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Thermodynamics and spin-tunneling dynamics in ferric wheels with excess spin
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We study theoretically the thermodynamic properties and spin dynamics of a class of magnetic rings closely
related to ferric wheels, antiferromagnetic ring systems, in which one of ttigl Féons has been replaced by
a dopant ion to create an excess spin. Using a coherent-state spin path integral formalism, we derive an
effective action for the system in the presence of a magnetic field. We calculate the functional dependence of
the magnetization and tunnel splitting on the magnetic field and show that the parameters of the spin Hamil-
tonian can be inferred from the magnetization curve. We study the spin dynamics in these systems and show
that quantum tunneling of the evector also results in tunneling of the total magnetization. Hence, the spin
correlation function shows a signature ofélleector tunneling, and electron spin resonafE8R techniques
or ac susceptibility measurements can be used to measure both the tunneling and the decoherence rate. We
compare our results with exact diagonalization studies on small ring systems. Our results can be easily
generalized to a wide class of nanomagnets, such as ferritin.
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I. INTRODUCTION mK), and possible interring superexchange processes, which

Nanomagnets and molecular clusters are systems in whicire difficult to estimate but may be of order 100 mK. How-
macroscopic quantum phenomena may be observed in treyver, the tunnel splitting is sufficiently large that FW's are
form of quantum tunneling of the magnetizatibii.Two sce-  most promising candidates for coherent tunneling afven
narios must be carefully distinguished: incoherent macroin the presence of intrinsic or extrinsic sources of decoher-
scopic quantum tunnelingMQT) and macroscopic quantum €nce on energy scales up to 0.5 K.
coherencgMQC). In the latter case, tunneling between en-  Although quantum tunneling effects in antiferromagnets
ergetically degenerate spin configurations takes place at @€ more pronounced than in ferromagriétshe detection

rate A/h large compared to the spin decoherence Fatén of quantum behayiqr is experimentall_y more chaIIenging.
ferromagnetic molecular clusters such ag Bad Mn, the The reason for this is that magnetization and susceptibility

ground-state tunnel splitting. is small compared t&I" .4~ measurements probe onl_y the total spin of the _molecule
However,A is significantly larger in antiferromagnetié\F) which, by symmetry, remains unaltered upon tunneling of the

system&® which are promising candidates for the observa Neel vector. This problem is resolved in ferrimagnets and
. . . , “antiferromagnets with uncompensated sublattice spins, in
tion of MQC in the form of coherent tunneling of the &le 9 b P

which A is still large and tunneling afi leads to large signals
vectorn. o _ _ in the alternating-currentad) susceptibility:3~2° provided
The ferric wheels(FW's) Li:Fes, Na:Fg, Cs:Fg, and 5t magnetic fields are smal-24 Recent work® indicates

Feyo (Refs. 9-14 are a particularly interesting class of mo- that ferrimagnets exhibit a wealth of interesting tunnel sce-
lecular magnets. The=5/2 Fe(lll) ions are arranged on a

ring, with an AF nearest-neighbor exchange couplingO,
and a weak, easy-axis anisotrogy)( directed along the ring
axise,. Forh,=0, the classical ground-state spin configu-
ration has alternatingNeel) order with the spins pointing n=
along=*e,. The two states with the M&vectorn along*e,
(Fig. 1), labeled|T) and|]), are energetically degenerate and S10 S S2
separated by an energy barrier of heiits?>. However,|T) 1
and||) are not energy eigenstates. Rather, the low-energy
sector of the FW consists of a ground std@=(|1)
+]1))/2 and a first excited state)=(|1)—|1))/\/2, sepa-
rated in energy byA. For weak tunneling|g) and|e) are
energetically well separated from all other energy eigen-
states.
For Fgg, the tunnel splittingA can be as large as 2.18 n=
K.1*15An estimate for the electron spin decoherence Fate
in FW’s can be obtained from the typical energy scales of the

various interactions of the electron spins. These include Slo S, S,
nuclear dipolar interactions withH nuclei [0.1 mK (Ref.
16)], hyperfine interactions witf’Fe [1 mK (Ref. 17], in- FIG. 1. The two degenerate classical ground-state spin configu-

terring electron spin dipolar interactior(ef order 10—50 rations of the ferric wheel Fg.
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narios also in finite magnetic fields. Il. THERMODYNAMICS AND SPIN DYNAMICS
In this paper we study magnetic rings closely related to OF THE FW

the ferric wheels, in which one of the FBI) ions has been

replaced by a Ga or Cr ion with spis' =0 or s’ =3/2,

respectively, to create an excess spin. Such systems have'” this section, we give a brief review of previous work on

been synthesized recentf.Starting from a microscopic Neel vector tunneling in FW's? In particular, we point out

A. Thermodynamics

model Hamiltonian, that the notion of quantum tunneling applies only tofand
Cs:Fg (and somewhat less to Nagjefor largeh,, but not
to Li:Fe;s.
oo Nt o The minimal Hamiltonian of the FW's contains only two
H=J> S 5.1+J (5 5+ ) parameters) andk,,
=2
N N N N N
[ . Ho=J>, S-§.1+thh- >, §—k, >, S7,. 2
+hh'_21 S— I(zsiz_}' kZ'EZ Si2,z) , 1) 0 Zl §:841 Z:l . 221 bz @
1= =

HereN=10, 8, or 6 ands1=5;, h=gugB/#%, with B the

_ - _ external magnetic field, angl=2 is the electron spig fac-

which 5,”30 accounts for modified exchange)(and anisot-  tor. Throughout this paper we restrict our attentionBo
ropy (k;) constants due to doping, we calculate various ther—=p ¢ , i.e., magnetic fields applied in the ring plane. For

modynamic quantities and spin correlation functions. In Eqkz=0, the eigenstates of the total SFQEFEiNzlgi are also

(1), N=10, 8, or 6,h=gugB/#%, with B the external mag- . . _ n
netic field, andg=2 is the electron spig factor. As we will < o' 9Y eigenstates, with enejr.[fﬁ“ Ess, (ZJ/’_\I)S(S 1)
+nh,S,. For systems with weak anisotropyk,

show, the excess spifs=s’ —s is strongly coupled tm and 2 - . !
hence is expected to modify both the thermodynamic prop-<2‘]/(NS) , the anisotropy can be taken into account in per-

erties and the spin dynamics of the FW. In contrast, for arjurbation theory for a wide range of, Howeveg, the sce-
impurity spin coupled weakly to the Tevector?’ the ther-  Nario changes for large anisotropy=2J/(Ns)”, where
modynamic properties of the wheel remain essentially unalMixing of different spin multiplets becomes appreciable, as
tered. For the modified FW’s discussed in the present worklS the case for Fg, Cs:Fg, and Na:Fg. o

Néel vector tunneling also leads to oscillations of the total BOth the tunnel splitingA and the magnetizatioM, of

spin which are in principle observable in ac susceptibility orth® FW can be obtained from the partition functizg h,]
electron spin resonancéESR measurements. Thermody- Wh_lch we evaluate using spin path integrals. Intro_duc_lng
namic properties of AF systems with uncompensated sublagPin coherent states, we decompose the local spin fields
tice spins by now have been studied in great detail for varis (Ref. 30
ous anisotropy potentials and field configuratiéh® One .
main advantage of the small, high-symmetry modified FW §=(=1)" sn+l &)
studied in the.present.vyork is that_the depen_dence of_ varioygto a Neel ordered field+ sn (n?=1) and fluctuationgL n
thermodynamic quantities and_spm correlation furycuons OMyround it. For small systems containing six, eight, or ten
the small number of microscopic parameters enterindBq.  gpins, spatial fluctuations of the fieldsand| are frozen out
can be evaluated analytically. at low temperaturel. Carrying out the Gaussian integral

The outline of this paper is as follows. In Sec. Il we over|, we obtainZ,=[Dn exp[—fghero(n)/ﬁ} with a Eu-
review the theory of spin tunneling in FW's and calculate the|ijean Lagrangian depending only an

spin correlation functiong,, . In Sec. Ill we discuss the

modified FW within a classical vector model and show that, N2 .

