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Resonant magnetic quantum tunneling through thermally activated states
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We present a theory of resonant quantum tunneling of large spins through thermally activated states. It gives
numerical results that are in good agreement with data from recent magnetic quantum tunneling experiments in
Mn acetate. We show that neither dipolar fields nor crystal-field perturbations, acting separately, can account
for the resonances observed. However, we find that these two perturbationsjaictitygproduce a highly
nonlinear effect that enhances tunneling rates up to their observed values. Resonant tunneling through low-
lying energy-state pairs is blocked. We show that the tunneling frequercand the lifetimer, of the
thermally populated pairs of states through which tunneling proceeds tuffitg>1. A superposition of these
two states becomes incoherent approximately in time;1/Using the master equation that follows, and
spin-phonon-induced transition rates that we calculate, we obtain relaxation rates and magnetization hysteresis
curves that agree reasonably well with experiment.
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I. INTRODUCTION H,=0.5 T. At these temperatures, thermal population of ex-
cited states is far from negligible, sint#/(kgS)=6 K in
Magnetic quantum tunnelingMQT) of large spins has Mn acetate, wher& is the energy barrier between states of
aroused much interest recently. A good portion of the interopposite spin orientationg is Boltzmann’s constant, and
est stems from the expectation that MQT will contribute to(U/s)(2— 1/S) is the lowest excitation energy. Furthermore,
our understanding of the role that decoherence effect§requency-dependent magnetic susceptibility experiments
brought about by dissipation, play in the transition fromyerformed with a small ac field applied parallel to the dc
quantum to classical physics. For some years, MQT has field, at temperatures in the range 4<K<6 K, also give

been searched for in single-domain ferromagnetic partide?elaxation times that have sharp minima at the same field

with Iarge_ spins that rotate as a whole e_md W'.th Iarge anlSOt\'/aIues,Hfanl. In addition,I" is observed to decrease over
ropy barriers between states of opposite spin orientafions. | ord ¢ iude 45 d followi
Such large spins fluctuate fairly rapidly at high temperature:s’evera orders ot magnitu ?_' %'17 ecreases foflowing

giving rise to “superparamagnetisnf. Classically, the re- ArThenius’ law for all values o
laxation ratel" would vanish with the temperatuf® but it ~ These experimental results clearly suggéstthat unas-
has been predicted that MQT of single-domain particles i$isted MQT takes place when there is resonghbetween
not negligible® and that it can be observed experimentally inStates of opposite spin orientation at field vali=nH;
highly anisotropic magnetic materials at liquid-helium (for n=0,=1,+2,...), and(2) that the resonant MQT ob-
temperature§. served takes place through thermally activated statesr-
Experiments with these systems did not lead to definitivemally activated resonartinneling of large spins had not, to
results’® Particles come in different sizes, and their easyour knowledge, been forese&hincidentally, thermally acti-
magnetization axes are randomly oriented. This leads to @ated tunneling must also play a significant role in all experi-
broad distribution of relaxation times that obscuresments in Ref. 7, wherkgT~U/S is fulfilled. (Experimental
interpretatior®** More recently, molecular crystals that are conditions reported in Ref. 8, on the other hand, do fulfil
ideally suited for magnetic quantum tunneling experimentkgT<U/S, and are, for that reason, beyond the scope of this
have been synthesized. Mn acetate is one of them. Each mglaper. Experiments in whidkg T<U/S is satisfied have also
ecule has eight M and four M ions, with a total spin  been performed on Mn acetafeand Politiet al?* have ob-
S=10 (S is given in units of#r throughout and a large tained the corresponding nonresonant rates for phonon-
single-axis anisotropy that favorsS spin alignment? The  assisted tunneling from the lowest-lying metastable state.
anisotropy axis is oriented along tleecrystalline axis(let it Important observations on M acetate remain unex-
be thez axis). Magnetic interactions between different mol- plained. Experiments performed at=U/kgS (Refs. 15,17
ecules are very weak in these crystisThe fact that all show that resonant MQT takes place mostly through
molecules are identical has led to the experimental determim=4,—4 states when no magnetic field is applied. Why not
nation of a unique relaxation timé. through some more easily accesible lower energy states? Ef-
Striking jumps in magnetization hysteresis curves of Mnfects that are related are observed in the magnetization hys-
acetate crystals, for temperatures in the range 2TK teresis curves that have recently been repoté®No quan-
=<3 K, have very recently been report¥d1® The magneti- titative account has been givéhWe aim to fill this gap.
zation jumps at values of an applied field along the anisot- In this paper we establish how two leading spin interac-
ropy axis, given b),ngnHl, wheren=0,+1,+2,... and tions in Mn, acetate, acting jointly, overcome effects that
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inhibit tunneling. This is the seed of the desired explanationdence that all Mn complexes have effective spins, with ap-
Knowledge of the nature of these interactions enables us tproximately constanS=10 values, that are well isolated
estimate the values of the tunneling frequengy. It turns  from each other, and that there is a single axis anisotropy
out that 1f+ is much smaller than spin-phonon interaction- along thec crystal axis(that we shall refer to as theaxis).®
induced lifetimes for all tunneling channels that are not We lump all terms that are diagonal 8 in H; and put
blocked in Mn, acetate. Tunneling through such long-lived all off-diagonal ones intét, . Three kinds of interactions are
states is shown to take place incoherently. Using the standakglken into account. There are dipolar magnetic fields,
master equation that is then applicable, we obtain numericahat vary (approximately randomly over space. Hyperfine
results that agree well with experiments. interactions cannot be neglected. Their effect on a Mn ac-
The plan of the paper is as follows. In Sec. Il we describeetate spin is comparable to that of a magnetic field that is
the various terms that make up the spin Hamiltonian forseyeral times larger thaty .>> We show in Appendix B that,
Mn,, acetate. We discuss how dipolar magnetic fields alongyt |east forH%~nH, and n even, the effect of hyperfine
the anisotropy axis and hyperfine interactions inhibit spinjnteractions on resonant MQT in Mn acetate is well approxi-
tunneling through low-lying energy states. We find that onlyyated by a magnetic field that varies spatially randomly.
the combined action of transverse dipolar fields and quarti%ccordingly, we lump hyperfine interactions together with
spin perturbations can account for the resonant MQT effectgipolar fields into one single term, and shall often refer to

