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Macroscopic Quantum Coherence in Molecular Magnets
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We study macroscopic quantum coherence in antiferromagnetic molecular magnets in the presence
of magnetic fields. Such fields generate artificial tunnel barriers with externally tunable strength. We
give detailed semiclassical predictions for tunnel splitting in various regimes for low and high magnetic
fields. We show that the tunneling dynamics of the Néel vector can be directly measured via the static
magnetization and the specific heat. We also report on a new quantum phase arising from fluctuations.
The analytic results are complemented by numerical simulations. [S0031-9007(97)04930-2]

PACS numbers: 75.10.Jm, 03.65.Sq, 73.40.Gk, 75.30.Gw

Quantum spin dynamics in mesoscopic magnets has revhere the spins interact with their nearest neighbors via ex-
ceived much attention over the recent years, both fronthange coupling. In particular, we show that the tunneling
experiment and from theory [1]. A number of nanosizedrates become field dependent and thus can be measured via
particles in the superparamagnetic regime have been idethe static magnetization and (less surprisingly) also via the
tified as promising candidates for the observation of macroSchottky anomaly of the specific heat. Our discussion is
scopic quantum phenomena (MQP) such as the tunnelinigased on the nonlinear sigma model (NLsM) that includes
of the magnetization out of a metastable potential mini-anisotropies and magnetic fields [6]. The quantum dynam-
mum, or, more strikingly, macroscopic quantum coherencécs of the Néel vector is then studied by instanton meth-
(MQC), where the magnetization (or the Néel vector) tun-ods. Such methods are semiclassical in nature, i.e., valid
nels coherently between classically degenerate directiorfsr large spins and in the continuum limit. To cover the
over many periods. On the one hand, these phenomersmall end of the size scale, we perfornadinitio numeri-
are interesting from a fundamental point of view as theycal calculations; they agree well with the analytic results
extend our understanding of the transition from quantunin the regime where a comparison is possible. We find
to classical behavior. On the other hand, the measuremeséveral distinct tunneling regimes, depending on the ratio
of MQP quantities such as the tunnel splitting provides in-of crystalline anisotropy to magnetic field. Motivated by
dependent information about microscopic parameters sualecent measurements on single-crystahkehich indicate
as anisotropies and exchange constants. the presence of an anisotropy axis [7], we give estimates of

A prominent example of such MQC behavior that hasthese MQC corrections in the magnetization and the spe-
attracted wide attention is the antiferromagnetic ferritin [2].cific heat, and we show that they are within experimental
More recently, molecular magnets [3] such as the ferriceach.
wheel or Mn, have emerged as promising candidates for We consider a ringlike molecular magnet, modeled/as
the experimental observation of MQP [4,5] mainly for spinss regularly spaced on a circle lying in the plane,
three reasons. First, molecular magnets have well-definedith N even. The Hamiltonian iSfy+; = S1)
structures and magnetic properties. Thus, precise values
for the tunneling rates can be calculated. Second, molecu- H = JZSi “Siy1 + ZUi(Si) + fhih - Zsi’ (1)
lar magnets can be produced as single crystals that contain i i i
a macroscopic number of identical magnetic subunits thawvith AFM exchange coupling > 0, and whereJ;(S;) is
are weakly coupled to each other as well as to theithe crystalline anisotropy at siich = yB, with B being
surroundings, as evidenced, e.g., by the observed MQP ihe magnetic fieldy = gup/%, andg is the electronic g
Mny,. Thus the amplification of the single-unit signal is factor. For simplicity, we assume that boghandJ are
naturally provided. Third, the typically high symmetry isotropic, and that the point symmetry of the molecule is
of these magnets reduces the number of independethtat of a ring. Up to second order in the spin variables,
parameters. the most general form of the anisotropies is th&(s;) =

