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Quantum coherence oscillations in antiferromagnetic chains
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Macroscopic quantum coherence oscillations of the Ne´el vector are proved to appear in the antiferromag-
netic nuclear spin chain of eight129Xe 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 the Ne´el vector oscillations are damped by a rate (N
21)/t, whereN is the number of spins andt is the relaxation time of a single spin.@S0163-1829~99!08909-2#
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The observation of macroscopic quantum cohere
~MQC! phenomena in complex many-particle systems rep
sents a subject of wide interest, ranging from the concep
foundations of quantum mechanics,1 to the physics of the
microelectronic devices. During the last years particular
tention was given to the macroscopic quantum tunneling
quantum coherence oscillations.2 In these phenomena th
quantum dynamics of a prepared nonstationary wave pa
is directly reflected by the non-classical behavior of a m
roscopic observable. However, it is difficult to identi
physical situations where such coexistence between the
sical and quantum aspects could be observed.

Quantum coherence oscillations may occur in the loc
ization probability of relatively complex systems as ind
vidual atoms trapped in the surface-tip junction of the sc
ning tunneling microscope.3–5 Particularly suitable
candidates to observe MQC phenomena are also the m
netic systems.6 In the anisotropic antiferromagnets the Ne´el
vector may change the orientation by quantum tunneling7 or
quantum coherence oscillations.8 The observation of thes
oscillations still represents a challenging problem,9 but im-
portant results have been obtained from the measuremen
the AC magnetic susceptibility in antiferromagnetic~AF!
ferritin.10,11

The study of the non-elementary excitations in AF s
tems is essential also for understanding the highTc
superconductivity.12,13 Therefore, a detailed study of th
MQC phenomena in antiferromagnets appears highly in
esting.

The purpose of this paper is to study the MQC oscillatio
of the Néel vector for an anisotropic AF chain of spins 1/
The Hamiltonian corresponds to the system of nuclear s
for eight atoms of the129Xe isotope placed on a magnet
surface. Such chains can be constructed, for instance, u
the scanning tunneling microscope in the ‘‘atomic switc
operation mode, proved during the last years to be an
cient instrument to displace in a controlled way the Xe ato
on a Ni surface.14 The interaction between spins is due to t
magnetic dipole forces, and the effect of the surface is ta
into account using the simple method of images. The sp
I¢i , i 51,8 are supposed equally spaced by the chain cons
d, and at zero temperature the model Hamiltonian is

H05J(
i 51

7

@cxI i ,xI i 11,x1cyI i ,yI i 11,y1czI i ,zI i 11,z#. ~1!
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Here,J.0 is the coupling strength andcx , cy , cz are the
anisotropy coefficients. The coordinate system has thez axis
normal to the surface and they axis along the chain. Each
magnetic momentmW 5(mx ,my ,mz) lying above the surface
at z5r 0 has an imagemW 85(2mx ,2my ,mz) at z52r 0 ,
wherer 052.17 Å is the radius of the Xe atom. The neare
neighbors ofmW interact also withmW 8, and the parameters o
H0 are J5m0\2g2/(4pd3) and cx5122 sin3a, cy522
22 sin3a(123 sin2a), cz5112 sin3a(123 cos2a), where
tana5d/2r 0 , m054p1027N/A2 is the vacuum permeabil
ity andg521.54mN /\ the gyromagnetic factor of the129Xe
isotope.

Classically, the AF ordering of a spin chai
$I1 ,I2 , . . . ,IN%, is described in terms of two subchains, co
taining the odd and the even spins, respectively. The mag
tization vectors of these subchains areMW o5g\( i 5oddI¢i and
MW e5g\( i 5evenI¢i . The chain is antiferromagnetic whenMW o

andMW e have the same magnitudeM0 , but a relative antipar-
allel orientation. The energy in this case is a function of t
Néel vectornW 5(MW o2MW e)/2M0 , and is expressed by

EA~nW !52J~N21!~cxnx
21cyny

21cznz
2!/4. ~2!

