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Abstract. The quantum dynamics, both non-equilibrium and equilibrium, of the dissipative two-level sys-
tem is studied by means of the perturbation approach based on a unitary transformation. It works well for
the whole parameter range 0 < o < 1 and 0 < A < w, and our main results are: the coherence-incoherence
transition is at e = 2[1 4+ A, /wc]; for a < a. the non-equilibrium correlation P(t) = cos(wot) exp(—7t);
the susceptibility x”'(w)/w is of a double peak structure for & < a. and the Shiba’s relation is exactly
satisfied; at the transition point & = a. the equilibrium correlation C(t) ~ fl/yftQ in the long time limit.

PACS. 72.20.Dp General theory, scattering mechanisms — 05.30.-d Quantum statistical mechanics

Quantum dynamics in the two-level system coupled to
Ohmic bath (spin-boson model, SBM) is important to un-
derstand numerous physical and chemical processes since
it provides a universal model for these processes [1,2],
such as the defect-tunneling in solids and the macroscopic
quantum coherence experiment in SQUID’s. The Hamil-
tonian of SBM reads

1 1
H= fiﬂax+zk:wkbzbk+§zk:gk(bz+bk)gz- (1)

The notations are the same as usual [1,2]. In this work
we consider the zero bias case with temperature 7' = 0.
The Ohmic bath is characterized by its spectral density:
Yok gi0(w—wy) = 2awf(w.—w), where « is the dimension-
less coupling constant and 6(x) is the usual step function.

The Hamiltonian (1) seems quite simple. However, it
cannot be solved exactly and various approximate analyt-
ical and numerical methods have been used [1-13]. The
main theoretical interest is to understand how the en-
vironment influences the dynamics of the two-level sys-
tem and, in particular, how dissipation destroys quantum
coherence. Both the non-equilibrium and equilibrium dy-
namics are of interest for the different experimental re-
alizations of two-level systems. When the system can be
prepared in one of the two states by applying a bias for
times ¢ < 0 and then let it evolve for ¢ > 0 in zero bias,
the non-equilibrium correlation function P(¢) is of primary
interest [1,6]. When the initial state preparation is not re-
alizable, the interest is then lies in the equilibrium corre-
lation function C(t) and the susceptibility x(w) [2-4,7-9].
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Moreover, the real and imaginary parts of x(w) should
satisfy the Shiba’s relation [3,7,9,12]. As far as we know,
there is no single analytical or numerical approach which
can produce correct behavior of P(t), C(t), and x(w) for
the whole parameter range 0 < a < 1 and 0 < A < we.

In this work we present a new analytical approach,
based on the unitary transformation method and the
perturbation theory [14], for calculating both the non-
equilibrium and equilibrium dynamics of SBM. It works
well for the coupling constant 0 < o < 1 and the bare tun-
neling 0 < A < w,, and can reproduce nearly all results of
previous authors (they used various analytical and numer-
ical methods). The approach is quite simple and physically
clear, and may be easily extended to more complicated
coupling systems.

Silbey and Harris [13] proposed to make a unitary
transformation to H: H' = exp(S)H exp(—95),

The variational ground state energy is supposed to be:
1

E; = (s1|/({0x}|H'|s1)|{0x}), where |s1) = % (1) and

1

Is2) = 75 { 1

vacuum state of bosons in which n; = 0 for every k. By
minimizing F,, { is determined as

are eigenstates of o, and [{0x}) is the

& = wk/(wk + 77A). (3)
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The authors calculated the renormalized tunnel-

ing A, [13],

n:A

= eé ﬁex R nA +1In we £ 04
T\ we PITTT, we +nA We '
(4)

Although the variational method can predict correctly the
delocalized-localized transition point a; = 1 at the scal-
ing limit A/w. < 1, it is not suitable for calculating the
dynamical properties of SBM.