In this Letter we discuss novel tunneling scenarios ink.S7. + k.(S; - e;)?, wherek. andk, are the axial and
antiferromagnetic (AFM) molecular magnets. A key fea-radial anisotropies, respectively, aed is a unit vector
ture of our discussion is to exploit the well-known fact at sitei pointing radially outwards. We also assume that
that an effective anisotropy can be generated in an AFM > k., k,, which is typically the case.
by applying a magnetic field. Thus it is possible to create We now derive an effective Lagrangian (NLsM)
tunnel barriers that are tunable by an external parametedescribing the low-energy physics of (1) by extending
Evidently, such control parameters are highly desirable astandard techniques [8] to include magnetic fields. We
they open the door to systematic tests of MQC. We conintroduce spin coherent states, and decompose the local
centrate on ringlike structures such ag,fe, and \; [3], spin asS; = (—1)'sn + 1;, where the Néel vectar (with
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n? = 1) is taken as uniform for our small system, dpés ~ We write the action a§ = iNgugB,/8J [d7 (L — hy),
the fluctuation at siteé (with 1; - n = 0). After integrat-  with
ing out thel, [9], and keeping only the lowest-order terms

in k,/J andk,/J, we obtain the Euclidean Lagrangian [6] hoyw = gppB . @)
N2 . L =n%+2in X n), +n2 + AnZ,
Lg=——[-(GnXxXn—h)?+ (h-n)?]+ Nkzszng, . _ _
8J where time is rescaled as= w;;7. Expanding around

(2) the instanton solution up to second order, one sees
with a single effective axial anisotropy. = &, — &, /2. that the # and ¢ fluctuations are decoupled. For the

Note that the magnetic field has two effects. First, ita'ﬂuft_“,f‘tion@ d%t/%rminﬁ?t ‘we find in Ieadir;]g ordd_er
creates a hard axis anisotropy along its direction. Thi§Xp{—_17. + (A*)}. IS IS a new quantum phase dis-
is easy to interpret: The spins can gain Zeeman energh guishing instantons from anti-instantons. Its occurrence
by canting towards the magnetic field, and this effect is> gurprlzlng, becaus? it Isldue to q#anttﬂpctugtlons,k d
maximal when the Néel vector is perpendicular to the field2" not due rt10 a topologica terT In the aCt'OEI’ In marke
What makes this anisotropy interesting for our purposes i ontrast to r;]_ases arising usuahy in sg)ln pré) emg [8,12].
that it is tunable by an external field. Second, a phase/|Of€oVer, this new quantum phase doest depend on
factor arises from the cross terdih - (n X n). It will the spins. Th? fluctuation dete'rmlna_nt fap is Sta”d"’?rd’
have important consequences at high fields. a_md by summing over _aI.I configurations [12], we flnally
Depending on the sign of, and on the orientation of find for the tunnel splitting of the ground state in the

the field, various scenarios can be envisaged [10]. For lacRigh-field regime,
of space we restrict ourselves to the most interesting case Res
hf e Re She/ B
2mh

. N B
Sm(l &) ‘ .

where the field is in the ring plan® = (B,,0,0), and  Ant = 8fiwnt > 27

perpendicular to a hard axis, i.é&, > 0. The potential
energy has then two minima at= *e,. Tunneling of ()

the Neéel vector between these classically degenerate statQ§ie that the tunnel splitting oscillates with tiefield

results in a tunnel splitting of the ground state energygs 4 result of interference between guantum spin phases
which can be calculated using instanton methods. For th&he new additional phase induces a shift from the usual
semiclassical dynamics two kinds of hard axis anisotropiegysine [12] to a sine). Similar oscillations have been
compete, the crystazlllne ong/k.s?, and that induced by fong in biaxial FM [13] and uniaxial AFM [14]; note,
the field, N(gupB,)°/8/. Let us introduce their ratio poyever, that in the latter work the fluctuation-induced
A = 85%Jk;/(gpupB,)". Forlowfields @ > 1), the hard  haqe shift identified here has been overlooked. Our
axis is thez axis, and the Neel vector, staying close t0ggyts, including the phase shift, are fully confirmed by
thexy plane, tunnels via the axis. For high fields{ <« independent numerics (see below and Fig. 2).