in contrast to the FW, tunneling af now also results in Lo[n]=ﬁ[—(in>< n—h)?2+(h-n)?—w3n?], (4
oscillations of the total spin. In Sec. IV and Sec. V, we de-

velop a semiclassical theory of the modified FW, thus generyhere wy=sy/8Jk,/%.

alizing earlier work on AF systems with uncompensated sub- |n contrast to the classical description of the stat®snd
lattice spind"~**to B,+#0. For[J'/J—1|<1, we evaluate ||} used in Sec. I, in a quantum mechanical treatnreat-
explicitly the tunnel splitting\ and magnetizatioM, of the ~ ways exhibits quantum fluctuations around its classical
modified FW, and show thal’ can be determined by mea- minima. The notion of quantum tunneling, however, is only
suringM, . We calculate the Fourier transform of the real- applicable ifn is well localized in the statel§) and|]), i.e.,
time susceptibilityy’(w=2A/%) and prove that el vector  if 1—(1[nZ[1)<1. The quantum fluctuations of can be
tunneling can be detected in ac susceptibility or ESR mea€stimated from Ec(4). Forh=0, L, describes two indepen-
surements. In Sec. VI, we discuss the modified FW for thedent harmonic oscillators of frequenay,, corresponding to
limiting casesJ’/J>1 andJ'/J<1. The relevance of the fluctuations ofn in the direction ofe, ande, . If the ampli-
present work for experiments is discussed in Sec. VII. Fi_tUde of the fluctuations is small, we can evaluate the mean
nally, we indicate that our results can be easily generalized tgeviation of the Nel vector frome,, 1—(nZ)=2/(Sy/#),
other systems such as ferritiBec. VIIl). We summarize our where Sy/ii=Nsy2k,/J is the classical tunnel action.
results in Sec. IX. Hence,n is well localized alonge, only if Sy/A>2 or,
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TABLE |. Sg/fi=Ns\2k,/J and hwy/2ug for Fey, Cs:Fg,

: N7 2 : hy—ig
Na:Fg, and Li:Fg. Lo[#]= ﬁ[—(hx—i¢)2—wgsir12¢]+ﬁ X 5 ¢

Fewo 3.32 768 T . _ _

Cs: where the termi(h,—i¢)/2 arises from thed fluctuation
s:Fg 3.91 16.37 T . .

Na: determinant. The two saddle points of E@), ¢=/2 and
are 241 2011 T =3n/2, correspond to the two classical spin configurations

Li:Fes 1.54 798T $=3m2, P P g

sketched in Fig. 1. If tunneling is weal§,/A>1, the re-
maining path integral ovew is straightforward** Sum-
ming all multi-instanton solutions, one finds

equivalently, if the ground-state energwg2 is small com-

pared to the potential barriéék,s®>. The scenario changes if N7 2 , . hytog BA(h,)

a strong magnetic fielti=h,e,, h,>w,, is applied in the ZO:eXF{B(Hhx_ﬁ 5 OS"( 5 ) (8)
ring plane. Then, the mode ofalonge, is frozen out, such

that 1—(n?)=1/(S,/#), and the FW can exhibit quantum With the tunnel splitting

tunneling if Sy/A>1. Note that for large tunnel action N7

Sp/f=10, the tunnel splitting becomes small, which would A(hy)=A, sin( m—h,|/, 9
make the system under consideration a less favorable candi- 4

date for the observation of MQC. where B=1ksT, Ay=8fwy\Sol27h ex—S,/#], and

The FW's LiFe, Na:Fg, Cs:Fg, and Fg, have been Solhi=Nsy2k,/J. In particular,A is periodic as a function

well characterized” *>'>*'For Fep, J=15.56 K ?Qdkz of h,. Differentiating with respect tdB,, we obtain the

Fe;, J and k, vary appreciably depending on the central

alkali-metal ion and ligands: for Na:fe J=32.77 K and N 1 1 0A BA
k,=0.0136), whereas for Li:Fg, J=20.83 K and k, My=(Que)| g5 51 o7 Fptanf 5 )| (10

=0.0053.%115|n Table I, Sy /% andfiwy/2ug are given for o _
Fey, Cs:Fg, Na:Fg, and Li:Fg. As is obvious from these B.e(.:ausem/ahx is discontinuous at the zeros af M, ex-
values, for none of the molecular ring /% is sufficiently ~ hibits steps atBc,=n4J/Ngug, wheren=12,...Ns.
large to assure that a tunnel scenario is rigorously applicabIErom
if hy=<wy. In Na:Fg, even at largeB,>20 T, n is far less N7 1
well localized alonge, than in Fgy, which hence remains M,=(gug)—= _f Dn[h,—i(nxn),—n,h-n]
the most favorable candidate for the observation of quantum 4) Z
tunneling. Note, however, that even in fend Cs:Fg, h
So/h is so small that corrections to the instanton techniques Xex;{ - ero[n]/ﬁ) , (11
used below may become lartfe. 0

For h,> w,, the magnetic field strongly confinesr to  jt also follows that, for arbitranh,, M,=0 for h,=0, «
the (y,z) plane and thus determines the tunnel path of the

lect ins. This all ¢ | Wi =y,z, which is a result of the invariance &f, under rota-
zt?igeron spins. This allows one to evaludtg We param- " 0 04p by .35

B. Spin dynamics

n=(cosf,sing cos¢,sinsin¢) ®) We show now that the tunneling dynamicsrofloes not

enter the susceptibility of the FW, i.e., that the imaginary part
of the susceptibility,x”,(»), has no absorption pea®(w
—A/#). To prove this, we calculate the susceptibility of the

and expand., to second order iRy=0—/2,

N#A?2 . 1 inS=sN 3 i i
Lo[n]=ﬁ[—(hx—i¢)2—w§ Sin2¢]+§ﬁ(371[¢]0, total spin,S=%,_,5, in Matsubara representation,
ph
©®) Xealion) = (gue)? [ dreier
where G~ ¢]=(N#2/4J)[ — #*+ (hy—i ¢)>+ w3 sirfp], ¢ .. .
=4d,¢, and wy=sy8Jk,/h as defined above. The typical X[(T7Sa(7)Sa(0)) = (Sa)°], (12)

energy scales for the dynamics @f and ¥ are wg and  wherea=x,y,z. As we will show belowy,,(i®,) contains

hy, respectively. Due to this separation of energy scales, wao terms proportional to 1i,— A/#4). This implies that ac

can use an adiabatic approximation, in whiéhoscillates  susceptibility or ESR measurements cannot be used to detect
rapidly in a quasistatic harmonic potentfal N%2/83) (h  Neel vector tunneling in FW's described y,.

—2ih,¢). Integrating outd, we obtain an expression fay xxx(1®w,) can be calculated from the generating functional
depending only orp.** For kg T/ <wg<h,, we find Z[ 8h,(7)], where sh,(7) is a small probing field added to
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the static fielch,> w,. Because we are only interested in the
low-frequency response of the FW,<A/A<w,, we may
restrict our attention to a slowly varying fieléh, whose
Fourier components vanish fes,=A/A. The typical time
scale for the dynamics ap, 1/wg, is short compared to the
time scale on whichsh, varies. In particular, approximating
Sshy(7) by a constant during instanton passage, we find

ghdr [ N#2
Z[5hx(r)]:exr{f0 7<W[hX+8hX(T)]2

h,+ oh,(7)+ wg FIG. 2. Sublattice spins and total spin of the FW in magnetic
—hf) fields.
phdr A[h,+ Shy(7)] tices of the bipartite AF ring. In order to clarify this point, we
XCOS?{f > 2 | (13 introduce the sublattice spin operators
0
Differentiating twice and settingh,—0, for w,<A/%, Si= > &, S= > 0§, (17)
i=odd i=even
i) = (91s)? N_h+ iﬁz—Atanf(,BA/Z) with S=5,+5;. In a semiclassical description of the FW,
AL B2 143 " 24 oh? spins of one sublattice couple ferromagnetically to each
other. The classical spin fieftfss then obeys =S, /(N/2)
B(1 dA\? s for oddi ands = Sg/(N/2) for eveni. This amounts to treat-
T332 ah, cosh “(BAI2)6, 0|- (14 ing S, and S, as single large spiA€?2with spin quantum

numberNs/2, andH, reduces to
The transverse susceptibilities can be evaluated directly

. . 4] 2k
from 6%/ 6h,(7)5h,(0), a=y,z. Using the parametriza- A — 8 .8 1hh (S8 — 5§ +82 ).
tion in Eq.(5), 9= 6— /2 can be integrated out in the path- osub™ S S (St Se) = " (Sia* 560

integral expression fog,, . After lengthy calculation/Ap- (18
pendix A), we obtain fore,<h, Similar to the nonlinear sigma modéNLSM) formalism
used aboveH , o, provides an appropriate description of the
i 2 N7 low-ener hysics of the FW.
ny(lwn)z(gMB) 23 gy pny .