A method of unitary transformation plus perturba-
tion calculation was used by Aslangul et al. [15] and by
Dekker [16] to treat the same problem. But their unitary
transformation is different from that in (2) (if § = 1
in transformation Eq. (2), then it is the same as theirs).
Their perturbation treatment is good only for the scal-
ing limit A/w. < 1. Besides, Kehrein et al. [17] used the
continuous infinitesimal unitary transformations to diago-
nalize H (Eq. (1)) step by step and some static properties
of SBM were correctly predicted, such as the untraped-
traped transition at @« = o = 1 (when A/w. < 1).
However, it seems difficult to calculate dynamical prop-
erties of SBM, especially the non-equilibrium correlation
P(t) [1,6], by the approach of Kehrein et al. They dealt
with a transition from coherent to incoherent tunneling at
some finite temperature 75, but they did not treat the zero
temperature coherent-incoherent transition at a = ..

Our approach starts from the unitary transforma-
tion (2) and then make perturbation calculation for the
transformed Hamiltonian. The transformation can be
done to the end and the result is H' = H} + Hj + Hj,
where

1 2
Hé = _577A0£ + Zwkblbk — Z 497:&@(2 - fk)a (5)
k k
91% 2
1 =¢exXp | — 2—%3519 » (6)

1
H{ =35> (1 = &) (0] + be)o-
k

1. Ik
- §nAwy§kj oy R0k = be), (7)
H = —1a h Ik e (b — b
2 = —54A0s | cos Zw—kfk(k* k)=
k
1 .. . Ik
_ §Azay (smh {Z w—kfk(bl — bk)}

k
—n ) TEa ] —bk>>. (8)
k

Obviously, H|, can be solved exactly because in which the
spin and bosons are decoupled. The eigenstate of H| is
a direct product, |s)|{nk}), where |s) is |s1) or |s2) and
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[{nt}) means that there are n; phonons for mode k. The
ground state of Hj is

[s1) {0k })- 9)

H{ and H) are treated as perturbation and they should
be as small as possible. Equation (3), & = wi/(wk +nA4),
leads to

H = a3 Zalile

and Hilgo) = 0. Note that the form of &, equation (3),
in this work is determined by Hj|go) = 0, instead of min-
imizing the ground state energy Fj,. Thus, we get rid of
the variational condition.

The lowest excited states are |s2)[{0x}) and [s1)|1),
where |1;) is the number state with n, = 1 but ng = 0
for all ¥’ # k. It’s easily to check that (go|H5|go) = 0 (be-
cause of the form of n in Eq. (6)), ({0x}|(s2|H5|g90) = 0,
(14l{s1|Hblgo) = 0, and ({0} {s3[HEls1)|1) = 0. More-
over, since Hj|go) = 0, we have ({O0x}|({s2|H{|go) = 0 and
(1x|(s1|H{|go) = 0. Thus, we can diagonalize the lowest
excited states of H' as

l90) =

—ioy) + bi(o, +i0y)| (10)

1
H' = *§UA|90><90| + ZE|E><E|
E
+ terms with higher excited states.

(11)

The diagonalization is through the following transforma-

tion [4]:
|s2)[{0x}) _Z (B)|E), (12)
Is1)[1k) Zyk (13)
|E) = (E)[s2)[{0x}) +Zyk )s1)[1k), (14)

where
V2 ~1/2

1+Z E+77A/2_Wk ;o (19)
yk(E) = #;2_%1(]5), (16)

with Vi, = nAgi€k/wi. E’s are the diagonalized excitation
energy and they are solutions of the equation

=0. 17

Z FE+ 77A/2 — Wk ( )

The non-equilibrium correlation P(t) =
(b, +1[{(+1]eto et + 1)|b,+1) is defined in ref-
erence [1], where | + 1) is the eigenstate of o, = +1

and |b,+1) is the state of bosons adjusted to the state

of 0, = 41. Because of the unitary transformation
(eSo.e7% =0,)
P(t) = ({0} (+1]e™ o + D{0)),  (18)
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since €| + 1)|b, +1) = | + 1)|{0x}). Using equations (11—
17) the result is

P(t) = % S 22 (B) expl—i(E +14/2)

1
+3 XE: 2?(E) expli(E +nA/2)1]
1 - V2 -
- dE’ —iE't E —nA— k
ami ), 0 € < K Zk:E’—l—iOJr—wk

-1
+ L IdE'eiE/t E'an—ZVig

4mi fo — B/ —i0" —wy, ’

(19)

where a change of the variable £ = E + nA/2 is made.

