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Dissipative dynamics of four-site tunneling of H
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We investigate the dissipative properties of a quantum particle which can tunnel among four equivalent sites
on a plane. Our four-state system model is of experimental relevance to probe the quantum properties of H or
D being trapped by substitutional Zr in Nb. Upon performing a unitary transformation, the problem is reduced
to that of effective spin-boson systems. Numerical and analytical results for the population dynamics of the
four localized states are obtained. Intriguiigsipation-assistequantum coherent oscillations are predicted to
occur even for strong damping.

Low-mass interstitials in solids, such as H or D, may ex-Zn in GaAs’ In this work we systematically investigate the
hibit pronounced quantum effects. These appear as a cohetissipative dynamics of a FSS described by the total Hamil-
ent delocalization of the wave function ovewo or more tonianH=Hgsst Hi+Hg . We shall consider the case, pro-
interstitial sites: Tunneling of H(D) trapped by an intersti- posed in Ref. 6, that the unperturbéay the externally ap-
tial impurity (O, N, and G in Nb and Ta has been the object plied stress and by the environmgRSS iscentrosymmetric
of extensive investigations by specific heat, acoustic, angince its asymmetry is caused by the long-range strain inter-
inelastic neutron scattering experimehidost of the experi-  actions with the other FSS’s present in the sample, and strain
ments could be quantitatively interpreted by supposing thais a centrosymmetric tensor. To investigate tunneling prop-
H tunnels between two equivalent tethraedral sites close terties, in analogy to what is generally done for the TSS, we
the impurity, thus forming a two-state systefiSS.> By  express the FSS Hamiltonian in tleealizedrepresentation,
taking into account the nonadiabatic interaction with conduci.e., in terms of four H wave functions each localized in one
tion electrons, Nb¢H, became an ideal test system to verify of the four sites. This yields the FSS Hamiltonian
the predicitions of the thoroughly investigated spin-boson
model with Ohmic dissipatioft®

In contrast, very little is known about the dynamics of e A0
substitutional-H(-D) pairs in Nb or in semiconductor struc- 1A - A O
tures. In these systems H can form a four-state sy$E39 Hrss=5 0 A & A’ (@)
within the four tetrahedral sites of one face of the bcc cubic A 0 .

cell containing the substitutional impurity; cf. Figs. 1. This

model has been proposed and found to be consistent with

specific heat and anelastic relaxation measurements witivhere the basis vectors reatl)=[1000", |2)=[0100",

substitutional Ti or Zn in NI5,as well as with substitutional |3)=[0010]", and |4)=[0001". Hence A represents the
tunneling element between adjacent sites, whilé2(i

z =1,2,3,4) is the asymmetry energy of thsite. The case of

a perfectly symmetric multisite tunneling system corre-

sponds te;=0. As mentioned before, this assumption is not

suitable to describe the substitutional-H pair.

It is well known that at low temperatures the quantum
dynamics of light interstitials in metals is strongly influenced
by nonadiabaticinteraction with conduction electrons. When
a charged particle moves in a metal, it drags behind a screen-
ing cloud of electron-hole pairs which have bosonic charac-
ter. At low temperatures the bosonic spectral dend(ty)
® has an Ohmic form due to the constant electronic density of

states around the Fermi surface. The Ohmic spin-boson

FIG. 1. In a bee cell containing, e.g., Nb atoms at the verticesM0del has been successfully used to describe H tunneling in
and a substitutional atom in the center, the H atom is supposed ®POHy > We extend the Ohmic spin-boson model to our
tunnel among the four tetrahedral sites of the same fad@) these ~ FSS situation. We consider the case in which the environ-
four sites are shown. Ib) the parameters characterizing the result-ment  effect is to modify the site energies
ing four-state system are depicted. centrosymmetrically, yielding

+¢e/2
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Hsod) A,
H= , 2
1
EAO'X Hsa(A)

with the o being the 22 Pauli matrices, andwe set#
=kg=1) where

1 1
HSB(A):_E[SUZ+A0X]_§UZX+HB 3

is the well-known spin-boson Hamiltoni4n. Here Hg
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P3() =[paalt) = 2Rep,, (1) +1/2]/2,

Po(t)=Pa(t)=pgg(t)/2. ©)

Asymptotically t—) (cf. below, the coherence

2Rep,,(t) vanishes. This yields, as expected from symmetry
arguments, the relatioR; = P35 , with P;":=P;(t=). Upon
observing that

paa(t)+pﬁﬂ(t):1/2! (7)

the problem is reduced to the evaluation of the RDM elments
Pao(t) andp,.(t). Because of the block-diagonal form of

