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Quantum Coherence in Small Antiferromagnets
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An antiferromagnetic particle with an excess sE)ihas 2 degrees of freedom. The one associated
with j is ferromagnetic, while the antiferromagnetic behavior involves Néel vectoit is shown that
the spin-parity effect described by Lossal. has to do with the ferromagnetic degree of freedom and
doesnot imply the localization ofi for small enough particles for half-integer spin. It is also shown
that the tunnel splitting associated withis insensitive to applied fields. [S0031-9007(97)03553-9]

PACS numbers: 75.10.Jm, 03.65.Sq, 75.30.Gw, 75.50.Tt

The possibility of quantum tunneling in mesoscopicdifferences between the cases of excess whole and half-
magnetic systems is of fundamental interest since thigteger spin,;.
tests our understanding of the transition between classical The nature of the anisotropy energy is also of consid-
and quantum physics [1]. Within the past year or so hagrable importance [4]. This energy is the origin of the
emerged the first strong evidence for quantum tunneling imlouble well potential. Invariably there is a uniaxial-
very small moleculaferromagnets2]. However, what anisotropy—K| cos 6, or —AS?, here assumed to corre-
is observed is the relaxation from a higher to a lowerspond to areasy axis This suffices for antiferromagnetic
quantum well, the analogy of alpha decay. In order tatunneling. If there is also an energg, sir’  si’ ¢ =
observequantum coherengcea symmetric double well BS&, there is also a tunnel effect associated with excess
potential is needed (but see below for coherence in excitespin j and this andz are coupled. Here, unless stated
states). The ground state has equal probability of beingtherwise, it will be assumed that, = 0.
in each well, and, if the system is started in one well, The problem will be formulated using the auxiliary
it will tunnel back and forth between wells. Evidence particle method [8]. This replacesxactly the spin
for such quantum coherence effects in magnetic systemsoblem with one which involves the tunneling o$iagle
is highly controversial [3]. The realization of symmetric auxiliary particle described by a tight binding model in
double wells for a ferromagnet igery delicate since the which the number of sites is determined by the spin value.
two wells correspond to time reversal conjugate states and Following earlier work [4,9], it will be assumed that
the symmetry is easily destroyed by external fields. Herehe essentials of the problem are contained in a model
it is shown that the tunneling of the Néel vectorin  which comprises two large spirfs and S, which reflect
an antiferromagnet [4] avoids this problem since it canthe two sublattice magnetizations of the antiferromagnet.
occur between wells which are unaffected by weak externafhe value of the excess spjn= |S; — S,|. The effec-
fields. tive Hamiltonian contains the exchange and a suitable

Interference involving the Berry phase [5] is the origin anisotropy energy, i.e.,
of a number of interesting effects. The Haldane conjec- >
ture [6] that integer spin chains have gaps while similar H = 7S S = Al(S1.)" + (522)] (1)
half-integer system do not can be interpreted in terms off H, andH, are the basic exchange and anisotropy fields,
this phase. Losst al. [7] have examined the role of such then the Hamiltonian parameters scale/as H,/N and
interference effects on the quantum tunnelingiof They A ~ H,/N, whereN is the total number of spins. The
identify tunneling with the amplitude for theomplete quantityA reflects thek) anisotropy.
reversal ofiz, and show, if thetotal or excess spiny is In general,m = S1; + Sy, S1 + S =m =0, is a
half-integer, interference destroys this amplitude. This iggood quantum number, and the solution is a linear combi-
interpreted[7] as an absence of tunneling for In fact, nation of |[n + m,—n >=151,8; S;;, = n + m, S, =
this zero amplitude implies rather a degenerate groune-n). The auxiliary particlesa,, create single parti-
state. Here, as is more usual, the absence of tunnelinge states|n,m >= a:im| > which map to the|n +
is taken to implyz is localized in one or the other quan- m, —n >. The constraintig,, = Y, a,;f’ma,,,m = 1. No
tum well. It is notimplied that Berry phase interference mean-field approximation is to be mad&he auxiliary
effects are absent, but rather that the resulting doublgiarticle Hamiltonian is

ground state for the spin half-integer does not have as a n

direct consequence the localizationiof H,, = Z [ena:[’ma,,,m + t,’}“(aiﬂ,man,m + H.c.)],
On the other hand, the results presented héoe n=-m,

confirm, for larger antiferromagnets, there are important 2
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where the upper limit, is the smaller ofS, andS; — m
while ny, is the lesser of, andS; + m, and where the
diagonal energies are