observed experimentally in Mpacetate. In Sec. lll, we as- pem simply as “dipolar fields.” We define local field by
sume that spin-phonon interactions are the dominant nonsta-

tionary perturbations that lead to thermal equilibrium. A H=HO+H,. 3

thermally excited-state palE,), |E,,,) decoheres in time o )
given by #/AE,,,, approximately, whereAE, ., =E,; The third interaction follows from the fact that Mn acetate

—E,. We explain how incoherent superpositions of Statecrysta}lIizes_in atetragqnal s_tructLﬁ”’eI.t has been shown that
pairs that are not tunnel blockddnd last for timesr, that  thiS gives rise to quartic spin terrA$In short,
are much longer thafi/AE, in Mn acetate give rise to the ,
observed resonanceslit{H). More quantitatively, we show Hi=—gpeHa S~ AsS,, 4
that the density matrix is approximately diagonal, while tun-gq
neling takes place, for systems in whief is much larger
than#/AE, 1, . The standard master equation is then appli- Hy= —gugH,S—C(St+5%). (5)
cable. We obtail’(H) and magnetizatiom(H) hysteresis
curves numerically for various temperatures. Agreement The stationary Schrdinger equation, (m|H|V))
with experimental resulté~*"is satisfactory. =E(m[¥)) (Jm) is defined byS,|m)=m|m)) is easily
handled in the form
Il. RESONANT TUNNELING CONDITIONS

In this section, we discuss how easily MQT through low- EDW (M) + X Upy e (M) =E; W (m), (6)
lying energy states becomes blocked. The criterion that must m'’
be met for resonant tunneling to ensue enables us to establigfhere
the role that various interactions play in resonant MQT in
Mn acetate crystals. The main purpose of this section is to E3:<m|H0+ Him), (7)
show that crystal-field perturbations actijaintly with spa-
tially random magnetic-field effectithat arise from hyper- ¥i(m)=(m|¥), and
fine interactions give highly nonlinear effects that can ac- S
count for the observed resonant MQT in Mn acetate. Um,m = (M[Hz|m"). ®)

We use indeX to number the energy eigenstates of the

A. Hamiltonian full Hamiltonian in increasing order of energy. We shall refer

Consider, to eigenstates and eigenvalues 7§+ H; as unperturbed
states and energies, respectively. Since these states are eigen-
H="Ho+H;+Hj, (1)  states ofS,, we number them with the magnetic quantum
numberm.
where

For reasons given in Appendix A, we adopt the values
D=0.69 K, Hy,=H4,=0.06H,; (H,=D/gug), C/D=5.7

— _ 2 0
Ho=~DS;~gueH,S;, @ %103, andA,/D~5x10* for Mn acetate.
D is an anisotropy constarit-lg is thez component of the 3
applied field,S, is az component spin operatog=1.91?is B. Resonance conditions
the gyromagnetic ratiopg is the Bohr magneton, ant; The unperturbed energies of spin-upn)( and spin-
andH, are stationary perturbations. This spin Hamiltoniandown (—m-—n) states are equal ifH,=nH;, for
has been proposed for Mn acetate crystalShere are 12 n=0,+1,+2, ... ,whenA,=0. More generally, maximum

Mn ions in each of the identical Mn acetate molecules thatesonance obtains when
make up the crystal. All M complexes have 8 Mi'S
=2 and 4 MA"S=3/2 ions. There is experimental evi- H,=nH{(1+amn,), (9)
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AL B S B B B B |HZ—nH1||2m+n| AE|+1|
> -,
e 5 (13

We shall refer to all pairs of states that satisfy Et@) as
“nontunneling” or “tunnel blocked,” and to all other states
plainly as “tunneling” pairs of states.