In Fig. 2, the two classical ground-state spin configura-

tions of F'O,subl are shown. A finite magnetic fielB tilts the
(15) sublattice spins away from the direction Bf such thatS
=S, + S is parallel toB. During tunneling ofn, the sublat-
tice spins retain their position relative to each other and ro-
From Eqgs.(14) and (15) it is evident that none of the tate jointly arounde,. The total spin vectolS, however,
susceptibilities  ,.(iw,) contains a term proportional t0 remains invariant during tunneling such that the real-time
(i, = A/%). In the tunneling regime discussed hef@  spin correlation function does not contain terms proportional
and|e) are energetically well separated from all other statesyq giat/# o equivalently{e|S,|g)=0.
Then, Eq.(15) and the spectral representation ' o

_ N7
XzAl wn)z(gMB)zﬁ-

e, 1 Il. PHENOMENOLOGICAL MODEL
i = i SA iVl ——— FOR THE MODIFIED FW
lw | T

The fact that the susceptibilitieg,,, of the FW show no
signature of the tunneling of is a consequence of the sym-

metry of Ho g UnderS,—Sg. In the modified FW'S[EqQ.
. . . ) (1)] this symmetry is broken, which makes them much more
wh?re [i) and [j) label energy eigenstates, imply that suitable for the observation of tunneling of In this section
(€]S4|g)=0 (a=x,y,z). Although for the parameters of e discuss the saddle-point, i.e., classical, properties of the
Fe, Cs:Fg, and Na:Fg tunnel corrections tox,, Ne-  phenomenological sublattice model for the modified FW. We
glected in Eq(15) can be significant, the main conclusion of generalize earlier wof&=2* to finite magnetic fields and
our calculation—that coherent tunneling mfdoes not enter  show that, in contrast to systems with easy-plane
the susceptibilitiesy,,—remains valid. anisotropy?> in molecular rings with easy-axis anisotropy
Indeede|S,|g)=0 is a direct consequence of the invari- and finite excess spir§ oscillates as tunnels.

ance offl, asi—i+1, i.e., the exchange of the two sublat-  Following Sec. Il B, we introduc&, andS; as defined in

1 ~
‘m)‘ﬁ“wwo@ﬂ (16
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Eq.(17). The HamiltoniarH of the modified FW can thus be
mapped onto a simpler version in terms of sublattice spins,

o _AN-23F+20'sS] o S/yx s Y o Y
subl™ (NS+25$)NS A” SB+ ( A+SB) % SB —]; / —B> SB B
2K, | 1+2(k;s" 2=k s)/(NKS?) ., ., (2 (b) ©
N (1+268s/Ns)? e b FIG. 3. Classical ground-state spin configuratiqgeshemati-

cally) of an AF system with excess spin in a magnetic fi¢hl.k,
19— =0 andh,<h,=|5s/8J/IN%. (b) h,>h, andk,=k.=0. (©
where §s=s’—s, Sy=(N/2—1)s+s’'=Ns/2+ s, and Sg h,>h.. Now, the finite anisotropiek, ,k;# 0 lead to a finite com-
=Ns/2. Throughout this paper we assume the following in-PonentS, perpendicular to the magnetic fieki
equalities:
tion depends on the ratik,/#h,. More importantly, even

| 8s|<Ns, (200 for hy>h., Snow has a component perpendicuaBtoThe
reason for this is that fofs# 0 ork,s'?—k,s*+0, Eq.(19)
|k;s'?—k,s°| <Nk;s%/2,3s, (21 is no longer invariant under exchange $f and Sg if k,
#0. Due to Eq(21) and(22), the component§, andS, of
2J's'<NJs, (22 the total spin can be evaluated perturbatively. With the polar

whereJ,J’>0. Equation(20) guarantees that the modified angle ¢ paramgtrlzmg thg prOJect|on,(i,Bé ont02 the §,2)
FW is an AF system with small excess spin, to which theplan_e, to leading order is and (,s""—k;s%)/2]s we
theory of Neel vector tunneling applies. For both Cr and GaObtaln

dopant ions [8s|=1 and 5/2, respectivelyEq. (20) is well

satisfied. Equatiof21) will allow us to treat the difference in S, w2 Kis'?—k,s? cos¢

sublattice anisotropiesk{s’?—k,s?) in perturbation theory. (Sz) 0 Tt 535 sinzqs( sin ) (24
Typical values ofk, andk, are on the order of only 0.01 hx ¢

such that this condltlon holds for most systems of interest.

Finally, Eq. (22) together with Eq.(20) assures that the AS is ewdent from EQ(24) finite Sy or S, can be due to
“bulk” parameters of a FW are only slightly altered by ex- ds#0 ork; s'?—k,s*#0, i.e., excess spin or unequal effec-
changing one single spin, such that the parameters of thiédve anisotropies foS, andSg.

undoped FW(Table ) still determine whether the modified  According to Eq.(20), the modified FW is an AF system
FW is in a quantum-tunneling regime. However, as will bewith small excess spin which is expected to exhibit spin
shown below, the excess spifs#0 leads to qualitative tunnel dynamics qualitatively similar to the FW, as indicated
changes in both thermodynamic and dynamic quantities. Wy the close formal analogy between E(3) and(19). For
further assume magnetic fields

KgT<h o, 23 max{ 7 g, | 55|8IN]<fih, <4Js, 25)

which allows us to restrict our attention to the low-energy
sector of the FW, which consists of two tunnel-split statesthe sublattice spin vectorS, and Sg lie close to the ¥,z)
only. plane. Due to the easy-axis anisotropy, configurations with
We first discuss the classical vector model of Bf) for S, andSg close to thez axis are energetically favorable. It is
k,=k,=0, but finiteh,. For an AF system with equal sub- noteworthy that the condition,> w is not indispensible for
lattice spins, the spins would lie close to the plane perpenguantum tunneling oh, but only assures that a tunnel sce-
dicular to the fieldh, . As sketched in Fig. 2, tilting of the nario remains applicable for a wider rangekgf(Sec. Il A).
spins leads to a gain in energ;ﬁzhilal. However, for un-  In contrast/ih,>|8s|8J/N guarantees that there are two en-
compensated sublattices, the configuration sketched in Figrgetically degenerate, macroscopically distinct spin configu-
3(a) provides an energy gaids|7h, and hence is favorable rations between which spin tunneling may take pfaeand
for Ah,<|8s|8J/N=7%h.. Only for h,>h, is the classical hence, in general, will shift the range of magnetic fields in
ground-state spin configuration as sketched in Fig).3’he  which a tunneling scenario as discussed in the present con-
energy is minimized if the projections &, andSg onto the  text(Fig. 1) is valid. Henceforth, we will always assume that
(y,2) plane are antiparallel, such th@& S,+ S is parallel By is large enough to satisfy E(R5). For sufficiently large
to B. This picture remains valid for a system with eadgne  k,, the two-state model for the low-energy sector of the sys-
anisotropy and applied in the easy plarfe. tem outlined in Sec. | then still applies. As Eg4) indicates,
The scenario changes for eaayis (e,) anisotropy and a the modified FW exhibits one important novel featurenas
magnetic fieldB perpendicular tce,. First, the anisotropy tunnels betweee, and—e, (¢=u/2 and¢=3x/2, respec-
favors the spin configuration sketched in Figb)3over that tively), thez component of the total spilg,, oscillates be-
in Fig. 3(@). The true classical ground-state spin configura-tweenso=[5Sw§/h§+(k;s’z—kzsz)IZJs] and — S,.
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oS
N+ —
S

