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1 Introduction

The theories on spin relaxation phenomena have been developed to analyze experimental
results of the NMR and SR (muon spin resonance / relaxation / rotation). Especially,
the model that describes the interaction between the relevant spin and the environment
as a stochastic process has been found useful becausé the model can provide the sys-
tematic examination on effects due to arbitrary modulation speed of the fluctuating field
exerted from the environment[1, 2, 3, 4, 5, 6]. On the other hand, quantum effects of the
environment have not enjoyed due interest for more systematic examination.

The objective in this paper is to examine quantum effects of the environment by
using a projection operator method for dynamical variables[7, 8]. The time dependence
of a relevant spin is described with a convolution type of integrals up to infinite orders[9)].
Using Laplace transform, we have obtained a spectrum in a continued fraction form, which
enables us to take into account the strong coupling between the spin and the eénvironment.

~ This paper is constructed as follows: In section 2, preliminaries for obtaining a basic

equation is reviewed. The method is applied to the case where a spin interacts with a
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quantum environment in section 3. Magnetic susceptibility is obtained in a continued

fraction form in section 4. Section 5 provides concluding remarks.

2 Preliminaries

Let us consider the system which consists of the unperturbed part Hamiltonian H, and

the perturbation part H;(¢):
H(t) =Ho+ Hl(t) , (2.1)
with
Ho=Hs+Hp . (2.2)

For later use, we confine ourselves the relevant system to a %-Spin (Hs = hwyS.) where
S, is a z-component of a spin operator and we examine the time dependence of the
transverse component S, (t)(= S.(t) +:Sy(t)). In (2.2), Hp indicates the Hamiltonian of
an environment.

In order to determine the time evolution of the relevant system under the interaction
with the environment, we use a projection operator P which satisfies an idempotent
relation, P2 = P, and an operator Q(= 1 — P). For an operator S (t) in an interaction

picture defined as

S4(t) = e “0l=)g (1) | (23
we find
~ ~ N 1
%s+(t) = U_(t,t0)PiLs(t)Ss + [ drK(6,7)S, + I(1)Ss (2.4)
to

where we use the following definitions:

K(t,7) = U_(7,t0)Pily(1)Qa_(t,7)ily(t) (2.5)
I(t) = Qa-(t,to)ili(t), (2.6)
with
O (t.t) = T [efo®b)] (2.7)
a(t,7) = T._lel-4ribre) (2.8)
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In eq.(2.8), the symbol T indicates an increasing time ordering from the left to the right
and

L1(t) = efoli=t) £, (¢) g=*Lolt=t0) | (2.9)
where £, (1t = 0 or 1) is the Liouville operator defined as
1 .
Lu c = E[Hﬂ» : ] . (2.10)

When we apply the basic equation (2.4) to actual systems, we have to evaluate the
integrand K(t,7) and the inhomogeneous term I(t) which include ordered exponential

expanded up to infinite orders. For example, the term including K (¢, 7) is expanded as
t t . . A
/t drk_(t,7) = /t dt U (t1, 10) (i£1(t1)ifr () ape.
0 0

+§/tdt1 " dtQ-..["_2dtn_1

n=3"10 to 0

Xf]—(tn—la tO)("él (tn—l)iﬁl(tn—-‘Z) tee iﬁl(t)>a.p.c. 9 (211)
where we called the each order integrands “ anti partial cumulants” which is defined as

(iél(tnfl)iﬁl(tn_z) e iﬁl(t)>a.p.c. = ’Pz’ﬁl(tn_l)Qiﬁl (tn_z) oo Qlﬁl(t) y (n Z 2) .

(2.12)

3 Basic Equation

Let us consider a spin system interacting with a quantum environment non-adiabatically:

Ho = hwoS. +Hp, (3.1)
Hi

hw-Sy +wiS-), (3.2)

where Hp indicates the Hamiltonian of the reservoir and wy are the reservoir operators.
We assume the reservoir to be a collection of harmonic oscillators and define Hp and w4+

as

Hp = Y hw;bld;, (3.3)
J

wo = Zﬂjbj = (wy)t, (3.4)
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where b; (b}) is an annihilation (creation) operator of the j-th oscillator and «; is the
coupling constant between the relevant spin and the j-th oscillator.

Now we apply (2.4) to this system by using the projection operator P defined as
P.- =trgpg- =(- )8, (3.5)

where trp indicates the trace operation for the reservoir (B) variables and
e"ﬂHB
Zg

PB =

(3.6)

Zp being the partition function; g = E;_T where kp is the Boltzmann constant and T is
the temperature of the reservoir.