AE_ /D=2.23x10"
~8 8,7
2mH /H,=1.4x10"

C. The joint action of dipolar and crystal fields

0/ S NN G DNNA DA Resonant MQT is observed experimentally f§§=nH,
for both even and odd values of The dipolar field term,
gueH xSy, in H; is necessary for this. Without it, no reso-

AE, /D=1.44x10"*
2mH /H =1.6x10"

B nant tunneling would take place sin€S} +S*) does not
- s 0 . couplem apd —(m+n) spin states ih is odd[this follows
0.4 AE, /D=357x107 ] from Schralinger’'s equation and the fact that., .,
L omH /H =1.8x10° ] % 6 m + 4, IN EQ.(8), if there are no transverse fieldsiow-
0l oo ] ever, as we argue nexdugHq,S, is not sufficient.

Assume now thalC=0 in H;. Numerical solution of
Schralinger’'s equatiorjor the lowest-order degenerate per-
turbation expression, EqB2) in Appendix B| gives (for
Hax=0.06H,)AE 4 ,5/D~5x10 1?for m=4,—-4 (1=13,14
corresponds to unperturbed energy eigenstates with magnetic
guantum numbergn=4,—4). SinceHy,~Hg, it follows
that the Zeeman energy on the left-hand side of @&)

s would be 11 orders of magnitude larger than the right-hand
-10 -5 r?l 5 10 side. Resonant MQT would then be forbidden to proceed

through spin statesn=4,—4 in Mn acetate aff ~U/kgS

FIG. 1. Wave functions foC=A,=0 and conditions that are when no external field is applied. This is a serious contradic-
not quite resonanti, =10 H, andH,=4H,. Straight lines join-  tion with experimental observatiod§ Equally contradictory
ing ® andO data points are shown as guides to the eye. Zeemagonsequences follow for odd valuesrofn H,=nH, [as can
energies 21,m and energy splitting valueSE,, ;) =E,,;—E, (cal-  be easily checked using EB2) in Appendix B]. This seri-
culated forH,=0) are given. ous discrepancy with experimental results implies that addi-

tional perturbations, such éS(S‘_‘F +5*), in Mn acetate must
where am,=(A4/D)[m?*+(m+n)?]. Since experimental contribute to resonant MQT.
resonances occur atgznO.S T in Mn acetate, at least for Consider agairH,=0, but with HézC(S‘l’ﬁS‘l) now.
n<4, it follows thate,,<1. Spin statesm and —m are then degenerate. Since, .

Disorder in nuclear and ionic spin orientations contributexc 5 .., in Eq. (8), this degeneracy is lifted for all even
random dipolar fieldddy, andHg, to H; andH,, respec- values ofm. Numerical solutions of Schdinger's equation
tively. Variations inH; shifts unperturbed energies, and may gives AE, , 15/D~0.048 forC/D=5.7x 10"° (given in Ap-
thus upset resonance conditions, E9). Let AEH“ stand pendix A). This number checks against the lowest-order de-

for an energy splitting at maximum resonance, that is generate perturbation resuIAIAE14Y13/D:1.5>< 10'(C/D)?
which follows from Eq.(B4) for m=4, if the given value of

C/D is used. The valué0.048 just obtained forAE 4 ;5/D

when the two unperturbed statesand —m-—n that corre- s ten orders of magnitude larger than the vaIuAEfM,lS/D
spond td +1 andl are degenerate. Increasing strengtfgf  produced bygugH ¢S, above. This result is encouraging,

AE, /D=2.6x10""°
2mH /H =2x10?

BB — O — B — >

AE =B 1—E, (10

widens all energy splittingdE, . 1,. Let but does nothing for tunneling whet,=nH; andn is odd
' valued.
AED o =IEn—EP . (12) We are thus forced to consideothterms in, together.

Then, in Eq.(8),
It follows, neglectingay,,, from Egs.(2), (4), and(7) that en, in Eq.(8)

AED o n=Oue(2m+n)|H,~—nHy|, (12 U =801+ DO 24, 4

which is the Zeeman energy difference between spinmip ( Where, a:(gfLBde/Z) ((m|’S+|m’)+<m|S,|m’)), and b
and spin-down £ m—n) unperturbed energy states. =C((m[S%|m’)+(m[S%[m")). Clearly, all degeneracies are

Pairs of states whose energies fulfilAE] .,  now lifted. Numerical results foAE, , ;; are shown versus