Bh
dr
0

i 5S¢p(1+cosh) +i (nxn)-I

IV. THERMODYNAMICS OF THE MODIFIED FW f
- . (30

In order to quantify the statements onélleector tunnel-
ing in modified FW’s(Sec. Ill), we now develop a semiclas- , .
sical theory of the modified FW. In this section, we discussTEe f|rsttterm IS ?u?hto tg?:facé tha(}, fas+0, threESBerry—
thermodynamic quantities such as the magnetizaiqrand P asg erms i?—l € -ordered compone w[n]
specific heat, . While our theory treats the spins semiclas- T SZi=2@[(—1)"""n] :_de[NS¢7+3 6s¢(1+cos6)] do not
sically, we give the explicit dependence on the microscopic@dd to an integer multiple of 2.°"

parameters ofd [Eg. (1)]. To this end we evaluate the par- Carrying 01;;[1 the Gaussia_m integra_l ovewe obtai_nZ
tition functionz, thus generalizing the procedure reviewed in =/ Pnexp{—Jo d7L[n]/A}, with a Euclidean Lagrangian

Sec. Il A to systems wittk,#k,, J’#J, and s#0. The 52

most significant change is that, f@is#0, the staggering L[n]= N_~{_(h+ han,e,—inxn)?

[Eq. (3)] must be modified in order to account fﬁr:s’z. 8J

The ansatz s ~2 2
+ [(h+ hAnzez) . n] - wOnz}

s=s'n+ I, +8shi[h-n—ig(1+cosh)], (3D)
, _ where
s=(—1)"sn+l Vi#1 (26)

is equivalent to the assumption that spins within sublat’ces i _ (N=2)J+2s"J'/s

and B are ferromagnetically coupléd?'=?*The results for N (N+ 8s/s)?

the magnetizatioM, and susceptibilities obtained from this

ansatz turn out to be in good agreement with those obtained 2(k,s?—k.s'?)

from numerical exact diagonalizatiqiED) (see below and hA=m,

Sec. V) as long agJ’'/J—1|<1. We restrict ourselves to this

case first and discuss further limiting cas¥s<J and J’ 83

>J in Sec. VI. w3=—T[(N—1)k,s?+k.s'?]. (32
As for the FW* at low temperatures spatial variations of ° N ‘ ‘

the Neel field n, and the fluctuation$ around it, are sup- Equation(31) is the analog of Eq(4) for the FW. A finite

pressed in small ring system. With the coherent spin stategycess spinss of the modified FW leads to two significant
defined in Eq/(26), changes irL[ n]: first, the typical energy scales of the system

are slightly renormalized)—3J and wy— w,, even forJ’
Z=f Dn DI §(n-1)e SnlA, (270 =J andk,=k,. More importantly,L acquires an additional
term due to the Zeeman energy and Berry phase of the un-
where compensated spifisn. For all cases of experimental interest,
N due to Eq.(22), we havehA<Z)0<hx. The h,-dependent
+52 o terms in Eq.(31) hence lead only to minor modifications of
i=2 the thermodynamic properties of the modified FW compared
gh to the FW, but feature in the dynamics.
+ J drH[n,lI]. (28) We will show now that, foh,# 0, n and hence the excess
0 spin no longer trace a tunneling path in the#) plane. As
can be seen from

1 : 1
n+—1 (—1)""in+ =1
s s

S[n,l]=—iﬁ(s’w

Here,
2
H[n,l]=2[(N—2)J+23—S:J' 12+ N+§ h-| L[¢>,0]=%[—(hx—i&)Z—Z)gsinng]—iﬁcssa)
2 N7%2| . . -
—[(N—1)|<Zsz+|<;s'2]n§+§(|<Zsz—|<;s'2)nz|Z +§ 6%+ cog 0((hy—i ¢)2+ wa sirf )
+ 8stih-n (29

is the classical energy of a given spin configuration. The
small term[(N—1)k,+ k;]li has already been neglected. (39
The first term in EQ.(28) is the Berry-phase term, where

0[] denotes the area traced out by some ve@ta) on the  the time scales for the dynamics @¢fand 6 separate due to
unit sphere. Here, we use the south pole gauge., Eg.(25), and we can again invoke the adiabatic approxima-
o[Q(7)=-¢]=0). Expanding the Berry-phase term to tion used in Sec. Il B. Her® oscillates in a slowly varying
leading order in with the parametrization Ed5) yields harmonic potential with the potential minimum &4, where

+2 cosf(h,—i ¢)( 55% +hpsir?e sinng) } .
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CoSfy=—

h—i¢ (ﬂ
(hy—i¢)?+ w3 sirtg \ N

Corrections to the adiabatic approximation are beyond the
order of the present calculation. Equati(®¥) shows that
finite s#0 orh,#0 leads to a shift in the saddle points of
the LagrangiaL[ ¢, 6] away froméy= /2, which is due to
the fact that therS,— Sg no longer lies in they,z) plane
[Fig. 3(c)]. Expanding Eq.(33) to second order iny= 6

— 6y and carrying out the Gaussian integral overwe ob-
tain a ¢p-dependent effective Lagrangian

2
L[¢]:%[—(hx—iéﬁ)z—aésin%]—iﬁ(

he - -
+ﬁ_+0(a)0/hx,NhA0)0/8J)

2

8+ h,sirP ¢

5+1
)

(34)

¢

(39

Comparison with the corresponding Lagrangian &s=0

[Eq. (7)] shows that, to leading order in the excess sgBn
and anisotropy fielch,, the only effect of an excess spin
is to introduce an additional topological phase ds¢. In
particular, in contrast to the cash,=0 discussed in
earlier work on tunneling in ferrimagnets;?* the potential

PHYSICAL REVIEW B 64 224411

M,[9ug]
w

s 5
B,[4J/Ng]
FIG. 4. Schematic plot of the ground-state magnetization of a

modified FW with integefsolid line) and half-integefdashed ling
8s, respectively.

The most significant change in the thermodynamic properties
of the modified FW is that, for half-integefs, the zeros
of A and hence the magnetization steps are shifted by a mag-

netic field ﬂ/Ng,uB, i.e., half of a magnetization plateau,
compared to the unmodified whe@lig. 4. The magnetiza-
tion plateaus then lie at half-integer spin values. At [dw
the specific heat, should exhibit a characteristic Schottky
anomaly, with a peak &af,=0.4A/kg. So far,c, has been
measured only foB,=0 in Fg, and Fg samples® Mea-
surements offy in ¢,(T) for varioush,> %, would in prin-

barrier and hence the real part of the tunnel action ar&iple allow one to observe the characteristic sinusoidal varia-
only slightly altered by the excess spin. This is due to thetion of A as function ofh.

fact® that, for zh,>|58s|8J/N [Eq. (25)], the system is in

The width of the magnetization plateautB. ;=B n1

the AF regime in which the tunnel splitting is only slightly — Bc,n=4TJ/Ng,uB, whereB. , is the field at which the mag-

modified by the excess spin. Note that E85) is formally

netizationM, exhibits thenth step, is a quantity which is

identical to Eq.(7), which provides a rigorous proof of the accessible in experiments and from whi'hcan be inferred.
statement that the modified FW also may exhibit tunneling ofOur theory predicts
n for sufficiently large anisotropy, as already claimed on ba-

sis of physical arguments at the end of Sec. lll.

