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Angular-dependent spin tunneling in mesoscopic biaxial antiferromagnets
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An imaginary-time path integral study is presented for spin tunneling in the biaxial antiferromagnetic grain
with noncompensated sublattices placed in a magnetic field with an arbitrary direction in the plane of easy and
medium axes. Different structures of the tunneling barriers can be generated by the magnitude and the orien-
tation of the magnetic field. By calculating the nonvacuum instantons or bounces, we analytically obtain the
dependence of decay rates from excited levels as well as ground-state levels and the temperature of the
crossover from the thermal to quantum regime on the direction and strength of the field in a wide range of
angles of the applied magnetic field. It is found that the WKB exponent and the crossover temperature strongly
depend on the orientation of the field, which can be tested with the use of existing experimental techniques. In
the large noncompensation limit, our results reduce to spin tunneling in ferromagnetic particles.
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I. INTRODUCTION ing rate by applying the imaginary-time path integral, and
demonstrated that the angular and field dependences of the
Quantum tunneling at mesoscopic or macroscopic scale imnneling exponent obtained by Zaslavskii's method and by
one of the most fascinating phenomena in condensed mattére path-integral method coincide precisely. Kim and Hwang
physics. During the last decade, the problem of quantunperformed a calculation based on the instanton technique for
tunneling of magnetization in nanometer-scale magnets hasiaxial and tetragonal FM particléskim extended the tun-
attracted a great deal of theoretical and experimentaheling rate for biaxial FM particles to a finite temperature,
interest™"? In addition to the importance of the tunneling phe- and presented the numerical results for the WKB exponent
nomena in magnets from a fundamental point of view, theybelow the crossover temperature and their approximate for-
are potentially important for the future magnetic devicesmulas around the crossover temperafurehe quantum-
working at a nanoscale and the designing of quantuntlassical transition of the escape rate for uniaxial FM par-
computer ticles in an arbitrarily directed field was studied by Garanin,
In discussing macroscopic quantum phenomena, it is eddidalgo and Chudnovsky by mapping onto a particle moving
sential to distinguish between two types of processes: madn a double-well potential® Wernsdorferet al. made the
roscopic quantum coheren@dQC, i.e., coherent tunneling switching field measurement on single-domain FM nanopar-
and macroscopic quantum tunneli(igQT, i.e., incoherent ticles of Barium ferrite (BaFeCoTiQ containing about
tunneling. In the case of MQC, the system performs coher-10°—1 spins! The measured angular dependance of the
ent NH;-type oscillations between two degenerate wellscrossover temperature was found to be in excellent agree-
separated by a classically impenetrable barrier. The tunnelingent with the theoretical predictidhwhich strongly sug-
removes the degeneracy of the original ground states angests the magnetic quantum tunneling in the BaFeCoTiO
leads to a level splitting. For the case of MQT, the systermanoparticles.
escapes from a metastable potential well into a continuum by The phenomenon of quantum tunneling was also found in
guantum tunneling, and the tunneling results in an imaginarjpanaometer-scale antiferromagne##d-M) particles, where
part of the energy. As emphasized by Leggett, the two phethe Neel vector is the tunneling entify?~*°It was shown that
nomena of MQC and MQT are physically very different, quantum tunneling shall show up at higher temperatures and
particularly from the viewpoint of experimental feasibilfty. higher frequencies in AFM particles than in FM particles of
MQC is a far more delicate phenomenon than MQT, as it issimilar size. Moreover, most FM systems are actually ferri-
much more easily destroyed by an environnteot,by very  magnetic or AFM particles. All these make nanometer-scale
small c-number symmetry breaking fields that spoil the de-antiferromagnets more interesting from experimental and
generacy. Even though some of the dissipative coupling artheoretical aspects. Recently, the temperature dependence of
an unsuspected effect on the quantum tunneling dependirgpin tunneling has been studied in the biaxial AFM
on the situation, it has been reported that they are not strongarticles?°
enough to make the phenomena of MQT and MQC unob- Up to now theoretical studies on AFM systems have been
servable. focused on quantum tunneling at ground-state level. More-
More recently, much attention was attracted to the spirover, most previous worké™® have been confined to the
tunneling in the single-domain ferromagnetféM) nanopar-  condition that the magnetic field be applied along the easy,
ticles in the presence of a magnetic field applied at an arbimedium or hard anisotropy axis, separately. However, the
trary angle. The MQT problem for a uniaxial FM model was generic quantum tunneling problem, and the easiest to imple-
first studied by Zaslavskii with the help of mapping the spinment in practice, is that of AFM particle in a magnetic field
system onto a one-dimensional particle systefor the applied at some arbitrary angié, to the anisotropy axis.
same model, Miguel and Chudnovélgalculated the tunnel- The problem does not possess any symmetry and for that
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reason is more difficult mathematically. However, it is worth  S.[6(x, 1), (X, 7)]
pursuing because of its significance for experiments. The
purpose of this paper is to present an theoretical investigation 1f q J & { m;+m,
=—| dr X
h