>AE,,,, are localized on both sides of the energy barrierin Fig. 2@ for H,=0, withC/D=5.7x10 ® and two values
(see, for instance, Ref)1This is illustrated in Fig. 1. Divid-  Of Hax: 107°H; and 0.061;. Switching on theC term in74;
ing this inequality byD (recall thatD=gugH,), and sub- clearly raisesAE,q, for [=1,59 ... by many orders of
stituting Eq.(12) into it, gives magnitude in Fig. &), as remarked above. Equally impor-
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L T T system if the magnetic field wetlgomogeneousHowever,
10° N

r - dipolarlike fields vary randomly over space. It follows that
10-2{ : the Zeeman energy of roughly 1 out of 10 spins in the system
C E is smaller than AE,, 3, and can therefore tunnel through
a 104 1 readily. More quantitative results are given in Sec. IV.
+ -3 2
" 10'6; 1 IIl. RESONANT TUNNELING THROUGH LONG LIVED
10_8{ k THERMALLY POPULATED STATES
. 1 The purpose of this section is to establish that resonant
107 1 MQT through thermally activated states in Mnacetate
.12;' 1 takes place incoherently. We show in Sec. Il A that the den-
10 r 1 sity matrix is approximately diagonal while tunneling takes
oF ' place and that the process is governed by the master equa-
10 4 tion. The tunneling process is described in some detail in
SF Sec. Il B.
10 3 We first check that spin energy eigenstates in Mn acetate
10_4;' are long lived, that is, that
Q\lo_égr AE, /> 1il 7o, (15)
7 r

w5

whererg is a typical lifetime of spin-phonon-induced transi-
tions, andAE, |, is the energy difference betweamy two
energy eigenstatelE|) and |E;/). Since AE,, 4, is larger
than the unperturbed energy.g|H,—nH;||2m+n| (where

n is an integer such thatH,—nH;|<H,), it suffices to
check that

<
10°

r
109}

Ty

1012

0

gug|H,—nH4||2m+n|>7il 7. (16)
FIG. 2. (a) Energy splitting vaIuesAI”E,HJ/D versus energy-
level numbet for H,=0. ® andO stand forC/D=5.7X 1073 K,

and two values oMH,: 10 3H; and 0.061,, respectively. Data . ; . .
points (<) for C=As=0 and H,=0.06H, are also shownA to fulfilment of inequality(16), by approximately three or-

stands for the Zeeman energy blocking terrmi2y,/H 4, where ders Of magnltud'e, and ,Of qu@ a fortlorl.

Hy,=0.06H,. Lines are guides to the eye. States 15,16, | _ Fulfilment _of |r_1equaI|ty(15) |m_pI|es that homoge_neous
=17,18, and so on, are superpositions of states4,—4, m=3, line broadening induced by spin-phonon interactions are
—3, efc., respectively, in lowest order degenerate perturbatiofnuch smaller than the energy difference between any pair of
theory. (b) Same as in@), but for H,~H,. The value ofH, is  €nergy levelswhether they are a tunneling pair or hothis
important hereH,=H4,=0.06H,. Statesl=14,15,1=16,17, and IS our basis for applying first-order time-dependent perturba-
so on, become states=3,—4, m=2,— 3, etc., respectively, when tion theory below, as well as for further arguments that lead
H,—0. subsequently to the master equation.

Substitution ofHg, for |H,—nH,|, andH 4,~0.06H,=0.03
T and7o~10 ' s for Mn acetate, leadsince|2m+n|=1)

tant, switching on theH, term in H, raisesAlAEH“ for | A. Master equation

=3,7,...from 0 up to the \_/icinit_y of thg vaIu_es it takes at Consider a spin that is initially in stat€;), and letU(t)
other| values. Thus, effective dipolar fields in Mn acetate e the time evolution transformation for the system that is

enable crystal-field interactions to operate at nearly full,aqe yp of the spin of interest and the heat bath. Then, the
strength where selection rules would forbid them other\msereduced density matrix at tinteis given by

Results forAIAEHl', are shown versusin Fig. 2(b), as in Fig.
2(a), but for H,=H,. Note again that switching on thd,

term raisesAE; . ;, from O up to reasonably high values. In <E'|p(t)|E">:r2r, P& (EJUMIE)IE)
order to be able to estimate which pairs of states tunnel, the ' ;
Zeeman energy term on the left-hand side of E@), cal- X(ENEIUTD[E)IE), 17

culated forH,=H4,=0.06H4, is also shown in Figs. (3)
and 2b). Further insight into the effect by which the joint

action of both terms ir{; can raise values oAE,, 1 SO tion petween the spin of interest and a heat bath is waak
sharply is given in Appendix B. _ . shown above to be the case for Mn acetaed that the heat
Finally, a comment about the interpretation of Figa)2  path is in thermal equilibrium. It follows from first-order
follows. The Zeeman energyE, _, shown in Fig. 28) was  time-dependent perturbation thetyin the interaction rep-
calculated withH,=H,,=0.06H,. It is approximately ten resentation, in which the Hamiltonian i(t) is just some
times larger than AE;;;3. Tunneling through states spin-phonon interaction in this casthat each transitioam-
m=4,—4 would be blocked fomll molecular spins in the plitude in Eqg. (17) ceases growing with time when