Using the same techniques as for the FW, we find

N7 2 ht+ o
_ 2 X 0
Z—ex;{ﬁ( & hy—# 5
with the tunnel splitting

Z(hx):ZO

~ [N#&
sinm| —h,+ 8s
4]

ot o

(37

where S/fi=Nwo/2] and A= 8% wo\S/2mh exd —S/#].

From Eq.(36) it is also straightforward to derive all thermo-
dynamic quantities of interest. In particular, for the free en-
ergy F, the magnetizatiotM,, and the specific heat, we

i

obtain

wot+hy, N2

F=# ———hZ-Incos
8J

2 B

My=(gue)

~\ 2
A
c\,=kB<'87) cosh‘z(

N7ih, 1+ 1 aZt
4 2 2hh

63

2

|

—_—

(%]

(39

(40

SBon(J))— 8Ben(d' =J)=8 sls (- (41)
e ef (N+8s/s)2 9us

In Fig. 5 we compare the functional dependence predicted by
Eq. (41) with the results of ED on small ring\\=4, s
=2,s"=3/2 (upper pang| ands’ =1 (lower pane), respec-

0.04 | §'=3/2
0.02

o 1% plateau
o2® plateau
> 3% plateau

-0.02
-0.04

004 | o' g

0.02 | /9/@/8/

8-
of 0 1% plateau
b 2" plateau
-0.02 ¢ (o 39 plateau

-0.1 -0.05 0 0.05 0.1
JN -1

ch.n(J’)_ch,n(J) [4J/N ¢} uB]

FIG. 5. Comparison of EBsymbolg and analyticalsolid line)
results for the difference in plateau widtéB, (J') — 6B¢ (3’
=J) as function ofJ'—J for §s=—1/2 (upper panel and &s
=—1 (lower panel. N=4, s=2, k,=k,;=0.1]. The numerical
error of the data pointst0.002<4J/Ngug is smaller than the
symbol size.
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tively, for |J'/J—1]|=<0.1*° The ED results are in good N 1
agreement with the analytical result. The deviations for XA T)=(9up)?—= (1) +(gug)’=
|3'/J—1|=0.1 signal the breakdown of our ansatz in Eq. 4J z
(26) for J’ significantly different fromJ (see Sec. VI beloy Bh

We show now that although, for a given directiompthe X f D¢ eXp( - J’O drL[
total spinS acquires a component perpendicular to the field

¢>]/ﬁ)
~2

B, the magnetizatioM ,=0 still vanishes fora=y,z. We Nfiha “o 3
define the fieldsma(r)=5fer[n]/5(ﬁha(r))|han such X\ = 0 sing(7)+ 5SFSI &(7)
that M ,=—(gug)SDnm,(7)exp(-fd7/h)/Z. Using Eq. NAh ~> i
H w
(33), we obtain X( _ 4jAsin¢+6sh—§sin3¢). (44)
X

N7 .
mz=E[— han,(1—n2)+h.nen,+i(nxn),]+ dsn,
In stark contrast to the undoped FW, the path integral in Eq.

) (44) gives rise to terms proportional to dxpA|#/%] such

N -~ o
== 5 Nasing+ 5S(h _i(.ﬁ)zsm% that, upon Fourier transform, the susceptibility in Matsubara
X ~
representation contains termsik{+A/#). The path inte-
+i ﬁéo cosg+O(9), (42) gral is most easily evaluated in a Hamiltonian description.

We requantize the fields and use an effective two-state
Hamiltonian to evaluate the matrix elements. Inserting the

with 6, defined in Eq(34).”* As follows from the invariance expression foh,, . we find (Appendix B

of H under rotation arounB by M,=M,=0 for arbitrary
h, . In particular, atT=0, M,=0 indicates that the ground

state is not a state with definite direction mf but rather a - B k.s'2—k,s?) J
coherent superposition of such statd$))+||))/\2, as (elSlo)l=|—= NS
. / 2Js(N+ 8s/s) N%Z wq
expected for a system which shows coherenelNeector
tunneling. w2 5
+0s—|1-3——||, (45
V. DYNAMICS OF THE MODIFIED FW hX N% wo

As we have shown above, the effective actigrb] of the

modified FW[EQq. (35)] is formally identical to that of the "R EN — 20/ e 2 @) %
FW [Eq. (7)]. In particular, for large anisotrop,, such that Xed 0=A1%)=m(gue)’l(elS|g)[ tan 2 S(w=AlR).

S/fi>1, the modified FW is in the quantum tunneling re- (46)
gime (Sec. Il A). In this section, we evaluate explicitly the
spin susceptibilityy,7) for the modified FW. Equations(45) and(46) are the main results of this section.

In order to motivate this, we first calculagg, using the ~ For ds=—5/2 or—1 (for Ga and Cr dopants, respectively
results of the classical vector mod&ec. Il)). Forn alonge,  |(e|S,|g)| can be of order 0.1 even fdr,=3wy. For kgT
or —e,, thez component of the total spin vector is finite, <A the susceptibility of the modified FW then exhibits a
S,=*Sp, where So= 55“’(2)/h>2<+_(k£5’2_kZSZ)IZ‘]S' For  resonance ab=+A/% which is accessible in ac suscepti-
n(t=0)=e,, the coherent tunneling of then results in an bility or ESR measurements. The termﬁlth)o

oscillating S,(t) = Sycos(At/%), such that the Fourier trans- ~ .
form of the (real-time susceptibility exhibits an absorption . L(257%) in |<_e|SZ|g>| are quantum corrections to the clas-
sical result derived at the beginning of this section.

" X _ 2 A _ X X . .
pole x; (0=A/h) = m|So|*tanh(BA/2) 5(w — Alf). So far we have ignored decoherence of the spin tunneling,
Generalizing the procedure for the Flppendix A) to  \hich is crucial for the notion of MQC. The conditioR

33?;92' we calculate the quantum corrections to this reSlJItzZ/f’z, wherel is the electron spin decoherence rate, marks

the transition from coherent to incoherent tunneling dynam-
N7 ics. As is evident from the classical vector model discussed
X2A7)=(gug)?—=(1—(sirt$)) 8(7)+(gus)? in Sec. lll, S, follows the tunneling dynamics af. In par-
4J ticular, for a single modified FW, the decay rate of
sh [(n,(t)n,)|, T, is also the decay rate of the component of
X f Dn exp( —j drL[n]/A |my(7)m,0), [(S,(1)S,)| oscillating at frequency/#. ForI'+0, the s peak
0 in Eq. (46) is then broadened into a Lorentzian of widthin
(43  experiments carried out on an ensemble of modified FW's,
inhomogeneous broadenir(g.g., due to crystal defects or
with m,(7) given in Eq.(42). As for the undoped FW, the pyclear spinsadds to the width of the resonance peaks. The
correlations of thed terms inm,(7) give rise to a strongly  experimentally determined linewidth of the absorption and
peaked term dug) 2N 8(7)(sirP¢)/4d. We hence fintf emission peaks provides an upper limit fior This should

N|

224411-8



THERMODYNAMICS AND SPIN-TUNNELING DYNAMICS . .. PHYSICAL REVIEW B 64 224411

05
04 04
S oosl = ) ] _ , - ED
@0 analytical 5, ° =32 ___ analytical
o 02r -~
v ) oo -0 ° ED
L oy Lo §= I :
0.1 i 0.2 X analytical
4] + + + ¥ 3
04 o
S 03} - ED ]
o' B —— analytical 0 2 4 6 8 10
T o2 B[J /gus)
-_— %%% . . . .
0.1 ¢ o FIG. 8. Transition matrix elemen{e|S,|g)| obtained with the
0. 2 ” . . T phenomenological sublattice HamiltonigRq. (19)] for Fe with
B{J /g 1] ones=>5/2 substituted bya) a dopant withs’=3/2 (e.g., Cj [nu-

merical datg ¢ ), analytical predictiorfsolid line)] and(b) a dopant
with s’=0 (e.g., Ga [numerical data(O), analytical prediction

, ) - (dashed lingl. Note that, in this case, the numerical data is not
the lower panelk,=k; =0.053) is chosen such tha/fi=3.3 asfor  ained from ED of Eq(1), but rather of Eq(19). For simplicity,
Feéo. ~The analytical ~ result (solid ling is shown for we assumed)’=J and k;=k,=0.0088. The analytical results
maxwo,|5[8J/N]<#ih,<4Js Due to Eq.(25), our theory is rigor-  (solid and dashed lingsare shown for maao,|s98J/N]<7ih,
ously valid only for fields much larger than n[éﬂ;o,|85|8J/N] and <4Js See also caption of Fig. 6.

much smaller than Jis.