An anisotropic system withcx,y,cz has two degenerate
minima, Emin

A 52J(N21)cz/4 attained whennW has the two

possible orientations along thez axis, nW 56eW z . These
minima are separated by a two-dimensional potential bar
with the maximum Emax

A (f)52J(N21)(cx cos2f
1cy sin2f)/4, in the x-y plane, wheref denotes the angle
between the Ne´el vector and thex axis.

The spectrum ofH0 was calculated for 6.8 Å,d
,9.4 Å by solving numerically the eigenvalue equation

H0ucn&5Enucn&. ~3!

The basis was defined by the common eigensta
for the z components of all the spin operatorsI i ,z ,
i 51,8. These basis states are denoted byuk&
[um1

k ,m2
k ,m3

k ,m4
k ,m5

k ,m6
k ,m7

k ,m8
k&, k51,28, with mi

k5
61/2. The eigenstates ofH0 have the general formucn&
5(kyk

nuk&. It is found that the ground (n50), and the first
excited state (n51), have the largest overlap with only tw
6013 ©1999 The American Physical Society
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FIG. 1. Tmax as a function of the chain con
stantd ~A! and the expected value^Nz& as a func-
tion of time whend57 Å ~B!.
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basis states, which are antiferromagnetic in the class
sense. These basis states are denotedu↑& and u↓&, and are
eigenstates ofz component of the Ne´el operator NW

5( i 51,4(I¢2i 212I¢2i)/4 with eigenvalues11 and21, respec-
tively.

Detailed results are presented for the particular valud
57 Å, when J50.17\/ms and the anisotropy coefficien
are cx520.22, cy520.58, andcz51.2. The overlap am-
plitudes between the eigenstatesuc0&, uc1& and u↑&, u↓&
are ^↑uc0&5^↓uc0&50.57, 2^↑uc1&5^↓uc1&50.63.
Thus, the two classical AF states contribute by more th
65% to the norm of the eigenstates. The eigenvaluesE05
20.406\/ms and E1520.395\/ms are separated byD
5E12E050.011\/ms, which is sensibly smaller thanE2
2E150.053\/ms. The small value ofD shows that the sys
tem has a quasidegenerate ground state. This appears
‘‘tunneling doublet’’ determined by the two-dimensional p
tential barrier Emax

A (f)5(0.066 cos2f10.17 sin2f)\/ms
separating the AF energy minima ofEmin

A 520.353\/ms.
The tunneling by MQC oscillations appears for the no

stationary wave packets prepared at the ground-state en
with a well defined AF configuration. States having the
properties are represented by the linear combinations

uc↓&5
1

A2
~ uc0&1uc1&), uc↑&5

1

A2
~ uc0&2uc1&) ~4!

of uc0& and uc1&. If the system is prepared att50 in the
stateuc↓&, then at the momentt it will be found in the state
uc↑& with the probability P↑(t)5sin2(pt/2Tmax), where
Tmax5\p/D. The half period of oscillationTmax is repre-
sented as a function of the chain constantd in Fig. 1~A!. For
d57 Å the expectation values

^Nm&~ t !5^c↓ueiH 0t/\Nme2 iH 0t/\uc↓& ~5!

are ^Nx&(t)50, ^Ny&(t)50, and ^Nz&(t)
5^c0uNzuc1&cos(pt/Tmax), with ^c0uNzuc1&520.83 and
Tmax50.3 s@Fig. 1~B!#.

It is important to emphasize the extreme sensitivity of
MQC resonance oscillations with respect to the prepara
of the initial state. The expected value of the energy in
classical antiferromagnetic states,^↓uH0u↓& and^↑uH0u↑&, is
Emin

A 520.353\/ms, higher thanE1520.39\/ms by'4D.
This energy is far outside the interval@E0 ,E1#, and therefore
between the classical antiferromagnetic statesu↓& and u↑&
there are no MQC oscillations.
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At finite temperature the MQC oscillations are damped
the coupling between the spin chain and the fluctuating m
netic field of the surface, created by the phonon modulat
of the crystalline electric field and the lattice spin waves15

This coupling will be described by the residual interacti
term

Hr~ t !52g\ (
i 51,8

I¢i•BW i
e~ t !, ~6!

whereBW i
e(t) denotes the fluctuating external field at the siti

of the chain. At low temperatures the typical wave length
the surface phonons and magnons16 is ;400 Å, much larger
than the length of the chainL549 Å. Therefore,BW i

e will be

considered to be the same for all spins,BW i
e(t)[BW e(t). With

these approximations the residual interaction term beco
Hr(t)52g\BW e(t)•I¢, whereI¢5( i 51,8I¢i .