€, = —J(n + mn — A[(n + m)* + n?] 3
and the hopping matrix elements
o= IMI M), @
and where the
M S) =[S(S + 1) = n(r + D]'> (5)

are the usual matrix elements of the raising operators. A

uniform external field adds a constant tenmig uH) and
can be neglectedhus reflecting the insensitivity of the
present results to an external field'he time independent
Schradinger equation for such a tight binding model is

(&n = Of () = =1y f(n + 1) = 1y f(n = 1), (6)

wheref(n) is the wave function amplitude for site

For large spin values, the continuum approximation

requires |t "!| > |e, — €,+1], which is equivalent to
J > A. When the excess spifn= 0, the ground state
will have m = 0. The result for this value of: is
d d
_ x2) _f ,

[E + 28%A(1 — D)]f = — (1
dx

Ix (7)

whereE = —S(S + 1) — 25%(A/J) — (e/J) and where
x = n/S. Avery similar continuum limit approach which
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FIG. 1. Shown are the barrigd(n) and the wave functions,
f(n), labeled 1,2,3... by ascending order in energy. The
excess spin and m are given along with the energidsn.
When the energies are indicated as being equal, this is only
approximate. There is always a small tunnel splitting of the
order of Eq. (9). All stateare strictly doubly degeneraten —

—m) exceptm = 0. The calculations are all fof = 15 but

maps certain spin problems to that of a particle in aare typical. Wher{j + 1)/ (H,/N) > w, (anisotropy energy

potential has been developed [10] by others. If now
0, the solutions ar¢ = P,(x), the Legendre polynomials.
The energiese = %[k(k + 1) — 28(S + 1)], and are

A = 0.001J), the system issmall, and, (a)—(c), the wave
function for n is delocalized. In (a) the excess spin is zero,
while for (b) it is half-integer and for (c) integer. The existence
of an excess spinloesinduce a weak tendency to localize

exact The wave functions, superimposed on the barrierhowever, this tendency is determined by the fractional excess

are shown in Fig. 1(a).

The localization of the Néelspin and isndependentf the integer or half-integer nature pf

vector 7 is equivalent to a wave function peaked nearFor the sequence, (d)~(f}o > (j + 1)!?H./N (A = 0.2J)

eithern = =§. If j is finite, the degenerate ground state

will have m = j, and directly, the solutions of Eq. (6)

corresponding to anidsizedparticle. With no excess spin, (d),
all states, including the ground state, are delocalized. When,
(e), the excess spin is half-integer all states are well localized

are just the Clebsch-Gordon coefficients, Figs. 1(b), 1(C)ith alternate states, in energy, being on oppoéits) sides

Clearly, for finite j there is only a weak tendency
to localize nearxS, and this is independent of the
integer or half-integer nature ofi. The ground state

is determined by the value of the excess spin, i.e., th

smallest possible value df = j, and the first excited
states lie an energy;j + 1)J higher. For finiteA, the
matrix elements to these excited states-a#A and the

of the barrier. For integer excess spin, (f), the ground state
is well localized but the excited states are delocalized. In (g)
are shown results for B(S,)* anisotropy withj = m = 2 and

B = 0.003J. All states are localized with the first three being
Bn the same sidé+S) of the barrier. Higher states alternate
sides with energy. The last panel (h) illustrates the crossover
to thelarge particle limit wy > H,/N'/> when the fluctuations

in n are suppressed.

P,(x) (or Clebsch-Gordon coefficients) remain a good

approximation providedS’A < (j + 1)J. The barrier
height is B, = S?A while the spin-flop energyw, =
S+/JA so that this is equivalent t8, < (j + 1)'/2w, or
wo < (j + 1)'/2H,/N and implies a small magnetThe
quantity(j + 1)"/2H,/N is the exchange only zero point
energy appropriate to this regime.

For a larger magnet w, > (j + 1)"/2H,/N (but

still A < J) the exchange remains responsible for the
“stiffness” of the wave function. Again, consider first
It might be anticipated, for a state localized in

j=o.

