PHYSICAL REVIEW B VOLUME 59, NUMBER 9 1 MARCH 1999-I

Quantum coherence oscillations in antiferromagnetic chains
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Macroscopic quantum coherence oscillations of thelNector are proved to appear in the antiferromag-
netic nuclear spin chain of eigH%Xe atoms placed on a magnetic surface. The oscillation period at zero
temperature is calculated numerically as a function of the chain constant. The environmental decoherence
effects at finite temperature are accounted assuming a dipole coupling between the spin chain and the fluctu-
ating magnetic field of the surface. With this coupling theeNeector oscillations are damped by a rai¢ (

—1)/7, whereN is the number of spins anglis the relaxation time of a single spif80163-182609)08909-2

The observation of macroscopic quantum coherenceiere,J>0 is the coupling strength ang, c,, c, are the
(MQC) phenomena in complex many-particle systems repreanisotropy coefficients. The coordinate system has tds
sents a subject of wide interest, ranging from the conceptualormal to the surface and theaxis along the chain. Each
foundations of quantum mechanfcso the physics of the magnetic moment=(m,,m,,m,) lying above the surface
microelectronic devices. During the last years particular at- . =,
tention was given to the macroscopic quantum tunneling andt 2= "o has an imagem’=(—m,,—m,,m;) at z=—ro,
quantum coherence oscillatiohdn these phenomena the Wherero=2.17 A'is the radius of the Xe atom. The nearest
guantum dynamics of a prepared nonstationary wave packeeighbors ofm interact also withm’, and the parameters of
is directly reflected by the non-classical behavior of a macH, are J=ugh?y*/(4wd® and c,=1-2sirfe, c,=—2
roscopic observable. However, it is difficult to identify —2 sifa(1—3sirfa), c,=1+2 sirfa(1-3coga), where
physical situations where such coexistence between the clagina=d/2r,, uo=4710 'N/A? is the vacuum permeabil-
sical and quantum aspects could be observed. ity and y= — 1.54u, /% the gyromagnetic factor of th&°Xe

Quantum coherence oscillations may occur in the localisotope.
ization probability of relatively complex systems as indi-  cjassjcally, the AF ordering of a spin chain
vidual atoms trapped in the su_rgace—npljuncnon of the scanyy, 1, ... Iy}, is described in terms of two subchains, con-
ning tunneling microscop&” Particularly  suitable taining the odd and the even spins, respectively. The magne-

candidates to observe MQC phenomena are also the maﬁ- . L >
netic system&.In the anisotropic antiferromagnets théelle tzation vectors of these subchains afg=y#;_oqql; and

vector may change the orientation by quantum tunnélorg M= YhSi_evenli - The chain is antiferromagnetic whév,
quantum coherence oscillatiohslhe observation of these andM, have the same magnitudié,, but a relative antipar-

oscillations still represents a challenging probfeit im-  ajie| orientation. The energy in this case is a function of the
portant results have been obtained from the measurements ﬂf

the AClOrPlagnetic susceptibility in antiferromagnetiF) eel vectorn=(M,~Me)/2Mo, and is expressed by
ferritin.™> -
The study of the non-elementary excitations in AF sys- EA(N)=—J(N—1)(cxng+c,ny+cn2)/4. )
tems is essential also for understanding the High- , ) ,
superconductivity?*3 Therefore, a detailed study of the AN anisotropic system witlt, y<c, has two degenerate
MQC phenomena in antiferromagnets appears highly interminima, Ef,,= —J(N—1)c,/4 attained whem has the two
esting. possible orientations along the axis, n=*e,. These
The purpose of this paper is to study the MQC oscillationsminima are separated by a two-dimensional potential barrier
of the Neel vector for an anisotropic AF chain of spins 1/2. with the maximum EQH)M,): —J(N—1)(c, coS¢
The Hamiltonian corresponds to the system of nuclear Spinsrcysin2¢)/4, in thex-y plane, whereg denotes the angle
for eight atoms of the'?®Xe isotope placed on a magnetic petween the Nel vector and the axis.
surface. Such chains can be constructed, for instance, using The spectrum ofH, was calculated for 6.8 Ad
the scanning tunneling microscope in the “atomic switch” <9 4 A by solving numerically the eigenvalue equation
operation mode, proved during the last years to be an effi-
cient instrument to displace in a controlled way the Xe atoms Hol )= En| ). 3
on a Ni surfacé? The interaction between spins is due to the
magnetic dipole forces, and the effect of the surface is takeMhe basis was defined by the common eigenstates
into account using the simple method of images. The spinfor the z components of all the spin operatofs,,