The operator £(t) is written by

L(t) - = [@-(t)S+ + @4 (1)S—, - ], (3.7)

with
ROEDY e wometicebl = _(t)' . (3.8)

J
In order to evaluate the cumulants explicitly, we introduce a frequency distribution

p(w) of the coupling strength ;. We define the distribution by

o) = Y I8 — ) = L&

7 T(w—wp)2+92’ (39)

assuming the distribution to be a Lorentzian with width 7, centered at w,. Then, the
correlation functions of the reservoir variable are found to be

@ (a-()s = T lPers-ny,)

7
> AZemilwown)t-t)=lt-tiln )y (3.10)

In obtaining (3.10), we defined n(w;) as

1
(bjbi)s = o7 = nlwy) (3.11)

with

)‘j = ﬂhwj . (312)
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and assumed that the average number n(w;) is assumed to be constant around the fre-
quency range where p(w) changes appreciably. Correspondingly, we obtain the correlation

function of inversed order as

(@-Oort)e = 2 lmsPe ™" n(w))

J
= AZiwomanli=t)=rli=tlp ) (3.13)

where

1 _
(001 p = 1+ (blb;)p = %y = W) (3.14)

For higher order correlation functions, we have

(P12 0n)B = (P1902)B(03" - ¥n)B + (P108)B(P2" - ¥n)B
+ o+ {10n)B{P203 " Yn-1)B 4 (n > 3) (3.15)
where
On = 04(tn) , or O_(t,) . (3.16)

Using (3.15) repeatedly, we have the theorem due to (Wick -) Bloch - de Dominicis. The

odd order correlation disappear:

(102 oa)p =0 , (for odd n), (3.17)

since
(@x(t))p = 0. (3.18)
The time evolution of S, (t) is given in the form of convolution-type integrals:

d -~
—S54(t
o+

I

—A%(n(w) + i) | LS5, )84 (1)
+ Atn(wy)R(ws) /0 ity /0 " dty /0 ® dtsZalt, t1, b2, 13) S (t3)
~ Abn(wy)A(wy)(n(ws) + A(ws))

/ dl‘1/ dtz/ dta/ dt4/ dtsZe(t,th, o, ta, ta, t5) S (ts)
+ o+ J( (3.19)
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with
So(t,t) = =A%t —t)m(t—t), (3.20)
Sa(t ot ta,ts) = AW (= t)b(t — t2)&i(t2 — t3)
X(2m(t — t)me(ts — to)m(te — t3) + m(t — t)m(te — t3)) , (3.21)
Zo(t,t1, o ts) = —AY&(E ~ t)ba(ts — t2)éa(te — t3)éa(ts — ta)€a(ta — t5)
X(4mi(t = t1)me(ts — t2)m(ta — t3)ma(ts — ta)m(ts — ts)
+2m(t — t1)m(t2 — t3)me(ts — ta)m(ts —ts)
+2m(t — t)me(ty — t2)m(te — t3)m(ts — t5)
+m(t — t)m(tz — tg)m(ts — t5))
+&1(t — t1)&a(ts — t2)&s(b2 — t3)€a(ts — ta)1(ts — t5)
X (2m(t — t)m(ts — t2)m(t2 — t3)ma(ts — ta)m(ta — t5)
+2m(t — t1)m(ts — t3)ma(ts — ta)m(ts — t5)
+2m(t — t)me(ta — t3)m(ts — ta)m(ts — t5)
+2m(t = t1)m(tz — t3)m(ta — t5))} (3.22)
Sonti(tytr,- oo yton) = 0 (for n>1), (3.23)
where we have defined
&lt) = e, (3.24)
Ma(t) = e ™lwow)t (3.25)

J-(t) in (3.19) is written by

J_(t) = Qa_(tt)ili(t)Ss

= Z{¢2n—l(t) + Qpz,2'n—1(t)s’z + w—-,2n(t)s— + Q/}+’2n(t)5+} : (326)

We can also explicitly determine the lower order terms of (3.26) as

é1(t)
Veut) = —2004(t), (3.28)

0, (3.27)
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P-2(t) = 0p(H)s(t) + @4 (t1)04 (), (3.29)
Yio(t) = —0r()@-(t) — 0-(t1)@4(t)
+({(@4 ()@_(t1)) B + (D-(t1)@4 (1)) B) - (3.30)

Thus, 5‘+(t) can be determined by successive evaluation of the anti-partial cumulants.