=3[ p?/2m; + myw{x/2] represents the bath of bosons, andthe transformed Hamilltoniarﬁ'-l, a solution forp,.(t) is
the collective variablX=3;c;x; describes the bath polariza- readily found upon solving the spin-boson problem described

tion as a result of the interaction Hamiltoni&h,,. All ef-

by the HamiltonianHgg(2A) for a particle tunneling be-

fects of the boson bath on the FSS are captured by the speveen the statefr) and|B) and with the constraint7). In

tral density

T c?
J(w)= E 2] mé(m—wi).

We assume the Ohmic ford(w)=2mawe™“/“c, with w,

being a high-frequency cutoff and the dimensionless cou-

pling to the conduction electrons. We observe that &.
captures also the effects of amternally appliedodd exten-
sional mod& upon substituing:— & + £, with |&,| being the
external field amplitude. Hence, in the followirgin Eq. (3)

will be interpreted as the total asymmetry energy resulting’

from internal stresses as well as from exterodt exten-
sional modes.

other words, the relation

paa(t):(1+<az>t)/4 (8)

holds, where the operatorr, evolves with respect to
Hgg(2A) and with the initial condition({o,);—o=1. Note
that the resulting TSS has doubledtunneling matrix ele-
ment 2A as compared to the original FSS Hamiltonian. For
zero dissipation one finds

Pua()=[1+ (e/E)?+(2A/E)? coq Et)]/4,

ith the energy splittingE = \e?+4AZ. For finite dissipa-
ion, p,, decays towards an asymptotic equilibrium value.
Upon observing thato,);—..—0 whene—0 and(o,)--

Suppose that the FSS has been prepared at time zero il IN the opposite limit —c, we find

the statgl1) with the bath in thermal equilibrium. The dy-
namical quantities of interest are then the diagonal elements
pii(t) of the reduced density matriRDM) describing the

population of the site at timet.

PT—3/8, P;—1/8, e<A,

PT—1/2, P;—0, &>A, T<E. 9)

The symmetry of the system is better visualized upon uniNote that these results are independent of the details of the

tary transformation of the Hamiltonia, yielding

- _(HSB(ZA) 0 )
H=SHs=| Heg(A=0))" (4)
where
1/l |2>
Y ——
S=S \/E(lz 1, (5)

andl, the 2x2 unit matrix. The effect of this rotation is to
decouplethe total Hamiltonian into two unconnected blocks.

The new basis reads
Sin)=|a)=(|1)+[3))/\V2, S2)=|B)=(]2)+]4))/\2,

S3)=|m=(1)-13))/\2, S4)=|8)=(]2)—|4))/ 2.

The diagonal elementg;;(t) of the RDM in the localized

dissipative mechanism. This tendency is confirmed in Figs.
2, 3, and 4 where the population behavior is shown for two
different bias strengths=1.5A ande=0.5A. To make pre-
dictions at intermediate times, the full dynamics must be
solved. For finite dissipation, results f¢¢,), covering the
whole regimes of temperature and dissipation strength have
been reported in the literatureQuite generall)?,(aZ}t obeys

the exact generalized master equation

) t
(6= [ A1) Kt o). (0

where the kernel&¥? are expressed in power series/of.

In the following, we focus on the regime of high tempera-
tures T and/or strong damping, where the so-termed
noninteracting-blip approximation(NIBA) correctly de-
scribes the dynamics The kernels assume the form

Ks(t)=(24)% 2 Ucog Q"(t)Jcog et),

basis{|i}} can now be expressed in terms of the matrix ele-

ments of the RDM in the transformed basjfu)} (u
=a,fB,v,6), yielding for the population®;:=p;; of the lo-
calized states

P1(t)=[paa(t) +2Rep,, (1) +1/2]/2,

K,(t)=(2A)2e~ Q' Osi Q" (t)]sin(et). (11)