1) on the other hand, the hard axis is thexis, and the Next, we consider the low-field regima > 1), where
Néel vector tunnels via the axis while staying inthez e use the parametrizatiom = (sind cosé,sind X
plane. Without the phase ter#ih - (n X n) in (2), the  gjn g cosg). We start by integrating out the fluctua-
crossover would occur for = 1, i.e., for a fieldB. =  {ions to obtain an effective action. The term X n),
sv/8Jk:/gup. Aswe will see, this extra term reduces the j the | agrangian (4) forces the instantons out of the
critical field. plane. However, forA > 1 the deviations are small.

We first concentrate on the high-field regime 4 1).  Thys we writeg = 7/2 + &, and expand the Lagrangian
In this case, the Néel vector is conveniently parametrize@o second order iny. This givesl ~ ('ﬁz + cos ¢ +

asn = (cosé, sind sing,sind cos¢). We then find that 419 cosp + DGO, whereG = —a% + A — cog ¢ —

the instanton solution minimizing the action belonging to ;, . ; .
(@) moves i hex plane L1 wih e requency - (CIEIN O S Tov seAgromere, B = L
s~/8Jk,/h, and action . ' p

effective Lagrangian
Sue/i = Nsy2k. /] = i N8MEBx 3) i 4 .
4J Leit = <1 + —cog ¢>¢2 + coS ¢. (6)
where the upper and lower signs correspond to instantons A
and anti-instantons, respectively. Note that both the tuna simple quadrature shows that the instantons of this La-
neling barrier and the attempt frequency are constant. Thgrangian have an actiofi.;; = 4[1 + 4/31 + O (A7?)].
phase termin Eq. (3) arises because the spins cant towarRginstating full units, we finally get for the action in the
;[:hetfield, thereby acquiring an additional geometric phasgw-field regime (neglecting corrections of order?)
actor.
For the calculation of the fluctuation determinants, it gmpB;y <1 n 1 (gMBBx)2>
2J 6 sk,

. . . : . ) Sig/h =N
is convenient to pass to dimensionless variables in (2). i/

(7)
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Comparison with Eq. (3) shows that the crossover betweefunction of applied field. Indeed, we have seen that the two

the low- and high-field regimes occurs for a magneticlowest energy levels are tunnel split Ayand are separated

field B, = as+/8Jk,/gus, with & = [(3 + +/10)'/3 —  from the other levels by an energiw > A, where A

(3 + /10)71/3]/2 = 0.64, a sizable reduction over the and w are approximated by, Apr, and wy, wpy,

result that would follow from neglecting the phase termrespectively, depending on the field. At low temperatures,

2ih - (n X n)in (2). such thatk3T < hw, the magnetization along theaxis
Next we determine the fluctuation determinant. Thisis then found to be

raises one problem. While the action for the instanton so- .

lutions of (6) is easy to ca.lculate, the solut|on_s themselves M, = <ﬁg’u33x _ l)g,ug + Atan(i)

cannot be obtained analytically. However, being interested 8J 2 2 2kgT

only in the regimex > 1, we can approximate this deter- 9)

minant by the one obtained for the fluctuations around the _ _ _ _

instantons of the Lagrangiadh = ¢> + cog ¢. Thisre- Note that the first two terms in Eq. (9) give only a linear

sults in dependence oB,. The last term shows that deviations
are proportional ta\’ = dA/9B,.
Ay = Shwys /i oS/l (8) The tunnel splitting is also reflected in other thermo-
2mh dynamic quantities. For example, the low temperature

. L : ific heat exhibits a characteristic Schottky anomaly,
The low-field splitting decreases (roughly) exponentlallys'peEI ) ) )
with the field. This is easily interpreted: The tunneling €V~ ks(A/2ksT)? sech(A/2ksT), with a peak of height

barrier increases quadratically with the field, whereas thQ'.64kB at a temperaturg’ = 0'6A/I.CB.' The location of
attempt frequency increases linearly. this peak thus gives the }unnel s'pll'ttmg. .