I,, i=1,8 are supposed equally spaced by the chain constaht 1,8. These basis states are denoted HBk)
d = M mE mE mE MKy k=128 with mk=
, and at zero temperature the model Hamiltonian is |m7,m3,mg,my,ms,mg,my,mg), k=12, with m

2 +1/2. The eigenstates dfi, have the general formi,)

=3 yrlk). It is found that the groundn(=0), and the first

Hy=J Cyli ol +cyli ol +C,li Ll Q@
0 izl [edisdizaxtelislivaytedidivagl (D) excited staterf=1), have the largest overlap with only two
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FIG. 1. Thax as a function of the chain con-
stantd (A) and the expected valy®\,) as a func-
tion of time whend=7 A (B).

B -

d (107"%m)

6.8

basis states, which are antiferromagnetic in the classical At finite temperature the MQC oscillations are damped by

sense. These basis states are denptecand||), and are
eigenstates ofz component of the Na operator N
=3, _14T_1—T5)/4 with eigenvalues- 1 and— 1, respec-
tively.

Detailed results are presented for the particular value
=7 A, whenJ=0.17:/ms and the anisotropy coefficients
are ¢,= —0.22, ¢,= —0.58, andc,=1.2. The overlap am-
plitudes between the eigenstateg), |#1) and|T), |l)
are (7o) =(l[¢h0)=0.57, —(T|yp1)=(l[4p1)=0.63.

Thus, the two classical AF states contribute by more thaiV

65% to the norm of the eigenstates. The eigenvaltgs
—0.406:/ms and E;=—0.39%i/ms are separated by
=E;—Ey=0.01%/ms, which is sensibly smaller thas,
—E;=0.053/ms. The small value ah shows that the sys-

the coupling between the spin chain and the fluctuating mag-
netic field of the surface, created by the phonon modulation
of the crystalline electric field and the lattice spin waves.
This coupling will be described by the residual interaction
term

Hr<t>=—yﬁi=218ﬂ-é$<t>, (6)

hereé?(t) denotes the fluctuating external field at the site
of the chain. At low temperatures the typical wave length of
the surface phonons and magnt§ris ~400 A, much larger
than the length of the chain=49 A. Therefore}?&ie will be

considered to be the same for all spiB§(t)=B®(t). With

tem has a quasidegenerate ground state. This appears agase approximations the residual interaction term becomes

“tunneling doublet” determined by the two-dimensional po-

tential  barrier EJ ., (¢)=(0.066 codp+0.17 siffp)hi/ms
separating the AF energy minima Ef;in= —0.353/ms.

H,(t)=—yAB(t) T, wherel=3_, ;.
The “atomic switch” experimenljé1 have been performed
at the environmental temperatufe=4 K, when the thermal

The tunneling by MQC oscillations appears for the NON-gnergyksT=0.34 meV is very high compared both to the
stationary wave packets prepared at the ground-state energynnel splittingA =6.83x 10712 meV and to the maximum

with a well defined AF configuration. States having thes
properties are represented by the linear combinations

1 1
|¢1>=E(|¢o>+|¢1>), |¢T>:E(|¢o>—|lﬁ1>) (4

of |) and|y,). If the system is prepared &0 in the
state| ), then at the momerttit will be found in the state
|) with the probability PT(t)=sin2(7Tt/2Tma)), where
Tmax=fm/A. The half period of oscillatiorT ., iS repre-
sented as a function of the chain constdum Fig. 1(A). For
d=7 A the expectation values

<N'u>(t):<lpl|eiHot/fLN’uefiHOt/ﬁ|djl> (5)

are (N (t) =0, <Ny>(t):01 and (N (1)
= (4ol N,| h1)cos@t/Tra), With (o|N,|1)=—0.83 and
Tmax=0.3 s[Fig. 1(B)].

®arrier heightVg=EA,(7/2)=0.11x10"° meV. There-
fore, the thermal environment can be considered as classical,
and the field componensz(t), m=x,y,z, will be treated

as white noise with zero mean. The normalization of this
fluctuating field is ensured by the fluctuation-dissipation
theoren” (FDT) ((B}(1)B,(t')))=8,, . 8(t—t")/(¥*7).
Here, {{---)) denotes the average over the statistical en-
semble describing the environment, and the parameier
supposed to depend on temperature ds 1/

For a single spin of the chaifd,(t) induces transitions
between the state$1/2) and |—1/2) with a raté® \
=((=1/21 1P+ = 1/21,|1/2)[?)/ 7= 1/27. Therefore,
the relaxation rate of the population differentg,—n_ 4 is
2\=1/7, showing thatr has the meaning of spin-surface
relaxation time.