The dissipative effects are encapsulated in the functi@hs
andQ”, being the real and imaginary parts, respectively, of
the bath correlation function
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FIG. 2. Dynamics of the populatior of a FSS in the presence FIG. 4. Population dynamics at strong coupliag=0.5 and
of weak Ohmic dissipatior=0.05 and asymmetry=1.5A. Here ~ weak asymmetrye =0.5A. The decay rate of the populatiofs
and in the following figures we choose a temperafiireA, a cutoff ~ andPj is strongly enhanced with decreasing asymmetry, as seen by
frequencyw.=50A, and we depicP, with a solid curveP,=P, comparison with Fig. 3. Note also the increase in the asymptotic
with a dash-dotted line, anfél; with a dashed curve. The two popu- population of states 2 and 4.
lationsP, and P, exhibit a much fastefoscillatory) decay towards

equilibrium thanP, andP3. Large amplitude oscillations &, and Et st e Et et
P3 which decay on quite a long time scale are observed. 2Rq)ay(t):co{ ?) co{? + (E) sin ?)sin(? .
R J(w) - teoth 22| +i sinwt It describes the quantum coherent motion of the FSS be-
QY= o @ w2 (1=coswt)co 2T I Sinwt). tween the statesa( y) and (3,y) of the RDM in the trans-

(12)  formed basi|u)}. The dissipative effects of the bath result
in a damping of the quantum coherent motion. To evaluate
The Markovian limit of Eq.(10) yields the decaying behav- the latter we employ a real time path integral approeh
ior e.g., Ref. 5 which allows an exact evaluation of the trace
over the bath degrees of freedom. Thep,(t) is expressed
as a double path integral over forward and backward spin
pathso(7) ando’(7), respectively. The piecewise constant
forward patho(7) describes a sequence of transitions be-
towards the asymptotic equlibrium valu®.=vy,/vs  tween the statefr)(o=1) and|B8)(oc=—1). On the con-
=tanhE/2T) and whereyg,:=[,d7Kga(7). trary, the backward path is constant,(7)=1, as it corre-
The evaluation of the coherengs,,(t) is not standard. sponds to a permanence of the system in the $tatelt is
The initial condition p(t=0)=|1)(1| implies p,,(t=0)  convenient to switch to the path combinationg(7)
=1/2, yielding, in the absence of the bath, the result =[o(n)+c' (D)2 and &) =[o(7)—0c'(7)]/2. Then,
Pa,(1) is expressed in terms of a double path sum

(o )=e " [1-P,]+P., (13

1 T T o
e \\
/ AN _ e
\ _ Pay(D)= | DEDPALE, n]eXBPLLE]+I DR L€, 71},
| / AN
/ \\ where A is the path weight in the absence of the bath cou-
=" / \\ 1 pling and the influence function is
o Y a=05 %
// \\ t t
04} / e =1.5A \, 1 2 .
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In this way the expressiofi4) formally resembles the solu-

FIG. 3. Population decay for strong Ohmic coupliag=0.5 at  tion for a TSS, with the “sojourn” pathy(t)=0 if in the
bias e =1.5A. The large amplitude oscillations of the occupation RDM state (3,7), and (t)=1 if in («,7). Likeways, the
probabilities P; and P exist also at such strong damping. The “blip” path is &(t)=0 if in (a,y), and {(t)=—1 if in
oscillation frequency is smaller than in the weak coupling case(3,7). Upon generalizingto our case, we obtain an exact
shown in Fig. 2. master equation for the vect&(r::(Rqu,lmpay)T, ie.,
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) t populations is investigated for two different values-0.05
X(t)=— f dt'Y(t—t")X(t"), (15  anda=0.5, respectively, of the Ohmic coupling strength. As
0 expected, the two populatiorid,=P, decay towards equi-
where the matrix elements of the rate matriare expressed librium with a much faster decay rate than the two other
in power series ofA% Quite generally, this implies that populationsP; andPs. In fact, in virtue of Eq(6), these two
Rep,,=0. Within the NIBA, the kernel matrix read¥(t) latter probabilities turn out to be characterizedtivy differ-
=3r(t)1,—i3(t)oy, whereSg(t) and3,(t) are the real ent decay times. The faster onrg, being the same as that of

and imaginary parts, respectively, of the bath correlatiof® P2 and P4 populations, determines the transient dynam-
function Ics at short times. The smaller opedominates the transient

dynamics at longer times. In Fig. 2, where a small value of
S(t)=A2e~ QD -ist, (16)  the coupling constant is chosen, the decay towards equilib-
. - . . rium determined byy is very slow. In this regime the two
In thg Markovian limit Eq.(15) with Eq. (16) yields the occupation probabilitie®,; and P5 exhibit characteristic un-
solution derdamped quantum coherent oscillations, with frequency
—A2o—t Q(a,T); cf. Eq.(17). Upon increasing the damping strength
Repa,(t) =47 T cotdt), (A7 (cf. Fig. 3, the oscillations persist. Interestingly enough, the
with y and Q) being the real and imaginary parts, respec-amplitude and period 2/Q) of the oscillationincreaseswith
tively, of [yd72(7). Equation(17) is quite intriguing, and  «. In Fig. 4 the effects of the asymmetry variation are inves-
shows that the coherenge,,(t) exhibits damped coherent tigated. We observe that weakerasymmetry strongly en-
oscillations, whose amplitude and frequency are determinetances the decay ratg. As expected from Eq(9), the
by the details of the bath. Upon comparison of Eky) with  asymptotic occupation of states 2 and 4 increases in the more
Eg. (13, and with the use of the relationy,/ys  symmetric situation corresponding to smalter