We complete our derivation by discussing the range of T_he Lagrangian (2) is not limited to t_he tunneling
validity of our results. A necessary condition to have tun-"¢9/M€, but also covers the nearly free limit of small
neling (in the ground state) is that the baridel/ be much Sl,JCh thatNS,V kZ_/zj « 1. This regime is most conve-
larger than half the attempt frequeney{16]. Application ~ Niently studied in terms of the corresponding Hamilton-
of this criterion to the low- and high-field regimes yields ian which is of rigid rotor typeH. = 7L* + yL -
two conditions, guzB, > 4J/N, and Nsy/k./2J > 1. B+ Nk,s?n2, wheren and the angular momentumsat-
The effective Lagrangian (2) was derived under the asiSfy standard commutation relations ;, ni] = ifi€jun;.
sumption of (local) Néel order. Hence, the Zeeman energlf©" k. = 0, the ground state is the stalle /), with / =
must be smaller than the exchange energy,d,gsB, <  8#sB:N/4J]. Hence, the magnetizatioh, = Igus
4Js. Finally, our expression for high-field tunnel splitting COnsists of steps of heiglgtu s, occurring with a period
is valid for A < 1, i.e., for gugB, > s+/8Jk,, whereas &#sABx = 4J/N [18]. This agrees with previous results
the low-field predictions hold it > 1,i.e., forguzB, <  obtained in the absence of anisotropies and tunneling [3].
s+/87k.. We summarize in Fig. 1 the various regimes and® Small value ofk, (before tunneling sets in) leads to a
critical fields we have obtained. rounding of the steps, as is easily seen from perturbation

We now turn to the question of how to observe the tunnefh€0ry. Forlargek. suchthall < /o the Neel vector no
splitting. In contrast to previous cases [17] such as ferritifonger freely rotates but becomes strongly localized along
[2] it is not possible to observe the switching of the Néelthe €asy axis. As a consequence, the steps in the magne-
vector via an excess spin, since even if such an excedation vanish; see (9). Conversely, notice that whatever
moment were present, it is easily seen [10] that it wouldh€ value ofk. < J sharp steps are recovered if the mag-
always point along the magnetic field and not along theetic field is appliecalong the hard axis. We have also
Néel vector. However, the dynamics of the Néel vectorconfirmed this picture by direct numerical diagonalization
could be observed via resonances (occurring ain the of Hyg. . . _ _
NMR spectrum, which provides local spin information. The semiclassical analysis presented so far applies
An entirely different approach, which is possible only strictly speaking only'to a sizable number of spins with
because the tunnel splitting i8-field dependent, is to § > 1. However, as is often the case with such methods
measure the static magnetizatdh= —(guz Y, S;)asa the results are valid (at least qualitatively) even down

to a few spins of small size. This expectation is indeed
confirmed by direct numerical simulations which we have

No  Low-field Crossover High-field performed on Hamiltonian (1). Results fof = 4 and
tunneling regime  region  regime s = 5/2, and for some typical values, = J/10, and
’ ’ ’ 5 — k, = 0, are presented in Fig. 2. We note that since most
T o /RTE gupB r— e ) ,
0 % asV8Jk, sv8Jk, 4Js ¢ symmetries are broken in (1), larger system sizes become

quickly inaccessible to numerics. The agreement with the

FIG. 1. Summary of the various regimes we have obtained a§émiclassical prediction is satisfactory in the high-field
functions of the applied magnetic fiele (= 0.64). regime. Since for our test system the low-field regime
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B84 — : : tunneling corrections in the magnetization reach at their
RO : peak 17% ofug. The Schottky peak oscillates between
61 . " zero and 0.2 K. The crossover temperature to the quan-
N o T | tumregimeT, = fiw/4kg,isinthe 1-4 Krange. Finally
g‘ \l E we remark that the same numbers apply to the high-field
5 EAN ! ) L regime of an easy-axis system [10]. Hence, all quantities
e PARNYANY/ERN appear to be well within experimental reach [19].
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Oo = 7 ' 7 8 8 [1] For an overview, see e.gQuantum Tunneling of Mag-
qu B,/ netization,edited by L. Gunther and B. Barbara (Kluwer,

Dordrecht, The Netherlands, 1994), and references therein.
FIG. 2. Results for the energy splittingE,, between the [2] D.D. Awschalomet al., Phys. Rev. Lett68, 3092 (1992);
lowest two states (upper panel) and the magnetizatignat S. Gideret al., Science272, 424 (1996).