FIG. 6. Transition matrix elemente|S,|g)| for small rings,N
=4 with J’=J, s=5/2, s’ =2. In the upper panek,=k,=0.1. In

=0 is well understood within the theoretical framework pre-
allow one to settle the experimentally unresolved prObIem Ofsented heréEq (45)] The very |arge difference in matrix
whether true quantum coherence is established in ferriglement magnitude illustrates the importance of looking at
wheels. doped rings in experiment.
Finally we compare our result for the transition matrix e conclude this section by remarking that, for finite ex-
element|(e[S;|g)| entering Eq.(46) with results obtained cess spinss, the second transverse susceptibil,(«)
from ED on small rings for a wide range of paramet@fgs. also has an absorption poleatA/%. However, sinceg, is

6—-8). For simplicity, we assum@é’=J. In the range of va- i : . STy
. : a hard axis, the spectral weight of this pole is significantly
lidity of our theory[Eq. (25)], for 450 (Figs. 6 and § the smaller than that o (w), such that Nel vector tunneling

agreement of ED<¢ ) with analytic result§—) is both quali- o ; . .
tatively and quantitatively convincinty. The small oscillat- in the modified FWS can be more easily detected by probing
tge latter quantity.

ing features seen in the exact results are due to tunnelin

corrections O(exg —S/#%]) to |(e|S,|g)|, which were ne-
glected in Eq.(45). For Fig. 7, whereds=0, our theory
makes the correct qualitative prediction thée|S,|g)| de-
pends only weakly o, , but overestimates the matrix ele-
ment. However, due to the smallness of the matrix element The deviations of the ED results from our theoretical pre-
for 8s=0, the discrepancy can be due to terms neglected idictions shown in Fig. 5 indicate that, fdr/J<1 or J’/J
the derivation of Eq(35). The significantly different quali- >1, the theory developed in Sec. IV is no longer immedi-
tative features of Fig. 7 compared to Figs. 6 and 8 arise fronately applicable. Indeed, results obtained by ED for the
the fact thatds=0 in Fig. 7. The different functional depen- ground-state magnetizatidvl, in small rings N=4, s=2,
dence of|{(e|S,|g)| on h, for the two cases’s#0 andds  ands’=3/2) (Fig. 9 indicate that one of the main results of
Sec. IV—thatM, exhibits a series of equally spaced magne-
0.03 ‘ ‘ , tization steps—does not hold anymore. As we will show be-

VI. THERMODYNAMICS AND SPIN DYNAMICS
FOR J'/J>1 AND J'/J<1

0025 | low, this is due to the fact that our ansatz, E2p), needs to
be modified ford" significantly different fromJ. In this sec-
5 0 tion we show that, for the limiting cases df>J or J’
@ 0015 PR 1 <J, the modified FW can be mapped onto the problem dis-
% ol Ko ”W cussed in the preceding sections. We discuss the qualitative
oos | - ED b features ofM, for these systems and show that coherent
—— analytical tunneling ofn also results in coherent oscillations of the total
% 2 4 6 8 spin.
B [J/gu,] J’'<J. In this limit, s; decouples from all other spins and

FIG. 7. Transition matrix elemeri{e|S,|g)| for a small ring ~ aligns antiparallel ta for ﬁhX;J’s. The remaining spins_
N=4 with J'=J, s=s'=2, i.e., 6s=0, butk.=1.%, and hence ~$, S3, . ..,Sy form an open spin chain, as sketched in Fig.

ha#0. Again, k,=0.0655 is chosen such thaf/7i=3.3, as for ~10(a). As shown in Appendix C, the Lagrangian of an open
Feo. The analytical result (solid line is shown for Spin chain with an odd number of spins can also be mapped

max{fwg,|858J/N]<#h,<4Js See also caption of Fig. 6. onto Eq. (35), with 8s=s and slightly renormalized
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8 v — more importantly, as we have shown, also J6,<J andJ’
6 J=0.1J e >J the modified FW can be mapped onto the Lagrangian
2 4 [Eg. (31)] of a system which exhibits quantum tunneling of
=2 QeSS n. In all cases discussed above, the quantum tunnelimg of
=2 1 leads to coherent oscillations of the total sBiand thus can
0 0°° : . : s be observed in ac susceptibility or ESR measurements.
B,[J/gu,]
8 Vil. DISCUSSION
— © NN The theory described in Secs. 1V, V, and VI allowed us to
gl': 4 T 1 derive explicit expressions for both thermodynamic quanti-
; 5 - 1 ties[Eqgs.(39) and(40)] and the susceptibilitiy}, [Egs.(45)
L and (46)] of modified FW's. In order to establish a con-
%, ‘ 0 30 20 nection with experimental issues, we now outline the steps
Bx[Jfg“’B] necessary to detect coherentdNeector tunneling. For sim-
FIG. 9. M(B,) at T=0 for a small system witld’<J (upper  plicity we restrict our considerations to fgewith Ga (és
pane) or J’>J (lower panel. Here,N=4, s=2, s'=3/2, k,=k, =—5/2) or Cr (5s=—1) impurity ions and assum#& =J.
=0.1. For finite excess spiAs, the two energetically degenerate

spin configurationgFig. 1) required for coherent spin tun-
=JIN(N—2)/(N—1)>. We predict thatM, has the following neling as discussed in the present work certainly exist if
features. fih,>|5s|8J/N [Eq. (25)]. This tunneling regime is well
(i) My=gug(s'+s) for 2J's<#h,. within experimental reach for Cr dopant8,&9 T), but not

(il) For maX#@g,583/N]<#ih, <4Js, M, exhibits a se- for Ga dopantsB,>23 T).* For Cr dopantsg’ +0), how-
ries of equally spaced magnetization steps with plateau widtever, the two new parametets andk, introduced inH [Eq.