The damping of the MQC oscillations cannot be treated
by using a similar two-level approximation, because the ma-

It is important to emphasize the extreme sensitivity of thetrix elements ofH, within the subspace generated jyo)
MQC resonance oscillations with respect to the preparatioand|,) are 0. The operators and|, contained inH, act
of the initial state. The expected value of the energy in then the initial statg ) by flipping the individual spins, and

classical antiferromagnetic staté$|Hg| | ) and(T|H|T), is
ES,=—0.353i/ms, higher tharE,= —0.3%/ms by~4A.
This energy is far outside the interjd,,E; ], and therefore
between the classical antiferromagnetic stdtgsand | 1)

there are no MQC oscillations.

in time the quantum state aquires components over the whole
spectrum. This process is described in principle by a trans-
port equation for the density mattiX’ but due to the rela-
tively large number of states<(2%), such numerical calcu-
lations are not feasible. Moreover, at high temperatures,
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if the initial state of the system is a pure state and there ar&he results obtained for the Mevector and the energy when
only few observable of interest, as in the present case, the=7 A, r=2.5 s andN,=20 are presented in Fig. 2. The
computational effort required to find the evolution of the componentg(N,)) and((N,)) of Figs. ZA) and 2ZB) have
whole density matrix is not justified. Instead, an equivalenthermal fluctuations around 0, whik&N,)) shown in Fig.
description'® which can be applied efficiently is provided by 2(C) has damped oscillations. These oscillations can be well
the statistical ensemble &f; Brownian trajectoriesy ' (t)), approximated by the analytical expression
r=1,N, determined by the Schdinger equation

(N (D)= (N(1), (12)

i7" (1))=[Ho— yABE(t)- 11| (1)). 7
]y (1) =[Ho= yABD 1[4 (1) ) where the damping constant obtained by fitAis=3 s 2.

This was integrated using the procedure presented in Ref. $imilar calculations withr in the range of seconds, as ex-
as a classical system of Hamilton equations for the real angected at low temperatures, indicate that 7.5/7.

imaginary parts of the amplitudey,(t)=(k|¥(t)), k The ratio[ {({H))(t) — Eg]/A between the average excita-
=1,28. In the real variablesu,(t)=Rdy,(t)] and v,(t)  tion energy and the doublet splitting is a suitable measure
=Im[y,(t)], Eq. (7) takes the form of the heating effect produced by the environment, and is
represented in Fig.(R). The ensemble average of the energy
. JH(Y) ) IH(t) appearing here is accurately reproduced by the formula
2fuy = o 2hv = — au tS) ((TS)%(t)jE0+A(W1t—wzt2), with w;=45.9s % andw,
=193 s°.
where The calculations presented in this work indicate that the
chain of nuclear spins for eight?®Xe atoms placed on a
28 magnetic surface is antiferromagnetic when the chain con-
H(t)= E (UgUy + o )RE (K Ho+ H (1) [k)] stantis~7 A, or larger. This antiferromagnetic system has
kk'=1 a low-lying resonance, observable as a macroscopic oscilla-
— (Ui — o) 1ML (K Ho+ H, (1) K)]: 9 tion of the Nel vector between the two opposite orientations

along the normal to the surface. The orientation reversal
The dominant AF states are annihilatedlgy and therefore t@kes place during a timép,,, which increases exponen-
the contribution of the ternBS(t)1, from H, is very small, tially with d[Fig. 1(A)]. At finite temperature the resonance
and it was neglected. The remainirgindy components of oscillations are damped by the residual dipole interactions
the fluctuating field at the moment=ndt, normalized ac- between the nuclear spins and the fluctuating magnetic field

. et Y P AT 2T of the surface. This residual coupling was described by one
Sﬂg;g?éo then EDsz gave }trif ;o;rgqﬁte“r)] c eRonf rl e{rsgo;?tr:ﬂm- parameter, the relaxation timeof a single spin. The results
n:» 149 e

bers with 0 mean and variance 1. indicate that wherr is in the range of seconds, the damping

The time-evolution of the ensemble average for an oplate is close tol—1)/7, whereN is the number of spins.
servableO is defined by
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