The ‘‘atomic switch’’ experiments14 have been performed
at the environmental temperatureT54 K, when the thermal
energykBT50.34 meV is very high compared both to th
tunnel splittingD56.83310212 meV and to the maximum
barrier height VB5Emax

A (p/2)50.1131029 meV. There-
fore, the thermal environment can be considered as class
and the field componentsBm

e (t), m5x,y,z, will be treated
as white noise with zero mean. The normalization of t
fluctuating field is ensured by the fluctuation-dissipati
theorem17 ~FDT! ^^Bm

e (t)Bm8
e (t8)&&5dm,m8d(t2t8)/(g2t).

Here, ^^•••&& denotes the average over the statistical
semble describing the environment, and the parametert is
supposed to depend on temperature as 1/T.

For a single spin of the chain,Hr(t) induces transitions
between the statesu1/2& and u21/2& with a rate18 l
5( z^21/2uI xu1/2& z21 z^21/2uI yu1/2& z2)/t51/2t. Therefore,
the relaxation rate of the population differencen1/22n21/2 is
2l51/t, showing thatt has the meaning of spin-surfac
relaxation time.

The damping of the MQC oscillations cannot be trea
by using a similar two-level approximation, because the m
trix elements ofHr within the subspace generated byuc0&
and uc1& are 0. The operatorsI x and I y contained inHr act
on the initial stateuc↓& by flipping the individual spins, and
in time the quantum state aquires components over the w
spectrum. This process is described in principle by a tra
port equation for the density matrix1,17 but due to the rela-
tively large number of states (528), such numerical calcu-
lations are not feasible. Moreover, at high temperatur
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FIG. 2. Ensemble averages of the Ne´el vector
componentŝ ^Nx&& ~A!, ^^Ny&& ~B!, ^^Nz&& ~C!,
and (̂ ^H0&&2E0)/D ~D! as functions of time
whend57 Å andt52.5 s.
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if the initial state of the system is a pure state and there
only few observable of interest, as in the present case,
computational effort required to find the evolution of th
whole density matrix is not justified. Instead, an equival
description,18 which can be applied efficiently is provided b
the statistical ensemble ofNt Brownian trajectoriesuc r(t)&,
r 51,Nt determined by the Schro¨dinger equation

i\] tuc r~ t !&5@H02g\BW e~ t !•I¢#uc r~ t !&. ~7!

This was integrated using the procedure presented in Re
as a classical system of Hamilton equations for the real
imaginary parts of the amplitudesyk(t)5^kuc(t)&, k
51,28. In the real variablesuk(t)[Re@yk(t)# and vk(t)
[Im@yk(t)#, Eq. ~7! takes the form

2\u̇k5
]H~ t !

]vk
, 2\ v̇k52

]H~ t !

]uk
, ~8!

where

H~ t !5 (
k,k851

28

~ukuk81vkvk8!Re@^kuH01Hr~ t !uk8&#

2~ukvk82vkuk8!Im@^kuH01Hr~ t !uk8&#. ~9!

The dominant AF states are annihilated byI z , and therefore
the contribution of the termBz

e(t)I z from Hr is very small,
and it was neglected. The remainingx andy components of
the fluctuating field at the momenttn5ndt, normalized ac-
cording to the FDT, have the formBe(tn)5RnA1/(g2tdt),
where$Rn , n51,2,3, . . . % is a sequence of random num
bers with 0 mean and variance 1.