6B n= 43/Ngug . Depending on whethess is half-integer ~ (1)] must first be determined in order to characterize the ring
or integer, the plateaus correspond to states with half-integeiystem.
or integer total spin, respectively. Both J' andk, can be obtained from the measurement of
J’>J. In this limit, the spinssy, s;, ands, are strongly two independent thermodynamic quantities, such as the
coupled. In a semiclassical picturg, aligns antiparallel to ground-state magnetization and tunnel splitting. A schematic
sy ands, and the three spins act as one single si@a  plot of the ground-state magnetization for integar(O) is
—s’| coupled tos; andsy_, with exchange constagt[Fig. shown in Fig. 4. Although the magnetization steps are
10(b)]. For simplicity we assume’'<2s. Then, forzh,  sSmeared out at finite temperature, fos1 K, the magneti-
<J'(s—8s+1), A can be mapped onto a Hamiltonian of zation step spacin@gB, , still can be obtained with high
the form of Eq.(1) with N=N—2, J'—J, k,—(k.s'?  accuracy’ With 5B ,=4J/Ngug and Eq.(32), this allows
+2k,s2)/(2s—s')2, ands’'—2s—s'=s—&s. Because all One to determing’. The on-site anisotropy, can be ob-
N—2 exchange couplings in the new Hamiltonian are identained fromA which depends sensitively on the tunnel ac-
tical, the theory developed in Secs. IV and V remains applition Soc\L(N 1)k,s*+k,s'? and hence ork,. The tunnel
cable. In particular, for the ground-state magnetizaibp  splitting A (and hencek.) is accessible either in ac suscep-
we make the following predictions. tibility or ESR measuremen{&q. (46)] or in measurements
(i) For maiﬁz)o,|5s|8J/(N—2)]<th<4Js, M, ex-  of thermodynamic quantities, such@s. Torque magnetom-
hibits a series of equally spaced magnetization steps witktry is another experimental technique which has been used
6B n=4J/(N—2)gug. Depending on whethefs is half-  to determine the anisotropy constant with quasispectroscopic
integer or integer, the plateaus correspond to states with hal&ccuracy*
integer or integer total spin, respectively. OnceJ’ andk, are known, Eq(46) determines both the
(i) Forfih,=J'(s— ds+1), the Zeeman energy is suffi- position and the spectral weight of the resonancg’jfw)
ciently large to destroy the AF configuration §f, s;, and  which arises from coherent quantum_tunneling rof The
s,. This results in a series of additional magnetization stepgharacteristic functional dependence &f[Eq. (37)] and
with spacingJ’. I{e|S,|9)|? [Eq. (45)] on h, predicted by our theory can be
Note that a similar argument also applieg i< 0. In this  checked experimentally. Finally, it is noteworthy that, al-
case, the three sping, s;, ands, are ferromagnetically thoughA can be determined from thermodynamic quantities,
coupled and align parallel. Again, the system can be mappetthe key problem of MQC is the measurement of the decoher-
onto a smaller rindas in Fig. 10b)], where nows’ —2s ence ratel’ which is accessible only in dynamic quantities,
+s’. The magnetization curve resembles the one shown isuch as ac susceptibilities.
the upper panel of Fig. 9. In Fig. 9, ED results for small rings  Throughout the current work, we have considered FW'’s
with N=4, s=2, s’"=3/2 are displayed. The qualitative fea- with only one dopant ion. As we have shown in the preced-
tures agree with all the above predictions. ing sections, thermodynamic and dynamic quantities of
We conclude that even the qualitative featuredvgfal-  doped FW’'s may differ significantly from those of undoped
low one to estimate the parameférof a modified FW. Even FW's. In the large samples investigated experimentally, dop-
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@ <<J tunneling may take place. In natural horse-spleen fertftin,
J=200 K andds/N=0.05. For a system with uniaxial hard

axis anisotropy,, ,=k,=;s?,, the tunnel barrier and hence
the tunnel action can be effectively controlled over a wide
range of parameters by varying the magnetic fi&lcapplied

in the easy plan& Tunneling in the plane perpendicularBo
gives rise to a topological phase acquired by the sHifi$®

A drawback of the setup considered in Ref. 25 is that, for
uniaxial hard axis anisotropy, spin tunneling leaves the total
spinSinvariant if B is applied perpendicular to the hard axis.
As for the FW with equal sublattice spins, spin tunneling
cannot be observed in ac susceptibility measurements.

FIG. 10. (a) ForJ’' <J, s, decouples from all other spins and the ~ However, experiments indicate that, in addition to the
modified FW can be mapped onto an open Spin chain exc|®ing Strong hard-axis aniSOtrOQy, ferritin E}ISO exhibits a second
(b) ForJ'>J, sy, s;, ands, are strongly coupled such that they weak hard-axis aniSOtmpMan,y:kyEiSiz,w wheré® ky 7k,
can be described as one single large spin. The Hamiltonian of the-1073, |In self-sustaining films of natural horse-spleen
ring then maps onto that of a modified FW with=1J. ferritin, the hard axis, is perpendicular to the filrf In the

simplest experimental setup, interference of different spin
ing will lead to a random distribution both of the number of tunnel paths then could be explored if a fieRl=B,e,
dopant ions and of their position relative to the direction ofis applied along the hard axis. As long Ak,<Nk,s?/ 5s
the magnetic field. We defer a detailed analysis of these ist=10 K for horse-spleen ferritip due to the large anisotropy
sues to a future publication. Here we note only that the ranenergy the spins remain confined to the film plane such that
dom distribution of impurities does not invalidate the abovethere are again two energetically degenerate spin configura-
considerations and stress the qualitative features which etions similar to Fig. 1. Tunneling takes place in the plane
sure this. The choice of a low impurity concentration resultsperpendicular td3, with a tunnel splitting
in a large majority of the FW’s containing no dopants or
having only one dopant ion, which allows one to extract the
system parameters of the singly doped FW'’s. When intraring
dipolar interactions make a significant contribution to the
effective uniaxial anisotropk,, doping with only one ion Where A;=5x10"° K and the total staggered spin B,
changes the effective anisotropy from uniaxial to biaxial. The=2.5xX 4500 for natural horse-spleen ferriti.is periodic as
theoretical framework presented in this paper can be readilg function ofB,, with a periodéB,=4J/Ngug (=0.13 T for
extended to account for biaxial anisotropies. Because theatural horse-spleen ferritinThe advantage of this tunnel
original uniaxial anisotropy dominates the biaxial correction,scenario is that quantum tunneling ofalso results in a
the altered tunnel splittingd; in a singly doped FW have a tunneling of the excess spifis and hence leads to a large
magnitude similar ta\ for the undoped FW and a separation 'esonance peak in the susceptibility per ferritin molecule,
which is small by comparison. Thus ac susceptibility or ESRI-€.,
measurements can be expected to observe signals corre-
sponding to reversals of the total spin accomPanyiﬁgINe
vector tunneling and governed by the frequendigs

N7

A=Ag|cosm| Syt th

, (47)

1 BA
Xl 0=Alh)= 5 m( 5s)2tanl‘( 7) S(w—Alh). (49)

The factor 1/2 takes into account the random distribution of

VIIl. SPIN QUANTUM TUNNELING IN FERRITIN easy axes in the film plane. Due to the spread in particle
) o ) _number, the total staggered spin of the system can be either
The theoretical framework developed in this work is quitejnteger or half-integer. Hence, one will observe two different

general and applies to other systems besides AF ring Syggnnel splittings varying witth, as A=A o|cos@Nih,/4d)|
tems. In particular, the results of the classical sublattice,q A=A,|sin(mNAh/4d)|. An experimental confirmation
model(Sec. II) can be easily extended to different systems.q¢ this hehavior would provide further strong evidence that

In order to illustrate this point, we now discuss naturalihe resonance observed in ac susceptibility measurements in
horse-spleen ferritin and artificial magnetoferritin, in which ferritin'®2is due to macroscopic spin tunneling. In particu-

spin quantum tunneling has already been studied experjy; the period of the oscillations ok as function of the
mentally®~*°and theoretically?~*>**The experiments were applied fieldB, would allow one to estimate the total number
carried out in the presence of small static magnetic fieldf tunneling spins.
(B,=10"° T). In this regimeB,# 0 leads to an energy bias
between the state$) and||), and tunneling is suppressed for
increasingB, .

Recently it was showf that, for sufficiently large field, The AF ring systems discussed here, modified ferric
i.e., ihy~|8s|8J/N, there are again two energetically de- wheels which are already available to experimentalists, com-
generate spin configurations between which spin quanturbine the advantages of AF and ferromagnetic molecular mag-

IX. CONCLUSION
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nets. The tunnel splitting is sufficiently large that quantum andg factors*** could account for the observed broad dis-
coherence between macroscopically different states is estafiibution of tunneling rates in Mp. A

lished. Tunneling of the Na vectorn also leads to a tunnel- Finally, we stress once more that the HamiltonkhEq.

ing of the total spinS, thus making the spin dynamics in (1)] discussed in this paper is a simple model Hamiltonian,
modified FW’s accessible to experiment. We have considerehich still leads to fascinating novel features in the physical
the simplest realistic model Hamiltonida [Eq. (1)] for a properties of the modified FW's. However, as discussed in

system in which, for example, one of the Fe ions is eX_Sec. VII, realistic systems might require modification of Eq.