The real and imaginary parts of Y, V2/(E' £i0" — wy)
are denoted as R(E') and Fv(E'),

(n4)? We
w+nA | w.+nA

o el tna)
w—l—nAl [nA(wc—w)]}’ (20)

V(W) = 2amw(nA)?/(w + nA)>.

R(w) = -2«

(21)

The integral in (19) can proceed by calculating the residue
of integrand and the result is P(t) = cos(wot) exp(—~t),
where wy is the solution of equation

w—nA—-Rw)=0 (22)
and v = v(nAd) = amnA/2 (the second order approx-
imation). This P(t) is of the form of damped oscilla-
tion and one can check that the solution wq is real when
1> 2aw./(we +nA). When 1 < 2aw./(w. + nA4), the so-
lution wp is imaginary and we have an incoherent P(t).
ac = 3[1 + nA/w.] determines the critical point where
there is a coherent-incoherent transition. Note that when
AJw. < 1 and @ = a, = 1/2, we have wg = 0 and
P(t) = exp(—et) (Ve = meA? /4w, since n = eA/w, from
Eq. (4)), which is the same as was predicted by previ-
ous authors (7. = 7A?/2w, in Refs. [3,4,6]). Figure 1
shows the calculated wp/A, as functions of o (o < )
for A =0.01, 0.1, and 0.5. A, = nA is the renormalized
tunneling. The dotted line is v/A, = am/2.

The coherent-incoherent transition point . = $[1 +
nA/we] increases with increasing A/w.. Only at the scal-
ing limit A/w. < 1 does «a. take the value a. = % This
result seems to be deviated from the equivalence between
SBM and the fermionic resonant level model (RLM), since
the latter predicts o, = % We believe that the devia-
tion comes from the approximation introduced when the
bosonization technique is used to map SBM to RLM [4].
As was pointed out in reference [4], the equivalence be-
tween SBM and RLM is regolous only in the limit where
the momentum cutoff 1/a goes to infinity, which is equiv-
alent to w. — oo in this work. This is to say that, away
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Fig. 1. S(w) as functions of w for fixed & = 0.3 and A = 0.01
(solid line), 0.1 (dashed), and 0.5 (dashed-dotted). The dotted
line is v/A, = an /2.

from the scaling limit and when 0 < A < w,, the equiv-
alence between SBM and RLM is approximately and one
can expect some deviation of the properties of SBM from
those of RLM.

Since e°g,e°

= 0., the retarded Green’s function is

G(t) = —if(t) ([exp(iH't)o. exp(—iH't),0.]),  (23)
where (...)" means the average with thermodynamic prob-
ability exp(—FH'). The Fourier transformation of G(¢) is
denoted as G(w), which satisfies an infinite chain of equa-
tion of motion [18]. We have made the cutoff approxima-
tion for the equation chain at the second order of g; and
the solution at T'= 0 is

1
A= VR =)
1
7w+77A_Zka2/(W+Wk).

Gw) =

(24)

The susceptibility x(w) = —G(w), and its imaginary

part is
weoN V(w)b(w)
A g ) R
w+nA+ R(=w)]? +7*(-w)
The w — 0 limit of S(w) = x"(w)/w is
. X(w) 2am
| = . (2
e T AT = 2all — nd (e +naNE Y
Besides, the real part of the susceptibility is
, 2
X' (w=0) (27)

~ nA{T = 2a[l — A (we + 1)}
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Fig. 2. wo/A, versus « relations for A/w. = 0.01 (solid line,
a. = 0.50014), 0.1 (dashed, a. = 0.51212), and 0.5 (dashed-
dotted, a. = 0.66244).