=tanhg/2T), we find In conclusion, we solved the dissipative dynamics of a
dissipative centrosymmetric four-state syst@r89 with pe-
Ys=2y[1+exp(—&/T)]=2y, (18 rodic boundary conditions upon mapping the problem to

implying that the coherencg,, decays with asmallerrate that of two effective spin-boson systems. Analytical and nu-
than the diagonal elemept,,,. Up to here we did not need merical results were presented. The peculiar symmetries of a
to specify the dissipative mechanism. In the case of Ohmigentrosymmetric FSE&f. Fig. 1) are reflected nicely in the
dissipation and in the scaling limib.>T, A, the function ~ Properties of the populations of the four localized states. In

Q(t) in Eq. (12) takes the form particular, for a FSS initially localized at the site(df. Fig.
1, the relationP,(t) =P,4(t) holds at any time. These two
Q' (t)=2an[(wc/wT)sinN(7Tt)], populations are characterized by a much faster decay towards
equilibrium than the two occupation probabiliti®g(t) and
Q"(t)=masgr(t) with Q"(0)=0. (19 P4(t). In particular,P; and P; undergo damped coherent

oscillations even at relatively strong damping strengths. In a

This yields for th r f he r ;
s yields for the decay ratg; of o, the resuf two-state system characterized by the same asymmetry en-

A? [ Bw\ 12T (a+iBel2m)|? ergy and tunneling matrix element, quantum coherent oscil-
Ys= coshiBel2), (200 lations are damped away by the environment at much lower
we\ 2 I'2a) .
temperatures and/or smaller damping strengths.
with I'(z) being the gamma function. The decay ratef the We hope that our results will contribute to a better under-

coherencep,, immediately follows from Eq(20) together  standing of the tunneling dynamics of H in Nb or in semi-
with Eq. (18). Numerical results, obtained upon solving the conductor structures.

dissipative dynamics described by the FSS Hamiltorin We acknowledge support by the European Community
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Figs. 2, 3, and 4. In Figs. 2 and 3 the time evolution of the382 (M.W.) of the Deutsche Forschungsgemainschatt.

1G. cannelli, R. Cantelli, F. Cordero, and F. TrequattriniTim- tific, Singapore, 1999
neling Systems in Amorphous Soligslited by P. Esquinazi ®G. Cannelli, R. Cantelli, F. Cordero, and F. Trequattrini, J. Phys.
(Springer-Verlag, Berlin, 1998 Chem.179, 317(1993; Phys. Rev. B49, 15 040(1994.

2G.J. Sellers, A.C. Anderson, and H.K. Birnbaum, Phys. Rev. B ’G. Ccannelli, R. Cantelli, F. Cordero, E. Gievine, F. Trequattrini,
10, 2771(1994); C. Morkel, H. Wipf, and K. Neumaier, Phys. M. Capizzi, and A. Frova, Solid State Comm@8, 873(1996.
Rev. Lett. 40, 947 (1978; D.B. Poker, G.G. Setser, A.V. &In case of coupling to strain fields originated by thermal distor-

Granato, and H.K. Birnbaum, Phys. Rev.2B, 622 (1984). tions of the lattice this is not generally true. We believe that by
3H. Grabert and H. R. Schober, Hydrogen in Metals 11| edited coupling with the electron charge density this is at least one

by H. Wipf (Springer-Verlag, Heidelberg, 1996 reasonable possibility which should be confirmed by experi-
4A.J. Leggett, S. Chakravarty, A.T. Dorsey, M.P.A. Fisher, A.  ments. Other possible couplings will be discussed elsewhere.

Garg, and W. Zwerger, Rev. Mod. Phy9, 1 (1997. 9M. Grifoni, M. Sassetti, and U. Weiss, Phys. Rev5E R2033

5 U. Weiss,Quantum Dissipative Systennd ed.(World Scien- (1996.