of the quantum tunneling at excited levels in the biaxial ' y

AFM particles with an arbitrarily directed field, based on the
spin-coherent-state path-integral method. We will show that
MQC and MQT can be consecutively observed by changing 5
the direction of magnetic field, and discuss their dependence 2y
on the direction and the magnitude of field. Both the nonva-

cuum or thermal instanton and bounce solutions, the WKB + Ea[(v 0)2+(V )2 sirP o] + E(ﬁ,qﬁ)} , 1)
exponents and the preexponential factors are evaluated ex- 2

actly for different angle ranges of the magnetic fi¢lé,
=7l2, 7w/2+0(\Je)< b <m—O( e), and 6,,=]. Both
variables are expressed as a function of parameters whi
can be changed experimentally, such as the number of tot
spins, the effective anisotropy and the exchange interactio
constants, and the strength and orientation of applied mal ) . :
netic field. Our results show that the distinct angular depen—erm mcludgs the magnetocrystgllme anlsotropy and the Zee-
dence, together with the dependence of the WKB tunnelinénan energies. The polar coordingteénd the azimuthal co-
rate on the strength of the external magnetic field, may proordinate ¢ in the spherical coordinate system withz

vide an independent experimental test for the spin tunneling=cosé, | is the Nel vector of unit length and is a unit

at excited levels in nanoscale antiferromagnets. The depewector along the axis.

dence of the crossover temperatiiiegand the magnetic vis- As pointed out in Ref. 13, for a nanometer-scale single-
cosity (which is the inverse of WKB exponent at the domain AFM particle, the N&l vector may depend on the
guantum-tunneling-dominated reginfe<T.) on the direc- imaginary time but not on coordinates because the spatial
tion and the magnitude of the field, and the magneticderivatives in Eq(1) are suppressed by the strong exchange
anisotropies is expected to be observed in future experimentsteraction between two sublattices. So all the calculations
on individual single-domain AFM particles with an arbi- performed in the present work are for the homogeneote Ne
trarily directed magnetic field. Furthermore, since the modelector. Therefore, Eq.1) reduces to

considered here is a general AFM model with noncompen-

dr

d—¢)+ m(d—¢)cose
dr

2

d¢

XL °e
dr

+

2
) sirfé

(de
dr

where y is the gyromagnetic ratiay is the exchange con-
ﬁant(which is also referred to as the stiffness constant, or
je Bloch wall coefficierft), andr=it is the imaginary-time
ariable.m=m;—m,=7%vys/V, wheres is the excess spin
lue to the noncompensation of two sublattices. EKé, ¢)

sated sublattices, we can easily obtain the results of spin \% m;+m,[d¢\ m[d¢
tunneling in FM particles by taking a relatively large non- Se(0,¢)= ﬁf dT|' E) + ;(E) cos?
compensation of sublattices.
This paper is structured in the following way. In Sec. .II, v, [[do\? [d¢\?
we introduce the general formulation for quantum tunneling T (d_> +(d—) Sinfg|+E(6,¢) 1,
in AFM particles based on the two-sublattice model and 2y7LNAT T
spin-coherent-state path-integral method. And we discuss the 2)

fundamentals concerning the computation of level splittings

and tunneling rates of excited states in a double-well-likeVhereV is the volume of the single-domain AFM nanopar-
potential. In Secs. Ill, we study the spin tunneling at excitedicle. The first term in Eq(2) is a total imaginary-time de-
levels for biaxial AFM particles in the presence of a mag-'vative, which has no effect on the classical equations of

o fi iad i i motion, but it is crucial for the spin-phase-interference
netic field applied in th&zX plane with a range of angles 8 13.1417,18,22 pin-p