where|&,) is an energy eigenstate of the heat bath, Bpis
the corresponding thermal probability. Assume the interac-
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Zﬁ/AE, whereAE is the corresponding difference between B. Description of thermally activated resonant tunneling
the initial and final energies of the spin plus heat bath sys- et us assume some temperatmi@ much smaller than
tem. Note that the initial energies of both heat bath and spiny/k,S. Let H,=4H;, H,=10 3H;, and C=A,=0 for
system are the same for both probability amplitudes in Eqwhich some energy eigenstates are shown in Fig. 1. Suppose
(17), but whereas the two final energies of the spin systenthe system is initially in some spin-down low-lying energy
are different, the two final energies of the heat bath are noktate, thd =6 state, say. Now, in first-order transitions, spin-
[When, for instanceAE =0 for one of the two amplitudes in phonon interactions given—m=*1. Therefore, transitions
the sum in Eq.(17), then AE= = (E,—E,) for the other between wave functions on opposite sides of the anisotropy
amplitude] Taking this into account, it is not too difficult to barrier in Fig. 1 are very weak for all<7. Spin-phonon
see that interactions can generate, out of sthte6, a wave function
¢, with an initially ill-defined energy, that is a superposition
of 1=7 and I=8 states. Initially, (#|S,|#)<0 and
(BEllp(DIE)/(E | p(1)|E))=0 (18) (E —7|p|Ei=g)#0 sincep=|p) | then<. I|-|0\lve>ver, it was
_ shown above thatE,_;|p(t)|E,_g) vanishes after a time of
for t=>7/|E,—E,|. In short,(Ey/[p(t)|E;) becomes approxi- - apout#/AEg,. If, as we assumer>#/AEg, then the
mately diagonal most of the tim@ince we assume that all gystem remains in this incoherent superposition of states,

states|E,) are long lived, that is, thaty>%/|E\—E/|, asin 27 and|=8, most of the timero. A down in energy tran-
Mn acetate Defining, P|(t)=(E|p(t)|E,), we may there- gition to a spin-up staté=5 (and from there on down to
fore write the desired equation, state | =1, subsequentlycan therefore occur from either

statel =7 or statel =8.
dp, A semiquantitative account follows. Le¥|_;o(iignt
W:Z (Wi P =wir Py, 19 +egien) andW_g (€igh— Yier) » Whereieq and iign; are
! approximately localized on the left and right side, respec-
., . tively, of the barrier[StatesW¥, are depicted in Fig(1)]. It
wherew;._, follows from Fermi's golden rule, using the ¢ ¢ straightforwardly that the rate for a transition from

appropriate spin-phonon interaction. Hartmann-Boutron[he Spi ;
. pin-down stat®d,_¢ to the spin-up statd’,_s, through
et al. (Ref. 23 have obtained the 7,8 pair of states, is given by

w1 =q|E—E[]|(E)/

2
B(SIENI*A i, (20 Y*<Rs_7R7.6+Rs_gRs 6. (21)
where A =n;, and A, =(1+n;,,) for upward and
downward, respectively, in energy transitions,. is the
number of available thermal phonons for &k, |=E,
—E,=0 transition, that isn, ;. = 1[exp(AE,, ; /kgT)— 1], q Ry =[(¥,|B(9|¥,)|? (22)
is defined in Ref. 23but we determine it for Mn acetate by
fitting the A”[‘f”'us behavior we obtain fﬂ7t0 the experi-  gince we have established that there are no interference ef-
mental one,r, “exp(—U/kgT), with 7o~10"" s (Ref. 17],  fects(it follows from the master equation thatobabilities
and B(S) is a spin operator. We use the simplest time-not probabilityamplitudes are to be addedFor any reason-
reversal invariant Hermitian expressi@S,+S,S; for it.  aple operatoB(S) (such asS,S,+S,S,) that does not shift

The value ofg obtained is approximately halfway between the value ofS, by too many units upon acting once, it fol-
the bounds that were obtained by Villag al ° lows that