290

asinglewell, the wave function ig'(x) = e**P,(x). In
fact, assuming the wave functions a&ongly localized
near eitherr = +1, and using/ < S?A, the properties
of the P,, permit the wave function forith excited state to
be written ase™** Y, _, a; P«(x), and the energies are

¢ = é[n(n +1) - 28 + 1)]

— 2524 + 2(n + 1SVIA, (8)
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with A = 2S5,/A/J. Notice, the zero point energy is and, for; integer and fixedn, the j lowest energy states
greater than interlevel spacing; i.e., this energy is oveare singlets with the rest doublets. Fprhalf-integer,
twice that appropriate for a harmonic oscillator. Numeri-all the states are singlets consistent with the above.
cally, the spacing decreases with increasingonsistent However there is no assurance, for integethe states are
with the weakening of the strong localization assumptiondelocalized, and indeed, the numerical results, Fig. 1(g),
For the same regime, wave functions which account fofor an anisotropy termi[(n + m)* + »n*], which has an

tunneling are of the fornfe?* + ¢ )Y, _, a;yPi(x) =  equivalent fixed point structure, exhibit wave functions

eM(1 = e M) Y, —, axPr(x), and at the same level of which are strongly localized even though the levels form

approximation the tunnel splitting is relatively close pairs. Fof integer andn = 0 the wells
4S/TAe4SV@/D ©) arealwayssymmetric and states always delocalized.

The decay lengtiAx = A~! = (1/5)\/J/A or An =
which conforms with the usual wisdom that this must be /_]/A This represents an uncertainty in the magnitude
the zero point energy times a WKB exponential [4]. of the Néel vector, and is small when it is less than

In the same midsize regime, but now with an excesshe quantum uncertainl§!/2 in the transverse parts of
spin, j < S, the wave functions remain localized nearthe same vector; i.e., there is @ossoverwhich oc-
x = =1, and the wave equation becomes curs when /J/A ~ S12 or wo ~ He/Nl/z. The field
[E L aS2A(1— 2% + (j = %)2}f:i(1 B xz)ﬁ H,./N'/? drives the longitudinal fluctuation in the Néel
1 — x2 dx dx’ vector. Only wherwy > H,/N'/2, Fig. 1(h), is the sys-
(10) tem macroscopiavith a fully developed classical order pa-
rametery. This final characteristic energy corresponds to
a zero point energy of the bulk Néel state. Consider, e.g., a
hypothetical linear chain with a fully developed Néel state

where the positive (minus) sign corresponds to localiza
tion nearx = —1 (x = +1). The solutions involve as-

sociated Legendre polynomial®;’, with energies given | T0L.... >. This trivially has(s2) ~ N which implies

by Eq. (8), if w = (j = m)/2 is an integer. For half- ) . .
integer u the energies lie roughly halfway between thosegn exccr;angef %’.‘efgy POSHEéNl/Z' Th:f‘ eSt'TateéSbm'

- C e lia | o ependent of dimension and essentially unaltere cor-
of Eq. (825 _The important physics 'Iles in the restrlctlonsrecr;ionS due to spin-wave zero-point mgtion y

— c .

onZche fr}:e "f(‘)hﬁéats’?at; ﬁa C=on3|d=e8 :ngd’lliesz’né;r Turning now to experimental consequences. At least
" 1 hgl the first ')?d "t te has— 1. Th for the small excess moments and larger particles, it must
Ix Ny O W '? ‘ e 1rs _ex_mleh state 1‘% ch' ; € be recognized that there are two energies associated with
T eetate Wi s ret oo s el (VeI f h oxCs sthesecoresponding o (e
n=a 9 distinct possibilities of reversingwith or without the Néel

+1. Tunneling states can be constructed by taking th(\e/ectorﬁ. The barrierB, ~ S2A = SH,, proportional to

the prosent sirong localization approximaton, the tanngl1e Si2€ Of the systermust be surmounted when is
b 9 PP y reversed. Thground statesvith m = *j are on opposite

splitting is again given by Eq. (9). The nqmerlcal_resultssides of this barrier and to pass from one to the other the
show delocalization causes the tunnel splitting to increassg o .
. barrier is relevant. However, there is another state

fairly rap_|dly as the states mount N energy. with m = —j which is on thesameside of this barrier as
The situation changes for half-integer spins. If, e.g., " . . . .
'm = +j, butat an energy w higher. Thislatter energy

