S̃(v) are the Fourier transform
of the functionsLz(t) @Eq. ~31!#, Gz(t) @Eq. ~28!#, and
M̃ (t)5M (t)u(t), respectively:

Lz~v!5 1
2 @x~v1D!1x~v2D!#

1 isz
0@ S̃~v1D!2 S̃~v2D!#, ~34!

Gz~v!54@ S̃~v1D!1 S̃~v2D!#. ~35!

The longitudinal magnetic-field absorptionPz(v) is deter-
mined by by the imaginary part of the susceptibili
Fzz(v), Eq. ~33!:

Pz~v!54~gm0!2B1
2 vImLz~v!

v21@ReGz~v!#2 . ~36!

The functions ReGz(v) and ImLz(v) can be written, in
view of the relationRe S̃(v)5(1/2)S(v) and the Callen-
Welton fluctuation-dissipation theorem~FDT! @8#, as
e

n

ReGz~v!52ImFx~v2D!cothS v2D

2T D
1x~v1D!cothS v1D

2T D G , ~37!

ImLz~v!5 1
2 Imx~v2D!F11tanhS D

2TD cothS v2D

2T D G
1 1

2 Imx~v1D!F12tanhS D

2TD cothS v1D

2T D G .
~38!

According to the FDT and Eq.~33!, the spectral density o
the fluctuations of the longitudinal spin variablesz(t) will
look like

Kzz~v!58 cothS v

2TD ImLz~v!

v21@ReGz~v!#2 . ~39!

It should be emphasized that the calculations of the spec
densityKzz(v) performed by means of stochastic equatio
and fluctuation sources furnish the same result.

By these means the generalized Bloch equations~22! and
~23! point to the occurrence of absorption of the longitudin
magnetic-field energy, Eq.~36!, by the spin-12 coupled to a
heat bath, and with it to the existence of equilibrium fluctu
tions of longitudinal spin variables. In view of the relation

@12coth~A!tanh~B!#coth~A2B!5coth~A!2tanh~B!,

the function ImLz(v)coth(v/2T) may be rearranged to giv

ImLz~v!cothS v

2TD5 1
2 Imx~v2D!FcothS v2D

2T D
1tanhS D

2TD G1 1
2 Imx~v1D!

3FcothS v1D

2T D2tanhS D

2TD G . ~40!

Substituting this function into Eqs.~39! and ~10! yields the
desired result~11! for the variance of longitudinal fluctua
tions ^(Dsz)

2&

^~Dsz!
2&5F12tanh2S D

2TD G E
2`

1`dv

p

gz

v21gz
2

512tanh2S D

2TD , ~41!

provided the damping rate gz5ReGz(v50)
54Imx(D)coth(D/2T) is far less than the frequencyD and
the temperatureT: gz!D,T. Consequently, the generalize
non-Markovian equations~22! and ~23! produce better re-
sults for the longitudinal spin fluctuations than the conve
tional Bloch equations~1! and~2! do. It is also worth noting
that for an Ohmic heat bath with Imx(v)5lv(l5const)
the spectral densityKzz(v), Eq. ~39!, has the Lorentzian
shape Kzz(v)52gz /(v21gz

2) at high temperatures
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1488 56ANATOLY YU. SMIRNOV
(T@\v,\D) when ImLz (v) 5lv,ReGz (v)5gz58lT .
The maximum value of the longitudinal absorption, Eq.~36!,
is therewith much less than the maximum of transversal
sorption~6!: Pz(gz)/Px(D).gzgx /D2.(8lT)2/D2!1, and
yet this ratio increases as the splittingD decreases.