Some care must be taken in the application of @§). It
has been assumed that, as in Mn acetate, inequdlgy 5 .
holds. Care must therefore be taken that it is not inadvert- y~el(1+e)”. (23
ently violated when applying the master equation. This may
be prevented from happening by not allowirlg to come  The main features of the observed resonant tunneling effects
within a distancefi/(7ogug) from the resonant values of in Mn acetate follow from the fact that=1 for H,=0, but
H,. Failure to do something to this effect for low-lying en- c~q for QMBHzm>AE|+1,| )

ergy states for whicmE,+1y,>h/ro is not fulfilled leads to Additional effects have to be taken into account in order
error. Resonant tunneling would be allowed when it shouldo obtain tunneling rates that can be compared with experi-
not be. This scheme is valid as long as shiftdHpin the  ment. The actual transition probabilities. |, have to be
laboratory by this amount are inocuous. For Mn acetgte evaluated in order to obtain temperature dependences and
~10"7 s} thereforefi/(rogug) is roughly three orders of proportionality constants. In addition, higher-energy pairs of
magnitude smaller thahly,. In our calculations, we have states with small non-negligible thermal populations contrib-
not allowedH, to come within 103H; (that is, & of the  ute some to spin tunneling rates. That is all, of course, taken
value we have adopted fot,,) of any of its resonance val- care of when the master equation is applied. Finally, the
ues. Before we turn our attention, in Sec. IV, to quantitativespin-relaxation rate obtaineB(H,) has to be convoluted
results obtained with the master equation, we briefly describwith a distribution of random dipolar fieldghat give inho-
how resonant tunneling through thermally populated statemogeneous broadeningAll of this is done in the next sec-
takes place in Mn acetate. tion.

where
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o ‘ ‘ [ 1 10

107, E
10
v =i
= 0 ]
10 E
10 |
10_7- { ! ! | 1 | -10 s —
0 1 2 3 4 5 -6 -4 -2 0 2 4 6
H/H, H/H,
FIG. 3. Data points for the spin-relaxation rate versusgH, FIG. 4. Magnetization, in Bohr magneton units, verﬂf}lHl

for T=5 K. Full and dashed lines stand fb7, andl', 7o, respec-  for various temperaturesl, ®, andO stand forT=2.64, 2.10, and
tively. [, is defined in the text as thenbroadened relaxation rate, 1.77 K, respectively. The schedule that specifies Héfvvaries
that is, it does not includel{, doeg the inhomogeneous broadening with time is given in the text. The continuous line stands for our

that is produced by the component or random magnetic dipolar numerical results. The experimental points were taken from the
fields]. Experimental data points®) are also shown for compari- paper by Thomast al. in Ref. 16.
son. The experimental points were taken from Refs. 15,17.

experimentally to lie in the rangeX610 8s<7,<2x10 s
IV. COMPARISON WITH EXPERIMENTS IN Mn 4, (Refs. 15,17]. Our steps are about five times smaller than
ACETATE the ones that were taken experimentally, but the over all

. . . sweepin rate is between &@0 °H n
In this section, we report results we have obtained throug hing 1/s and 3

74 - . . .
numerical application of the master equation, 8@). These 10" Hy /s, which is to be compared with an experimental

results can be compared to data from recent observations r?te of 8.3¢10 °H, /s.'® The curves obtained, exhibited in
-omp . = g. 4, reproduce the main features of the hysteresis curves
resonant MQT in Mn acetate crystals. In analogy with ex-

eriment, the system is assumed to be in equilibrium at somt(—pat are observed experimentally.
P ' y q The activation energWJ., obtained from Arrhenius’

temperatureT, and magnetic fieldH, for t<0. At t=0, | - . .
_ . . . ots in the temperature ranges¥kgT/D <10, is plotted in
H;—H,+10"°Hj, is suddenly applied along the anisotropy Igig 5 versusHOp Experimen?al daBta points arepalso shown
. b

ais. We study the ensuing time evolution(&,), [that we for comparison. No transverse field is applied. The classical
shall refer to asm(t)]. We have always found thah(t) par Co S applied.
(no tunneling activation energy barriet is also shown.

relaxes to its equilibrium valuém) exponentially, after a :
brief nonexponential relaxation. We are interested in the re--rhe level through which resonant MQT proceeds can be

laxation ratel’, defined by the long-time behaviaim(t) ‘;332%”0['} tf/]gialtgsexhlgted;gtin;gﬁgu;}e. Fcirénsszta_ncg, for
«exp(—Tt), as a function oH,, H,, andT. z7 5 MdiE andlen/LD=03, when m

For reasons given above, we obtdih for values H,
=10 %H,; andH,=H4,=0.08H,. Thus, if no external field
is applied we puH,=10"3H; andH,=H4,=0.06H,;. We
also take into account broadening effects produced by
inhomogeneous effective longitudinal dipolar fields. To this
end, we assume a Gaussian distributidfHj,) of dipolar
field Hy,, with a half width at half maximum of 0.04;. a
A broadened relaxation rate, given Hy,(H%)=/P(H. S
—HY)T(H.)dH,, follows. For clarity's sake, we lel’, =
stand forI" (the unbroadened oheln addition, all results
guoted below are obtained using the valuesDqf A,/D,

C/D, and g given in Appendix A.

I'ymo and T, 7y versusH,/H; are shown in Fig. 3 foil 50
=5 K. There is reasonable agreement with experimeht.
Some satellites show fdr, 7 for n=4. For lower values of
n, resonances that correspond to tunneling through different
levels pile up at nearly the same valuesHbf.