T =0 (lower panel) for a system oV =4 spinss = 5/2 [3] D. Gatteschi, A. Caneschi, L. Pardi, and R. Sessoli,
with k, = J/10 andk, = 0. The symbols give the results of Science265, 1054 (1994).

a direct diagonalization of the Hamiltonian (1); the continuous -

lines give the semiclassical predictions. The dashed vertical[g'] ‘E Ij_.hFrledmlalreE_aI.,_Préysl.gRl:ev. LgttéG, 383%.(1392)' i

lines indicate the various critical fields (see Fig. 1). [5] L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli,
and B. Barbara, Nature (LondoBB83 145 (1996).

becomes vanishingly small, i.el, << gugB./J < NG [6] Similar Lagrangians haye been used to study macroscopic
we cannot expect to find good quantitative agreement ~Magnets and spin chains. See, e.g., A.F. Andreev and
. - . - - V.l. Marchenko, Sov. Phys. Us@®3, 21 (1980); H.J.
in this regime. Still, we can see from Fig. 2 that at the .
litative | lth ical and iclassical h Mikeska, J. Phys. @3, 2913 (1980).

qualltative level the numerical and semiclassical approac 7] J. Harris and D. D. Awschalom (private communication).
show reasonable agreement. We have also calculate¢s] g Fradkin, Field Theories of Condensed Matter Systems
numerically the matrix elements of the staggered magne- ~ (addison-Wesley, Reading, MA, 1991).
tization and could confirm the tunneling picture. Thus, [9] Note that due to the magnetic field special care must be
our theoretical predictions give reasonably good results  given to the constraint - 1; = 0.
even for a very small cluster (and similarly for rings with [10] A. Chiolero and D. Loss (to be published). o
larger N but smallers [10]). Obviously, the accuracy of [11] Since the magnetic force is proportional loX n, it is
the semiclassical results will improve for larger systems. parallel ton for any trajectory in theyz plane and has

To support the experimental relevance of our results, we __ therefore no effect. o
give some estimates for the ferric wheel,Fdor which ~ [12] Eeltl_OBSQS,SBézl(]I?SI)\éIZn)CGnZO, and G. Grinstein, Phys. Rev.
N = 10,5 = 5/2,J/gpp = 10 T [3]. While magnetiza- . [13] A. Garg, Europhys. Let22, 205 (1993).
tion measurements have been reported [3], no conclusi

. X ) X : 4] V.Yu. Golyshev and A.F. Popkov, Europhys. LeR9,
comparison with our theory is possible presently since they = 357 (1995).

have been performed on polycrystalline samples with rang; 5 in the dimensionless units used here, the tunneling time is
dom orientation of the anisotropy axis, whereas the tunnel-  of order1. Hence, 32 ~ O (1), ¢ ~ ©O(1), and obviously
ing effect discussed here requires theeld to have a fixed cos¢p ~ (9(1); all these terms are therefore much smaller
orientation with respect to such an axis. However, from than A in the small-field regime.

the well-defined steps that have been observed and frof@6] In both the low- and high-field regimes the action is
recent single-crystal measurements [7] one can infer that ~approximately equal tdAU/w. Hence, our criterion also
the magnitude ok, /J is small, and of the order df.03 implies that the action is larger thalvi, which is also
[7]. The low-field regime extends then from 4 to 7.8 T, necessary for the dilute-instanton approximation to hold.
with a tunnel splittingA ¢/ decaying exponentially from [17] B- Barbara and E.M. Chudnovsky, Phys. Lett1A5 205
(roughly)6 X 10'° to 4 x 10° Hz. Correspondingly, the (1990).

i . [18] Note that this period coincides with the one obtained for
Schottky peak of the specific heat shifts from 1.6 t0 0.12 K, ™ 5 oscillations iy, Eq. (5).

while the tunneling corrections in the magnetization range;g) Note that the tunnel splitting is much larger than couplings

from 60% down' to 16% ofusp. The high—'field regime to nuclear spins, which then cause no decoherence.
starts at 12 T, with the tunnel splitting having oscillations Also, since each magnetic subunit is an antiferromagnet,
of magnitudeAs/h =~ 6 X 10° Hz and period 4 T. The intermolecular dipolar interactions are minimal.
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