It is notable that under these conditions the spectral d
sity of heat bath fluctuationsS(v)5Imx(v)coth(v/2T)
does not depend on the frequency,S(v)52lT, so that the
correlation function~18! is M (t,t8)52lTd(t2t8). This
limit corresponds to the Markovian approximation. T
spectral densityJzz(v) of fluctuating forces responsible fo
the fluctuations of longitudinal spin variables is known to
determined by the numerator of the functionKzz(v), Eq.
~39!: Jzz58ImLz(v)coth(v/2T). As one would expect, for
a Gaussian Ohmic heat bath the spectral densityJzz(v) is
independent of the frequency at high temperatur
Jzz(v)516lT52gz , and the corresponding fluctuatin
forces becomed correlated. However, now we have obtain
the correct expression~41! for the variance of longitudina
fluctuations, whereas the Bloch equations~1! and ~2! using
the Markovian correlation function M (t,t8)
52lTd(t2t8) from the outset predict a zero result. Diss
pation of longitudinal magnetic-field energy and longitudin
spin fluctuations also exist in the case of the hig
temperature Ohmic heat bath, when the Markovian appr
mation nominally takes place. However, a transition to
Markovian limit in the generalized Bloch equations~22! and
~23! never must be performed until the linear or nonline
response functions of interest are calculated.

It should be mentioned that the results beyond the M
kovian limit can be also obtained by means of the instan
technique in the noninteracting-blip approximation~NIBA !
@17 ~Chap. IV!, 19,20#. As may be seen from Eqs.~4.21b!
and ~4.22b! of Ref. @17#, the NIBA is true for a classica
Ohmic heat bath when the Markovian description is corre
Nontheless, the results deduced in Refs.@17–19# point to the
fact that the breakdown of the Markovian approximati
does not necessarily signify the breakdown of the NIBA.

At low temperatures (D@T@g) longitudinal absorption
and longitudinal fluctuations covered by Eqs.~36! and ~39!
are significantly diminished because the function ImLz(v),
Eq. ~38!, is nil over the range2D,v,D,

ImLz~v!5Imx~v2D!u~v2D!1Imx~v1D!u~2v2D!,
~42!

with u(v.0)51, andu(v,0)50. In this case absorption
of the longitudinal magnetic-field energyPz(v), Eq. ~36!, as
b-

n-

s:

l
-
i-
e

r

r-
n

t.

well as the spectral densityKzz(v), Eq. ~39!, begin from the
~positive! frequencyv5D that is far in excess of the absorp
tion line width ReGz(v), Eq. ~37!. That is the reason why a
contribution of the spectrumKzz(v) to the variance of lon-
gitudinal fluctuationŝ (Dsz)

2&, Eq. ~10!, is negligibly small,
so that the longitudinal projection of the spin has the fix
valuesz5sz

0 at T50.

IV. CONCLUSIONS

We have analyzed the relaxation of a spin-1
2 interacting

with a Gaussian heat bath in the presence of an exte
magnetic field. The magnetic field involves az-directed con-
stant part and a time-varying component which is also p
allel to thez axis. With the microscopic method, we derive
the generalized non-Markovian Bloch equations which all
for an effect of time-dependent magnetic field on the rel
ation process. The longitudinal susceptibility of the spin s
tem calculated by means of these equations in the we
damping limit is nonvanishing, suggesting that a dissipat
of longitudinal magnetic-field energy exists. The absorpt
spectrum peaks in the low-frequency region at high tempe
ture, whereas for low temperature the absorption of long
dinal magnetic-field energy takes place on frequencies in
cess of the splitting frequencyD. The energy of the
longitudinal magnetic field is rather weakly absorbed by
spin system in comparison with the dissipation of the tra
versal magnetic-field energy. However, at sufficiently
evated temperatures the spectral density and the dispe
of longitudinal spin fluctuations compare well with those f
fluctuations of transversal spin variables. The fluctuations
the longitudinal spin projection are ‘‘squeezed’’ as the te
perature decreases, so that thez projection of the spin has a
fixed value atT50. We have emphasized that application
the conventional Bloch equations leads to zero results for
dissipation of the longitudinal magnetic-field energy, and
fluctuations of longitudinal spin variables at an arbitrary te
perature of the heat bath. Only when the non-Markov
equations are used can more correct results be obta
which are in good agreement with Eq.~11! for the dispersion
^(Dsz)

2&.