Jj = 1/2, the ground state witln = 1/2 is still localized has the size dependence pf Thusif SH, > jwo. it

near x = +1. However, the lowest state in the = s T .
—1 well has = 1/2, and this corresponds to a state costs less energy to revergewith n fixed and there is
' a unidirectional anisotropy field of magnitudéf/, ~ wy

which is roughly halfway between the ground state o X .
and the first gxcﬁted statg in thel well agd indeed ?n% %h'Ch is very much bigger that the bare anisotropy
! * fie "

numerically, Fig. 1(e), with mounting energy, the states In connection with ferritin [3], measurements in the

altlern;;[_e bety(\j/e_en th’e:. tl;/r\]/ells._ | giff classical regime are fitted to an Arrhenius lafv=
n IS miasize regime ere IS a cClear | erenceTOefEh/kT and Imply a barrier helghEb ~235T and a

between integer and half-integer total spin. Only the —11_1n-13 2
. e 70 ~ 107 =10 s (~3 T-3 X 10- T). However the
former exhibits the small tunnel splitting Eq. (9) and hasdependence of£, on volume, while linear,does not

well delocalized excited states. However, in both Case@xtrapolate to zero as it should if it is the barrr. Thus
theground states essentially localized. There is a simple that the barrier height-J and thatr, is very large, begs

scghng argument by which to understand this phen_omenz—llhe interpret of this relaxation as being of purely exchange

With !ncreasm_gA the energy levels must _evolve V.V'thOUt origin, with the barrier being that required to reverse a

crossing (fo.r flxedm) from the A =0 I|.m|t to a fixed single spin in the exchange field.

point assoqated Wit — . At the fixed point, the If the experiment is to be interpreted in terms of tun-

eigenenergies are neling, then the actio§ppym = 4SH,/H. ~ 7.5. The
€= —J(n + mn — Al(n + m)* + n?], (11) Néel temperature is about 240 K, and it is estimated
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that H, ~ 130 T. For the S state Fe+3, it is dif- midsized regime. The hyperfine fieldl, is, at least,
ficult to imagine the single ion anisotropy,;, much comparable with the presently suggested small value for
greater than a few times0~> T. The anisotropy in the H,, and with the present small particle interpretation of
exchange scales with that in tlgefactor. This latter is experiment the relevant “reduction factor” depends on
typically less thanl0—3 and implies an,, ~ H,;. The  Hy;/H, andnot Hy;/ wo, and, depending upon the precise
SUmH, = H, + %HaZ determinesSapy. The spin per numbers, might not lead to a reduction at all. In fact,
sublatticeS ~ (5/2) X (N/2) = 5000, and would imply involving nuclear spin flips has thadvantageof giving
an H, which is ~107° T and an incredible cancellation the tunneling signature a much larger strength. A more
accident. detailed analysis of this will be presented elsewhere.
However potential tunneling dateshould perhaps  If K, is finite, ferromagnetic tunneling “turns on”
surprisingly, be interpreted in terms of the small particleand »n is coupled toj. For integer spin all remaining
limit. With j ~ 150 the energy(j + 1)(H./S) ~4  degeneracies will be liftediowevey for smallk ; the new
T while, with H, ~ 107® T, SH, ~ 5 T, placing the ferromagnetic tunnel splitting will be very much smaller
system on the edge of the small regime. Numericathan those discussed above. For a midsized particle, it is
studies show, when firsSH, > (j + 1)(H./S), the necessary tadd a ferromagnetic exponential factor [11],
absolute ground states has= *j and is~jH, ~ 0.15 ¢ /"4K/KD) = (k| /4K,)/. For ferritin with j ~ 150,
T lower than the states witlh = 0 which are the lowest this is most probably &ery small quantity. Furthermore,
to exhibit a tunnel splitting. TheH, = 0 splitting this splitting isvery sensitive to an applied magnetic field.
~(j + 1)(H./S) between the first two states withh = 0
decreases dramatically to approach a value given by the
tunnel formula (9),but with a much smaller coefficient
before/A/J in the exponential consistent with the ob-
servation of tunneling [3]. The dependenceSafqy on [1] See the recent discussion by A.J. Leggett, Quan-
particle size should be faster than linear. Notice with an ~ tum Tunneling of Magnetization QTM '94dited by
iron loading of 1000,H,/S ~ 0.05T ~ 1.5 X 108 Hz, L. Gunther and B. Barbara (Kluwer Academic Publish-
which is the order of magnitude of the observed spliting . €s: Dordrecht, 1995), pp. 1-18. .
[3]. This puts smaller particles truly in the small particle [?] L. Thomas, F.= Liont, R. Ballou, R. Sessoli,
limit. A. Caneschi,and B_. Barbara, Nature (LondoB83
Since theyare excited states, the: = 0 levels must 145 (1996); J.R. Friedmast al., Phys. Rev. Lett76,