4 Magnetic Susceptibility

Now we consider the magnetic susceptibility for a magnetic field in circulating polariza-

tion. The magnetic susceptibility x+_(w) is given by [10]

Xe-(w) = Jim [~ dte 2, (1), (41)
where |
@4-(t) = 2([S4(t), S-]) (4.2)

is the response function. In (4.1), we exclude the multiplicative factor due to the gyro-
magnetic ratio.
With the use of the definition of the Fourier-Laplace transform, the magnetic suscep-

tibility is written in the form

i .
X+-(w) = ﬁ([5+[w]75—]> , (4.3)
The Fourier-Laplace transform of the relation (3.19) is given by

Seliw] = Syli(w - wo)]
S+ + j—[i(w _ wo)]
H(w—wp) — 1% (w —wp) ’

(4.4)
where
J-liw] = 2nj{¢2n_1[z'w] + Ve on1[iw] Sy + Y- 2n[iw]S- + Yy 2aiw]Sy}  (45)
We can rearrange 2 [i(w — wp)] in (4.4) in the form of a continued fraction:
Z[i{w — wo)]

_ Pfws) — n(wp)

— n(ws) + A(ws) A%

— 924 —



(458 [SEFHFROREIER] &> # Y 4]

abA?
+ A : (4.6)
a7t — bA%b, —
. NN 2bA2
('02 + ’lU2) - )
5" + DA (i — aily) ~ 04—
3 (174 + 1])4)_1 -
with
1
~n = " s 4.7
. (W — wp — iny) (4.7)
1
~n = ; ’ 4.8
v (w— wp) —iny (4.8)
1
Dy = — 4.9
v (W= wp) + (wo — wp) — iny (4.9)
where
An(wp)it(ws)
_ 4.10
= Talwn) + A@)? (410)
b = n(wy)+ Aws) . (4.11)
The magnetic susceptibility is given by
1 2

X+-(w) = (4.12)

A — o) — o~
In obtaining (4.12), we assumed a decoupled initial density matrix W(0), i.e., W(0) =
ps ® pp where p, (pp) is the initial density matrix of the spin system (the reservoir).

At T ~ 0, virtual excitation of energy quanta is expected to be within single particle
states, and thus we have only to retain the second order term in ¥,[i(w — wp)]. The
magnetic susceptibility reduces to

i 2
X W) = B o ) — AT,

(S:), (4.13)

In the opposite limit of high temperature limit, (4.6) is written as

Z[i(w = wo)]
A2

= , (4.14)
A2
7! — A, —

2A?

~ ~ =1 _
('Uz + ’U)z) SN2

~—1 2 ~ -
A2(iy — 14) —
3" + A%(Wy — Wy) OESARES
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Figure 1: Frequency dependence of hIm|x;-(w')]/2(S,) for A = 1,wp = 10,w, = 10. The
interaction strength o is changed from 0.1 to 100.
which coincides with the result obtained for the stochastic environmental fields by Shi-
bata and Sato[5]). Thus the magnetic susceptibility (4.12) can be used for the temperature
effects ranging from zero to high temperature. For finite temperatures, the continued frac-
tion effectively converges in certain finite orders corresponding to the system parameters.
In fig.1, we show frequency dependence of AIm[y4—(w)]/2(S.) for relatively low tem-
perature A(= {'fg: = 1), where the variable of abscissa is scaled as o' = w/(+v/24). The
interaction strength o{= v/2A/7) is changed from 0.1 to 100. As the interaction strength

becomes larger, the line shapes changed from a single peak to two peaks.

5 Concluding remarks

In this paper, we obtained the magnetic susceptibility of a spin system in non-adiabatic
contact with a quantum environment. The basic equation for the system operator S, (¢) is
obtained by successive evaluation of the anti-partial cumulants. With the use of the basic
equation, we could express the magnetic susceptibility in continued-fraction form which
takes into account the interaction between the spin and the environment up to infinite
orders.

Asthe % spin system is equivalent to a two-level system, the model treated in this paper

also describes relaxation phenomena of a dissipative two-level system. Since a proposal of
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“spin-boson” model[11], it has attracted considerable attention. This model can be used
to examine the macroscopic quantum tunneling (MQT) phenomena in a SQUID[12, 13],
the quantum nucleation in the mixture of He® and He*[14], etc.. Rotating the coordinate
system of the Hamiltonian (3.1) ~ (3.3), we can obtain the same Hamiltonian as that
of the “spin-boson” model. Thus, when we evaluate (S.(t)) using the inverse Laplace

Fourier transform, we can discuss the dynamics of the “spin-boson” model.
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