7/2< 6,,<. The conclusions and discussions are presentefffects: 71822~ *However, for the closed instanton tra-
in Sec. V. Jectory described in this papé&as shown in the following

this time derivative gives a zero contribution to the path
integral, and therefore can be omitted.
Il. PHYSICAL MODEL The transition amplitude from an initial staté , ¢;) to a

The system of interest is an nanometer-scale singlef—Inal state |0y, ¢r) can be expressed as the following

domain AFM particle at a temperature well below its anisot_imaginary—time path integral in the spin-coherent-state repre-
ropy gap. According to the two-sublattice modef?there is sentation

a strong exchange energy,;-m,/y, between two sublat-

tices, wherem; andm, are the magnetization vectors of the KCe=(6;,¢:|e” 7|6, :¢i>:f Doy D{ prexd —Se(0. )],

two sublattices with large, fixed and unequal magnitudes, 3)
andy is the transverse susceptibility. Under the assumption
that the exchange energy between two sublattices is mualihere the Euclidean actia$i-( 6, ¢) has been defined in Eq.
larger than the magnetocrystalline anisotropy energy, the Eu2). In the semiclassical limit, the dominant contribution to
clidean action for the AFM particléneglecting dissipation the transition amplitude comes from finite action solutions of
with the environmentis expressed in the spin-coherent-statethe classical equations of motidgmstantong According to
representatioff %1718 the standard instanton technique, the tunneling Fatéor
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MQT or the tunnel splittingA for MQC is given byI" (or  angle in the range ofr/2< 6 <. Then the magnetocrys-

A)=Ae %,?5 whereS, is the WKB exponent or the classi- talline anisotropy energg(6,$) can be written as

cal action which minimizes the Euclidean action of Eg). ) ) ) )

The preexponential factoA originates from the quantum  E(6,¢) =Ky sinf6+K; sin*gsin’¢—mH, sin6 cos¢

fluctuations about the classical path, which can be evaluated _

by expanding the Euclidean action to the second order in mH, cos6+ Eo, ™

small fluctuation€®®® It is noted that the above result is where K; and K, are the longitudinal and the transverse

based on tunneling at the ground state, and the temperatuag@isotropy coefficients, respectively, aii is a constant

dependence of the tunneling frequerce., tunneling at ex- which makesE(6,¢) zero at the initial orientation. As the

cited statepis not taken into account. The instanton tech-external magnetic field is applied in theX plane, H,

nigue is suitable only for the evaluation of the tunneling rate=H sin 6y andH,=H cosé,,, whereH is the magnitude of

at the vacuum level, since the us@ahcuun) instantons sat- the field anddy is the angle between the magnetic field and

isfy the vacuum boundary conditions. Different types ofthe 7 axis.

pseudoparticle configurations were developed which satisfy By introducing the dimensionless parameters as

periodic boundary conditiofi.e., periodic instantons or non-

vacuum instantons’ Ko=Ka/2Ky ,Hy=Hy/Hg,H,=H,/Ho, ®
For a particle moving in a double-well-like potential ,

U(x), the WKB method gives the tunnel splitting of degen- th E(6,¢) term of Eq.(7) can be rewritten as

erate excited levels or the imaginary parts of the metastable

_ 1 _ _
levels at an energf>0 ag??8% E(0,¢)= ESin2‘9+ K, sin?6 sirf¢p—H, sin 6 cos¢
w(E) _ _
AE(orimE)= o exd —S(E)], (4) —H,cosf+E,, 9
with the imaginary-time action where E(6,4)=2K,E(6,4) and Ho=2K;/m. At finite
magnetic field, the plane given k=0 is the easy plane, on
Xo(E) . —
S(E)=\/ﬁf 28 U —E, ©) which E( 8, ¢) reduces to
x1(E)
_ 1 _ _
wherex, 5(E) are the turning points for the particle oscillat- E(6,¢=0)= Esmza— Hcog6—6y)+Eo. (10
ing in the inverted potentiat- U(X). w(E)=2#/t(E) is the
energy-dependent frequency, at(&) is the period of the We denoted, to be the initial angle and), the critical
real-time oscillation in the potential well(x), angle at which the energy barrier vanishes when the external