—— Classical 7
—e— Calculated

90F

—e— Experimental

H/H|

. . . FIG. 5. Activation energyU/D (in the temperature range
Magnetizationm hysteresis curves follow straightfor- 0.3<kgT/D=<10) versusH?. Experimental data points are also

0 0:
wardly from knowledge of',(H;). We varyH; in the range  ghown for comparison. No transverse field is applied. The classical

—6H,<H<6H, in steps of 102H,. H7 is kept constant at  energy barriet) ;=D S*+ A,S*— gugHYS is also showras a con-
each value oH?, for 5.7x 10P7, s[7, has been determined tinuous ling. The experimental points were taken from Ref. 17.
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FIG. 6. Data points fof'p7q versusD/kgT. O and® stand for FIG. 7. The spin-relaxation rat@, r, versus transverse field, in

H,=0.0&1, (i.e., the d(i)pplar field value and forH,=5.8Hy, re- ynits ofH, for the (@) zeroth andO) first resonances, that is, for
spectively.I', versusH; is shown in the inset for three different 19— andH%~H,. Resonant tunneling becomes blocked
temperatures. =H, as H,—0, and consequently the two shown curves differ
significantly there. The portion of thleli’:H1 curve forH,/H,

+(A,/D)(S*—m?*, and m==4 follows, in accordance ; : ; )
(As/D)( ; =<0.06 is experimentally unobservable, because of dipolar fields.

with experiments.

We next predict behavior df as a function of an applied
transverse f?eld, which may be compared with futurg %Xperi_resonant MQT through thermally populatedYSt_ates that has
ments. Results foF, 7, versusD/kgT are given in Fig. 6. 0€en observed experimentally in Mn acetde.It is a com-

The curve for no applied external field shows that, in thePination of large random transverse fieltisat may originate
temperature range shown, tunneling takes place only through hyperfine interactionsand crystal-field effects proposed
one level(since a straight line fits the data wellts energy N Refs. 21,23. We have also explained how resonant MQT
above the ground statél./D =89, follows from the slope through thermally excited states takes place, even though
of the curve(We have chosen the vali=0.69 K, in Ap-  decoherence effects do not allow spins to oscillate between

pendix B, in order to obtain agreement with the experimenup and down states. We have applied a master equation,
tally measuredU =61 K, after A,/D=5x10"° was under the conditions we have established for its validity, to
adopted. The results shown in Fig. 6 for a transverse fieldobtain spin-relaxation rates that follow from resonant MQT
H,=5.5H, exhibit three different regimes. The nearly hori- through thermally populated states in Mn acetate. The frame-
zontal piece is for tunneling through the ground state. As thavork we propose for MQT applies equally well to other
temperature rises, tunneling shifts to upper levels. The othdVIQT systems if, as in Mn acetaté/ro<gugH4S is ful-

two pieces forD/kgT=<1.1 correspond to tunneling through filled.

the first and second excited statEg.versusH? is shown in

the inset for three different temperatures. It follows from it ACKNOWLEDGMENTS
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through the ground state must therefore be nonresonant f
smaller values oH, . (We however find resonances for other

We are grateful to Professor Pablo Alonso for enlighten-
ing remarks. We have profited from a discussion with Pro-
tLssor E. Chudnovsky, Professor A. Leggett, and Professor J.
: 0 Tejada. We thank Professor J. Villain for results of Ref. 23.
resonant values df, thatis, wherH,=nH,, andn=1,for | “ig grateful to Dr. J. Chaboy for making available a
HX:5'5|'|1,') ) , ) workstation for some numerical work. F.L. and J.B. ac-
The spin-relaxation rate versus transverse field, is ShOWRnowledge partial financial support from CICYT through
in Fig. 7 for the zeroth and first resonances, that is,Hor  grant No. MAT96/448, and J.F. is grateful for DGES Grant
=0 andH,=H;. Resonant tunneling becomes blocked for PB95-0797all from the government of Spain
H,=H, asH,—0, and consequently the two shown curves
differ significantly there. They are not significantly different
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=0.06 is experimentally unobservable, because of dipolar Here we explain how we arrive at the valugs=0.69 K,
fields. WhenH, /H;=10 the ground-state tunneling pair be- C/D=5.7x10"°, and A,/D~5x10 * No satellites are
comes unblocked, and unassisted tunneling can then takgen experimentally in any of the resonance$i$t=nH,
place, but this is beyond the scope of the present contributhat are observed experimentally fo<4. We also know
tion. that tunneling takes place through=4,—4 spin states for
H2=0.17 We expect tunneling to take place, for other reso-
nant values OHS, through pairs of states whose energy lies
Summing up, we have found the mechanism that genem@pproximately as far below the barrier top as the tunneling
ates energy splittings that are large enough to account for thetates forH2=0 do. Taking this into account, making use of

APPENDIX A

V. CONCLUSIONS



512 LUIS, BARTOLOME, AND FERNANDEZ 57

Eq. (9), leads to the bounfiA,/D|<5Xx10"*, 2D S2(m+n/2) (S+m+n)(S+m)!