ACKNOWLEDGEMENTS

The author is very grateful to Dr. A. A. Dubkov and D
L. G. Mourokh for helpful discussions.
el
@1# F. Bloch, Phys. Rev.70, 460 ~1946!; 102, 104 ~1956!; 105,
1206 ~1957!.

@2# A. G. Redfield, IBM J. Res. Dev.1, 19 ~1957!.
@3# A. Abragam,The Principles of Nuclear Magnetism~Claren-

don, Oxford, 1961!; A. Abragam and M. Goldman,Nuclear
Magnetism: Order and Disorder~Clarendon, Oxford, 1982!.

@4# I. V. Alexandrov, Theory of Magnetic Relaxation~Nauka,
Moscow, 1975! ~in Russian!.
@5# L. Allen and J. M. Eberly,Optical Resonance and Two-Lev
Atoms~Wiley, New York, 1975!.

@6# Y. R. Shen,The Principles of Nonlinear Optics~Wiley, New
York, 1984!.

@7# L. D. Landau and E. M. Lifshitz,Electrodynamics of Contini-
ous Media~Nauka, Moscow, 1959!.

@8# H. B. Callen and T. A. Welton, Phys. Rev.83, 34 ~1951!.
@9# P. N. Argyres and P. L. Kelley, Phys. Rev.134, A98 ~1963!.



s.

ev

er

ys.

A

A

56 1489GENERALIZED BLOCH EQUATIONS AND DISSIPATION . . .
@10# P. A. Apanasevich,Fundamentals of Light Interaction with
Matter ~Nauka, Minsk, 1977! ~in Russian!.

@11# P. A. A. Apanasevich, V. I. Kruglov, and I. E. Tralle, Phy
Status Solidi B161, 869 ~1990!.

@12# B. Fain, Phys. Rev. A37, 546 ~1988!.
@13# H. M. Cataldo, Physica A165, 249 ~1990!.
@14# G. F. Efremov and A. Yu. Smirnov, Zh. E´ ksp. Teor. Fiz.80,

1071 ~1981! @ Sov. Phys. JETP53, 547 ~1981!#.
@15# A. B. Kuznetsov and A. Yu. Smirnov, Opt. Spektrosk.68, 5

~1990! @Opt. Spectrosc.68, 979 ~1990!#.
@16# E. T. J. Nibbering, D. A. Wiersma, and K. Duppen, Phys. R

Lett. 66, 2464~1991!.
@17# A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fish

A. Garg, and W. Zwerger, Rev. Mod. Phys.59, 1 ~1987!.
@18# U. Weiss and M. Wollensak, Phys. Rev. Lett.62, 1663~1989!.
.

,

@19# M. Sassetti and U. Weiss, Phys. Rev. A41, 5383~1990!.
@20# M. Grifoni, M. Sassetti, J. Stockburger, and U. Weiss, Ph

Rev. E48, 3497~1993!.
@21# M. Grifoni, M. Sassetti, and U. Weiss, Phys. Rev. E53, 2033

~1996!.
@22# G. W. Ford, J. T. Lewis, and R. F. O’Connell, Phys. Lett.

128, 29 ~1988!.
@23# R. G. DeVoe and R. G. Brewer, Phys. Rev. Lett.50, 1269

~1983!.
@24# W. Vogel, Acta Phys. Pol. A78, 239 ~1990!.
@25# A. Yu. Smirnov, J. Phys. A30, 1135~1997!.
@26# P. M. V. B. Barone and A. O. Caldeira, Phys. Rev. A43, 57

~1991!.
@27# G. W. Ford, J. T. Lewis, and R. F. O’Connell, Phys. Rev.

37, 4419~1988!.