magnetic field is close to the critical vallﬁc(eH) (to be

t(E)=2m B (6) calculated in the following Ihen, 0o satisﬁes[dE(a,qS
x3(E) VE—U(x) =0)/d6],-4,=0, 6. and H satisfy both [dE(6,¢

wherex; 4(E) are the classical turning points for the particle =0)/d¢],_, h-n.=0 and [d?E(6,=0)/d6%],_, A=A
oscillating insideU(x). The functional-integral in the one- _q . hich leads fo ¢ ¢
loop approximation, the correct WKB method, and the '

method of Schdinger equation showed that for the poten- 1 —

tials parabolic near the bottom the result E4). should be 5 SiN(260) +H sin(6— 614) =0, (113
multiplied by /e[ (2n+1)"* Y4 27e"n1].272930The split-

ting of excited state for a generic double-well potential was 1 o

obtained in Ref. 31 by using the Rayleigh-Sdfirmer per- Esirx(zac)+Hcsir|( 0.—04)=0, (11b
turbation expansion of the eignfunctions, which agrees well
with the result based on the one-loop path-integral. This cor-
rection factor is very close to 1 for afi: 1.075 forn=0,
1.028 forn=1, 1.017 fom=2, etc. Stirling’s formula fon!
shows that this factor trends to 1 as»«. Therefore, this
correction factor, however, does not change much in front o
the exponentially small action term in E() for the spin O —[(ai 2/3 2/31-3/2

tunneling problem considered in this work. He=L(sin6y)*+ [cos6y|*] 75 (129

X4(E) dx

cog26,)+H.cog 6. 6,)=0. (110

After some algebra, the dimensionless critical figg{ 0y)
?nd the critical angle, are found to be

2|cot |2

1. MQC AND MQT IN BIAXIAL AFM PARTICLES Sin(20;) = —————=.
1+ |coty|?®

(12b

In this section, we study the quantum tunneling in AFM

particle which has the biaxial crystal symmetry, withz Now we consider the limiting case that the external mag-
being the easy axes in the absence of an external magneti€tic field is slightly lower than the critical field, i.ec=1
field. The magnetic field is applied in théX plane, at an —H/H <1. At this practically interesting situation, the bar-
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rier height is low and the width is narrow, and therefore the  * * ' ' ' ' : ' '
tunneling rate in MQT or the tunnel splitting in MQC is
large. Introducing 7=6.— 6, (|7|<1 inthelimitof e

<1), expanding[dE(0,¢=O)/d6]0:90=0 about 4., and
using the reIations[dE(a,¢=O)/d6]0:90,gzgczo and
[d?E(8,$=0)/d6%],-4_i-1,=0, Eq.(11a becomes

3
e— 57;2) —ncog26,)(2e—5*)=0. (13

sin(26.)
Simple calculations show that is of the order of/e. Thus
the order of magnitude of the second term in Et@) is
smaller than that of the first term hye and the value of; is
determined by the first term, which leads tp=+/2¢€/3.
However, whendy is very closed tor/2 or r, sin(26,) be- o et M
comes almost zero, and the first term is much smaller tha.. o/e
the second term in Eq13). Then 7 is determined by the FIG. 1. Thed(=6— 6,) dependence of the effective potential
second term whefi, = 7/2 or 7, which leads top= \/2¢ for fU/K,Ve? for 6= /2 (the phenomenon of MQC
0= /2 and n=0 when#,= . Since the first term in Eq.