The activation energyU.s for tunneling, for H2=0, f(m,n)= [2min_D)I]2 \/(S— m—m(S—m!"
through them=4,—4 spin states, has been experimentally ' ' ' (B3)
determined’ to beU =61 K. It follows from Egs.(2) and . _ .

(4) that U = 84D + 9744A,. This is an extension to nonzero integer values aff Gara-

nin’s perturbation results’. [Equation(B2) appears also in

Making use of the master equation we obtbig; versus recent results of Garanin and Chudnovaky.

1/T. In order to obtain agreement with Arrhenius plots that . ;L i
follow from experiments we have to p@/D~5x10"°. Another case of interest to us1;=C(S +S%). It fol

The precise value o€/D depends on the value @, But  |ows from Eq.(B1) thatAE, 3, =0 for H,=nH, andn odd.
now we know that|A,/C|=<10. On the other hand We give the result only fon=0. It follows then from Eq.

A,/C=70 for cubic crystals (but note that Mn acetate crys- (B1) that

tallizes on a tetragonal structyré®n this basis we adopt the AR I 32< C )m/Z 1 (S+m)! 84)
upper bound we have foA,, that is, we setA,/D=5 I+ /D= — 12 (a_

X 10~ 4. We thus have\,/C~ 10. Having fixed the value of A 180} (miz= D (S—m)!

A,, we obtain the best fit to experimental data wiltiD for evenm, andAE, ,,,/D=0 for oddm.

=5.7x10"°. From these fits, we estima@D to be in the A hint for why values ofAE are raised so sharply by the
range 2< 10" °<C/D=10"*, which overlaps with the range joint action of both terms in¥; follows. ConsiderH,
given for it in Ref. 23. The valu®=0.69 K follows from  =nH, for oddn. Let, for the sake of definiteness=1 and
Uer=84D +9744A, and from the value ofA, just deter- m even. Thenm’'=—m—1. In all leading termsC(S*

mined. These values give 14.3 K for the energy difference+ 3‘1) would appearm/2 times for H, in Eq. (B1), and
between the ground state and the first excited state. This is i, H, S, would replaceX, once. There aren/2+1 such
good agreement with the value of 14.4 K determined fromierms, one for each position of thgugH,S, term in Eq.
electron paramagnetic resonari€e. (B1).
Finally, we discuss why approximation of hyperfine inter-
actions by dipolar magnetic fields for resonant MQT of Mn
acetate makes sense, at least mfi2n is a multiple of 4
APPENDIX B (such as for tunneling througm=4,—4 states that takes

Lowest-order degenerate perturbation expressions for th%Iace forH,=0). We split the hyperfine interaction of an

- , electron spinS with a nuclear spin into partsA,S,l, and
energy splitting of degenerate statesandm’ follow from . . R
gy Spiting 9 ASdl«+A Sl which we group with terms ifi; and 1,

Ref. 27, . .
respectively. Statglsn) and|m’) in Eq. (B1) should now be
R , , 1 replaced bym,{M}) and|m’,{M'}), where{M} and{M'}
AE|41)=2( m™H; HD_EDHZHD_ED - Hym"), are sets ofz-component nuclear-spin quantum numbers. If
m m

(B1) 2m+n is a multiple of 4, a good approximation A:EHH is
obtained by replacingvery’H, in Eq. (B1) by C(S‘_‘ﬂrS‘l).
It follows then that set§M} and{M'} are equal, and that
Qé{perfine interactions do not contributeAdeHlJ . They do
contribute toA E%_m_n throughH; , but, for each nuclear
spin, |, is to be replaced by a number(since set§M} and
{M'} are equal that depends ofM}. Furthermore, since
A~A,~A,,*® we replace hyperfine interactions by isotro-
pically distributed magnetic dipolar fields. Fa,=nH,; and
L JAm+n2) n odd the above argument does not go through. Further con-
>H.S , (B2) sideration of this point is beyond the scope of this paper. In
1 order to make progress, we nevertheless approximate hyper-
where fine interactions by dipolar fields for al, .

where Hp="Ho+H;, and indexl numbers the perturbed
energy eigenstates in increasing order of energy narslthe
magnetic quantum number of the unperturbed states. Stat
m andm’ are degenerate ifl,=~nH,. Consider firstH;=
—gupHyS. Sincem’=—m-n, andS,«(S, +S_), it fol-
lows thatH, must act Zn+n times in Eq.(B1). It follows,
using(m’ +1|S,|m’)=[(S—m’)(S+m’ +1)]*2, that

AEqy=f(m,n)
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