Thus, the Shiba’s relation [3,7,9,12]

1’
i X @) _ ™

’ _ 2
Jim = 5o (w=10)

(28)

is exactly satisfied. S(w) has a double peak structure for
a < a.. For a > a. there is only one peak at w = 0.
Figure 2 shows the S(w) versus w relations for fixed oo =
0.3 and A =0.01, 0.1, and 0.5.

The equilibrium correlation

O(1) = 3Te{ exp(—BH) o (1o
+0.0.(t)] }/Tr[exp(—ﬁH)]

= Z Ao coth (5—) I G(w) exp(—iwt)
= )

B 2

1 y(w

— d

T / “lo— A - R+

cos(wt), (29)

where wy is the solution of equation (22) and 7(w) in the
denominator is approximated by the second order approx-
imation ~y. For general value of @ < a., C(t) may contain
both terms of the exponential decay ones and the alge-
braic decay ones. In the long-time limit the first non-zero
algebraic decay term dominates which is ~—1/t2. For the
special point @« = a. (wg = 0), the exponential decay
terms disappear. At the scaling limit A/w, < 1 and the
coherence-incoherence transition point o = 1/2,

[ wecos(wt) (nA)?
cn= /0 WA ot ndP

(30)
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C(t) decays algebraically in the long-time limit: C(t) ~
—1/~%%, which is the same as what was predicted by pre-
vious authors [2,3,6].

In summary: the dynamics of SBM is studied by means
of the perturbation approach based on a unitary transfor-
mation. Analytical results of the non-equilibrium corre-
lation P(t), the susceptibility x”(w) and the equilibrium
correlation C(t) are obtained for both the scaling limit
A, /w. < 1 and the general finite A, /w. case. Our ap-
proach is quite simple, but it can reproduce nearly all
results which agree with those of previous authors using
various complicated methods. Besides, our approach can
be easily extended to other more complicated coupling
systems.

This work was supported by the China National Natural Sci-
ence Foundation (Grants No. 10074044 and No. 90103022).

References

1. A.J. Leggett, S. Chakravarty, A.T. Dorsey, M.P.A. Fisher,
A. Garg, W. Zwerger, Rev. Mod. Phys. 59, 1 (1987)

2. U. Weiss, Quantum Dissipative Systems (World Scientific,
Singapore, 1993)

3. M. Sassetti, U. Weiss, Phys. Rev. Lett. 65, 2262 (1990);
M. Sassetti, U. Weiss, Phys. Rev. B 41, 5383 (1990)

4. F. Guinea, V. Hakim, A. Muramatsu, Phys. Rev. B 32,
4410 (1985)

5. H. Chen, Y.M. Zhang, X. Wu, Phys. Rev. B 39, 546 (1989)

6. S. Chakravarty, J. Rudnick, Phys. Rev. Lett. 75, 501

(1995)

K. Volker, Phys. Rev. B 58, 1862 (1998)

A. Wurger, Phys. Rev. Lett. 78, 1759 (1997)

9. T.A. Costi, C. Kieffer, Phys. Rev. Lett. 76, 1683 (1996);
T.A. Costi, Phys. Rev. Lett. 80, 1038 (1998)

10. J.T. Stockburger, C.H. Mak, Phys. Rev. Lett. 80, 2657
(1998)

11. R. Egger, C.H. Mak, Phys. Rev. B 50, 15210 (1994); R.
Egger, L. Muhlbacher, C.H. Mak, Phys. Rev. B 61, 5961
(2000)

12. M. Keil, H. Schoeller, Phys. Rev. B 63, 180302 (2001)

13. R. Silbey, R.A. Harris, J. Chem. Phys. 80, 2615 (1984)

14. H. Zheng, Phys. Rev. B 50, 6717 (1994); H. Zheng, Phys.
Rev. B 61, 1088 (2000)

15. C. Aslangul, N. Pottier, D. Saint-James, J. Phys. France
47, 1657 (1986)

16. H. Dekker, Phys. Rev. A 35, 1436 (1987)

17. S.K. Kehrein, A. Mielke, P. Neu, Z. Phys. B 99, 269 (1996)

18. G.D. Mahan, Many-Particle Physics (Plenum Press, New
York, 1990)

® N