2 25 3 35 4

(13) is dorminant in the range of valueg,, which satisfies K _J ds _Sis
tan(260,)>0(e), n=2€/3 is valid for m/2+ O(/€) < Oy e= | doexp—Seld])
< —0(Ye) by using Eq(12b). Therefore = 2¢, 0, and 1 (ds\?
J2el3 for Oy=m/2, w, and w2+0O(Je)<Oy<m :f d5exp‘—J dr —M(—) +U(5)“, (16)
:O(\/E), respectively. In this situation the potential energy _ 2 dr
E(6,¢) reduces to the following equation in the limit of With the effective mass
small €: M:MAFM+MFM:
E(5,¢) =K, sirte sir?( 6+ o) Y.V m2V
MAFM:_Z ) FM— > )
hy 2h y Ko+ Ky(1—€)]

+H, sin( 6+ 8)(1—cosg) +E(5), (14)
o and the effective potential
whered= 60— 6, (| 8|<1 in the limit of e<1), andE;(9) is

a function of onlyé given by U(s)= % 82(5—2\2¢€)2. a7
_ ] 5 The problem is one of MQQas shown in Fig. J where the
E1(8)= 4 sin(20¢) (367~ &% Neel vector resonates coherently between the energetically
degenerate easy directions &0 and 5=22¢ separated
1 3 1 by a classically i trable barrier & \2¢
1 of 3 5 = y a classically impenetrable barrier €.
* 2 COSZQC){ o (E 2" +5%y 4 54}' The nonvacuunfor thermal instanton configuratiors,

which minimizes the Euclidean action in E(L.6) satisfies

(19 the equation of motion

In the following, we will study the quantum tunneling at 5
excited levels in biaxial AFM particles at three different EM(%) —U(8,)=—& (18)
angle ranges of the external magnetic field &s= 7/2, 2 dr P '

/2+ 0O <Oy<m7—0 , and 6y = 7, respectively. ) . . . .
m (ﬁ) H=T (\/E) W= P 4 where&>0 is a constant of integration, which can be viewed

as the classical energy of the pseudoparticle configuration.

A. Oy=m/2 Then the kink-solution is found to be
For 6= /2, we havefd.= w/2 from Eqg.(12b and 7
= \/2¢€ from Eq.(13). Equationg14) and(15) show thate is Sp=\2e+\2e—asnw; k), (193

very small for the full range of angles/2< 6,,< = for AFM
particles with biaxial crystal symmetry. Performing the
Gaussian integration ovep, we can map the spin system
onto a particle moving problem in the one-dimensional po- _ ﬁ
tential well. Now the imaginary-time transition amplitude @177 X1
Eq. (3) becomes

wherea=2h&KLV and

- m2 —12
e+ || 1+
2x, [Kyt+Ki(1-e)]

5 1
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sn(w,7,k) is the Jacobian elliptic sine function of modulus
ky=+(2¢—a)/(2e+ a). The Euclidean action of the non-

vacuum instanton configuration E¢L9) over the domain
(—B.B) is found to be

S—fﬁdl d5p2U6 =W+2EB, (20
b= _BTEMF +U(6,) |=W+2EB, (209
with
[ 2 12
p= 2 @ XVl i l
3 hy 2x [Ka+Ki(1-€)]
vt E(ky) Kz K(ky) (20b)
Vi—kZ2| Y 2—k2 Y

wherek;?=1-k2. K(k,) andE(k,) are the complete ellip-

tic integral of the first and second kind, respectively. The
general formula Eq(4) gives the tunnel splittings of excited

levels as
Kl a m2 —-1/2
Ag= —let =]l 1+
PN\ 2] 7T 2 (Kot Ky (1= )]
X exp—W), 21
2K (kD) s ) (21

whereW is shown in Eq.(20b).

Now we discuss the low energy limit whegeis much
less than the barrier height. In this caké‘,‘=4ﬁ<‘3/K1Ve2
<1, so we can perform the expansionskdk,) andE(k,)
in Eq. (20b) to include terms such dg* andk;*In(4/k}),

E(k)=1 1| 4 1k’2
(ky)= +§nk_i 7|k
31,4 13,
T1e| Mg 12T
K(ky)=I 4+l| : 1(k;2
' k| 4] \k| !
9I 4 7 4 27
Toa M e G

With the help of small oscillator approximation for energy

near the bottom of the potential wel},=(n+ 1/2)Q),

Q;=VU"(6=\2¢)/ M

_o K]_E’Vl_'— m2
PN T 2K Ka(1—e)]

i

-1/2

Eqg. (20b) is expanded as

PHYSICAL REVIEW B57, 104425 (2003

W=Wo—| n+ | +[n+ =i hy
=Wo—|n+ 5 n+s|inf ———
0 2 2] 32632 0Ky, V
m2 —-1/2 1
X| 14+ n+ =1,
2x, [Ka+Ky(1-€)] ( 2)
(239
where
W 8 KlXLV o3 1. m2 1/2
=< 5 €
3 hy 2%, [Ko+Ky(1-€)]
(23b)