» (1). Generalization of the present approach to more compli-
changed by Cr or Ga. We showed that the additional param:_. g anisotropies is, however, straightforward.

eters entering:l can be inferred from equilibrium quantities
such as the magnetization_. Morgoyer, for a wide range of ACKNOWLEDGMENTS

parameters, the system still exhibits MQC in the form of

coherent tunneling ofi. Finally, we calculated spin correla- ~ This work was supported in part by the European Net-
tion functions of the modified FW and showed that tunnelingwork MoINanoMag under Grant No. HPRN-CT-1999-00012,
of n can indeed be observed in ac susceptibility or ESROY the Federal Office for Education and Scier@&BW)

experiments, which allow one to measure both the tunneBern, and by the Swiss National Fund. We are indebted to F.
orsa, A. Cornia, V. Golovach, A. Honecker, A. Lascialfari,

splitting A and an upper bound for the spin decoherence rat%I . . .
I'. Hence they should be appropriate to verify experimen-V- Leuenberger, and in particular B. Normand for stimulat-

tally that Neel vector tunneling in FW's is coherent. ing discussions.
Throughout this work we have used spin coherent-state
path integrals leading to a NLSM description for the modi- APPENDIX A: SUSCEPTIBILITIES

fied FW. The main advantage of this technique over ED IS |, this appendix, we sketch how the transverse suscepti-
that thermodynamic and dynamic quantities can be evaluateg)ities Yaali®n), @=Y,z, can be evaluated for the FW with
for a realistic system size. In addition, an intuitive physical R o T

understanding of the spin dynamigguantum tunneling of HamiltonianH, [Eq. (2)]. With My=M,=0,

n) can be obtained. A drawback of the analytical approach N% N7\ 21
chosen in the present work is that it naturally requires ap- x,,( r)=(g,uB)ZH5(7)(1—(ni))+(g,u3)2(ﬁ) 7
proximations. Corrections to our results, in particulas 1/

corrections, may become appreciable for the parameters of ) )

the FW’s. However, our analytical results fdte|S,|g)] Xf Dni(nXn)+nghny ] Li(nXn),
agree well with ED results obtained for small systems. For

the parameter range explored in ED, deviations from our +n,hn]oex —jﬁhd Lo[n)/%
theoretical predictions become significant mainlysif is @ XIxI0 0 Tho
small (s"=1/2 or 1), where the ansatz, E&6), fails due to

large quantum fluctuations &. Although numerical work . T )
ongrings withN=6, 8, and f(fl) is challgnging, some results Using the .parametrlzatlon in E¢5) and expandmg to sec-
have been obtained for the ground-state magnetization arfg'® ordder ing=§—mi2, for a=y the terms in square brack-
torquel® A detailed numerical study also of spin correlation € €&

functions would provide clearer evidence for the range of . . _ - R
validity of the present approach and could explore its limita- i(nxn)y+nyh,n,=—(h—id)d cosg—idsing. (A2)
tions. For example, as is well knOWn, the sublattice Ham”'The Corresponding expression far=z can be obtained by

tonian, Eq.(18), is exact forN=4. For increasingN, how-  setting p— ¢— /2. Integratingd, we obtain
ever, ED resulfS show that there are small deviations from

- N7# N7#
Ho.subr: Xoy(7) = (Gpe) 45 (1= (coS ) 6(7) +

: (A1)

where the firs{secondl square bracket is evaluatedat0).

2
Note that our work also has important implications for H) v
undoped ferric wheels. Recent torqileg, ,>° and proton o
1/T, measurement$ on single crystals of various f&om- Xf f !
= o . D - drL Ih
pounds indicate that these FW’s could exhibit physics be- ¢ ex 0 7Ll ¢]
yond the Hamiltonian, Eg.2). One important future step in

explaining the new experimental data will be to clarify to X{Gys(T)[hy—id(7)]cosd(7)(hy—i¢)cosed
which extent the observed phenomena can be attributed to ) . .
inhomogeneous level broadening. The theoretical framework +iGyy(7)[hx—i¢(7)]cosd(7)sing

presented here allows one to calculate analytically the inho- . : .

mogeneous level broadening resulting from a random distri- +iGyy(7)sing(7)(hy—ip)cose

bution of single exchange coupling$ and on-site anisotro- +i2G; (7)sing(7)sin ). (A3)

piesk, which could be a consequence of lattice defects in
Fe; crystals. Indeed, recent work on Mrsuggests that lat- The Green functions are defined I&,,4(7)=(T,9(7)9)
tice distortions? and a distribution of anisotropy energies —(9)2. In the high-field limith,> w,, all Green functions
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are strongly peaked at=0. Using the adiabatic approxima- For h,>w, the state|l) describes a Gaussian probability
tion outlined in Sec. Il A, we find fronbo[n] [Eq.(6)] [upto  distribution for n in the plane LB with variance

2112 ~ ~ ~
O(wi/h)] (1] co2|1)=2IINhawy=1/(3/%) (Sec. Il A. Expanding
23 sing=+*(1—cog¢/2) for ¢p=m/2 and ¢p=3m/2, respec-
Gyy(r)= —_ef(hxfi<'/))|r|, (A4) tively, we obtain
N7 (hy—i )
1 ~
2] . e|sin ==|(T]sin —(l|sin =1-—.
(B2)
Gw(r):ﬂé(r)— 2J(h—i¢) ef(hxfiz-,b)\f\’ (A6) The.tgrms.<i|sin¢|T> are of prder e'xlp—g‘/ﬁ] .and hence
N7 N7 negligible in the weak tunneling regime. Similarly, we also
where ¢ = ¢(0). Along the classical path, the field varies find
on a time scale 1y, i.e., slowly on the time scale over ~
which the Green functions vanish, which allows us to set \(e|sire|g)|=1—3 J (B3)
exd —(h—i)|A]—[2/(hy—i $)18(7) in G4y andGj; . Be- N7 wg

causeG 3= —Gjy the second and third terms in EGA3)

cancel. To leading order img/h, we then obtain
APPENDIX C: EFFECTIVE LAGRANGIAN FOR AN OPEN

AF SPIN CHAIN

N#A
~ 2___
Xyy(7)=(G1e) 4] In this appendix we show that an open spin chain with an

h odd numbeN—1 of spinss, i=2,3, ... N, can be mapped
X | (1—(coSp+sitp))d(1)+ X o=yl onto the Lagrangian of a modified FW. For simplicity we
2 restrict ourselves to the chain
N7h N7
=(gue)’ g3 € ™=(gue)* 75 8(r) (A7) S .
H=32 §§.0+80 2 §-k2 &, (CD

and

N7h, N7 Again, we assume that the system exhibits AF order and use
XoA T)=(gup)? 3 e’hxlle(g,uB)zﬁé(r). (A8)  the staggerings=(—1)'sn+1 for the spin fields, with-n
=0. Spatial variations of the fieldsand| are strongly sup-
pressed in the small system under consideration. We hence

APPENDIX B: TWO-STATE MODEL can proceed as in Sec. IV and carry out the Gaussian integral
OF THE MODIFIED FW overl. We obtain

As shown in Secs. | and II, for weak tunnelidj>1, ( )24,2
the low-energy sector of thenodified FW can be described Lo Inl=-—" f— (h+hane.—inxmn?2
as a two-state model with badi§ and||). In this approxi- char "] 8J(N—-2) {=(h+hane, )
mation,H= —(A/2)[|T){(L|+]1){T]|], where tbe parameters +[(h+han,e,)- N2 — (N - 1)k,sn2
of the original microscopic Hamiltonian entdr. _

For any operatoiO, the transition matrix element be- —sh[h-n—i¢(1+cosh)], (C2

tween|g) and|e) can be evaluated from _ _ _
whereh,= —2sk,/(N—1)%. Evidently, by appropriate defi-

AL A A A 2 nition of J and w,, the Lagrangian of the open spin chain
<6|O|g>—§(<T|O|T>—<L|O|l>+<T|O|l>—<1|O|T>). can be mapped onto that of the modified F&¢. (31)] with
(B1) excess spinvs=s.
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