The time-evolution of the ensemble average for an
servableO is defined by

^^O&&~ t !5
1

Nt
(
r 51

Nt

^c r~ t !uOuc r~ t !&. ~10!
re
he

t

3,
d

-

The results obtained for the Ne´el vector and the energy whe
d57 Å, t52.5 s andNt520 are presented in Fig. 2. Th
componentŝ ^Nx&& and^^Ny&& of Figs. 2~A! and 2~B! have
thermal fluctuations around 0, whilê̂Nz&& shown in Fig.
2~C! has damped oscillations. These oscillations can be w
approximated by the analytical expression

^^Nz&&~ t !5e2Lt^Nz&~ t !, ~11!

where the damping constant obtained by fit isL53 s21.
Similar calculations witht in the range of seconds, as e
pected at low temperatures, indicate thatL57.5/t.

The ratio@^^H0&&(t)2E0#/D between the average excita
tion energy and the doublet splittingD is a suitable measure
of the heating effect produced by the environment, and
represented in Fig. 2~D!. The ensemble average of the ener
appearing here is accurately reproduced by the form
^^H0&&(t)5E01D(w1t2w2t2), with w1545.9 s21 and w2
519.3 s22.

The calculations presented in this work indicate that
chain of nuclear spins for eight129Xe atoms placed on a
magnetic surface is antiferromagnetic when the chain c
stant is;7 Å, or larger. This antiferromagnetic system h
a low-lying resonance, observable as a macroscopic osc
tion of the Néel vector between the two opposite orientatio
along the normal to the surface. The orientation rever
takes place during a timeTmax, which increases exponen
tially with d @Fig. 1~A!#. At finite temperature the resonanc
oscillations are damped by the residual dipole interacti
between the nuclear spins and the fluctuating magnetic fi
of the surface. This residual coupling was described by
parameter, the relaxation timet of a single spin. The results
indicate that whent is in the range of seconds, the dampin
rate is close to (N21)/t, whereN is the number of spins.

ACKNOWLEDGMENT

One of the authors~M.S.! is thankful to NSERC of
Canada for financial support in the form of a research gra



A.

B

M.

s,

-
e,

6016 PRB 59BRIEF REPORTS
1W. H. Zurek, Phys. Today44 ~10!, 36 ~1991!.
2J. A. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher,

Garg, and W. Zerger, Rev. Mod. Phys.59, 1 ~1987!.
3M. Grigorescu, Rom. J. Phys.42, 509 ~1997!.
4M. Grigorescu, P. Budau, and N. Carjan, Phys. Rev. B55, 7244

~1997!.
5I. S. Tilinin, M. A. Van Hove, and M. Salmeron, Phys. Rev. B57,

4720 ~1998!.
6L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and

Barbara, Nature~London! 383, 145 ~1996!.
7B. Barbara and E. M. Chudnowsky, Phys. Lett. A145, 205

~1990!.
8A. Chiolero and D. Loss, Phys. Rev. Lett.80, 169 ~1998!.
9A. Garg, Phys. Rev. Lett.70, 1541~1993!; 74, 1458~1995!.

10S. Gider, D. D. Awschalom, T. Douglas, S. Mann, and
.

Chaparala, Science268, 77 ~1995!.
11S. Gider, D. D. Awschalom, D. P. DiVincenzo, and D. Los

Science272, 425 ~1996!.
12R. P. Singh and M. Singh, Phys. Rev. B46, 14 069~1992!.
13S. Chakravarty, Science278, 1412~1997!.
14D. M. Eigler, C. P. Lutz, and W. E. Rudge, Nature~London! 352,

600 ~1991!.
15C. Kittel, Introduction to Solid State Physics, 7th ed.~Wiley, New

York, 1996!.
16M. G. Cottam and D. R. Tilley,Introduction to Surface and Su

perlattice Excitations~Cambridge University Press, Cambridg
1989!, p. 127.

17A. O. Caldeira and A. J. Leggett, Physica A121, 587 ~1983!.
18M. Grigorescu, Physica A256, 149 ~1998!.