X AR . 3830 (1996).
be populated if tunneling is to be observed. Sineg, [3] Experiments: D.D. Awschalom, J. Smyth, G. Grin-

is a smallish faction of 1 K, these levels will have stein, D. DiVincenzo, and D. Loss, Phys. Rev. Lett.
an appreciable equilibrium population. In addition, for 68, 3092(1992); D.D. Awschalom, D.P. DiVincenzo,
T < 200 mK and dilute ferritin it is difficult to imagine and J.F. Smyth, Scienc@58 414 (1992); S. Gider,

a sizable relaxation mechanism which can change the D. Awschalom, D. DiVincenzo, and D. Loss, Science
quantum number: and a slow relaxation of the amplitude 272, 425 (1996); S. Gider and D.D. Awschalom, p. 243
might be expected for a modestly rapid cooling protocol. in Ref. [1], and references therein, and for distracters see:

There is the possibility that the anisotropy energy for ~ N.V. Prokefev and P.C.E. Stamp, p. 347 and A. Garg,
the total moment has the opposite sign, corresponding 2'227i9b9°é'"_ '/2 Fgaf. [1]éa_'°”(%;‘”“1é]f%%d63* Scier®,
to an easy plane, to that relevant for the dynamicg,of ( ); A. Garg, Scienca7z, ( )-

. . . P [4] For existing theory see: E.M. Chudnovsky, in Ref. [1];
i.e., and easy axis. In this case= 0 is the ground state B. Barbara and E.M. Chudnovsky, Phys. Lett. 145

and there is no slow relaxation of the signal. 205 (1990); and 1. V. Krive and O.B. Zaslavskii, J. Phys:
There are no magnetic dipole matrix elements between  cond. Matter2, 9457 (1990).

the m = 0 levels, and hence no coupling to a strictly [5] M. V. Berry, Proc. R. Soc. 2392, 45 (1984).

uniform field. When the Néel vector is reversed, the [6] F.D. M. Haldane, Phys. Let@3A, 464 (1983).

up and down dipoles are displaced by one lattice spacing7] D. Loss, D.P. DiVincenzo, and G. Grinstein, Phys. Rev.

and soany antiferromagnet has a quadrupole moment.  Lett. 69, 3232 (1992); D. Loss in Ref. 1. See also: J. von

Particles with an excess spin can have much larger such Delft and C.L. Henly, Phys. Rev. Let9, 3236 (1992).

moments. The measuring system [3] comprises flat loopsl8] S.E. Bames, J. Phys. & 115; J. Phys. F6,1376 (1976);

for both the detection and applied ac and dc fields, and Eg;‘;)_x"]x gr?nsgrewsszég;p((il(g%rgh-?oégngﬁ A;g%grggg"

hence therewill be both a dynamic and static coupling (1078) Adv.yPhys’SO, 801038 (1981): J. ghy,s. o

to f[he tunnel' levels, although the precise magnitude is 719728 (1994).

difficult to estl'mate.. ) [9] Loss et al. use a central spin model which is somewhat
In connection with these experiments, Garg [3] has " " ifferent, but contains the same basic physics.

argued that the hyperfine field 62% Fe”” would destroy  [10] See J.L. Van Hemmen and A. Suto in Ref. [1] and

the coherence. However, the analysis of tunnelwith references therein.

nuclear spin flips corresponds to the presently definefll1] See, e.g., the first part of Ref. [4].
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