Then the low-lying energy shift ohth excited states for
biaxial AFM particles in the presence of a magnetic field
applied perpendicular to the anisotropy axé € 7/2) as

hAsnzﬁ(Klv)J(—%eslzmv
n! fiy
m2 1/2\ n—1/2
M 2 K K1 0] ) eXp=Wo).
(24)

Comparing with the formul#290) of Ref. 31 by taking the
effective mass and effective potential shown in (), Egs.
(23b) and(24) give the same result for the WKB exponent,
while the preexponential factor differs by a factor of"2
Since the level splitting Eq(24) is derived with the low-
energy expansion up to the lowest nonzero order of(E2),
one can expert agreement only for the ground-state level. At
high energies the formulé1) applies. It is noted that the
purpose of this paper is to study the AFM spin tunneling as a
function of strength and orientation of the applied magnetic
field, which is largely determined by the exponential term of
the tunnel splitting, this correction preexponential factor
does not change much of the whole physics of spin quantum
tunneling. And in most physical applications, this prefactor is
best estimated as an “attempt frequency.”

For the case of large noncompensatiam{+/x, K;), EqQ.
(24) reduces to the result for quantum tunneling in biaxial
FM particles

FM (ar™)" FM
RAERM=—"—hAER, (253
where
qTM= 1612632 /LS’ (25b)
1 Kyt Ky(l—e)" "

and$S' is the total spin of FM particlesi AS§™ is the tunnel
splitting of ground-state level for FM particles

213/4
RAEEM=5— (K V) e¥N1— e+ K, /K,
Vi

X S " Wexp —WEM), (263

where
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W(F,M=4\/§ 1
3 J1-e+K,/K;

The WKB exponent in the tunnel splitingyt™ for 6,
=1/2, fully agrees with the result of ground-state tunneling
in biaxial FM particle€ It is noted that we have extended the
results in Ref. 8 to spin tunneling at ground state as well a
low-lying excited state in a general AFM system with un-
compensated moments in an arbitrarily directed magneti
field.

For the case of small noncompensation<  x, K1), EQ.
(24) reduces to the result of AFM spin tunneling

s’ 63/2.

(26b)

(@™"
RAERTM=———nAEG™, (279
where
K
0y™=328672/ 5 (27b

Note thatxi=m§/J and my=#vyS/V, whereld is the ex-
change interaction between two sublattices &risl the sub-
lattice spint>"*%zAE£5™ is the ground-state tunnel splitting
of AFM particles

arv_ 8 Ky o / / AFM
- -1 5/4q—1/2 _
hAEy \/;(JV)( J) €S Hexp(—Wq ),
(289
where
8 /K
AFM _° g 3r2
0 3V 3 Se”'”. (28h)

B. w/2+0(\Je)< O, <m—O(e)

For 7/2+0(\e) < 4<7— O( e), the critical angled,
is in the range of O(\e)<6.<m/2—O(\e), and 73

~/2€/3. Now the problem can be mapped onto a problem

of one-dimensional motion by integrating agit and for this
case the effective mas$t and the effective potentidl (5)
in the Euclidean action of Eq16) are found to be

M= Mpp+ Meg=0 [ 14 ™ ) (299
AFM FM ﬁ’yz 2K1AXL
and
KV )
U(‘”:%Si”29c<@52—é‘*>=3uoqz(l‘§Q>,

(29b)
where q=36/2\6€, and Uy=(2%43%3)(K,Ve¥¥t)
Xsin 26,. The prefactoA in Eq. (293 is

A 1—€ n K2
1+]|cotgy|?® K1

The problem becomes one of MQ@&s shown in Fig. R

PHYSICAL REVIEW B67, 104425 (2003

9]
==
@
Q

05

W
>
X
=<
2
=

05

5/81/2

15

FIG. 2. Thed(=6— 6,;) dependence of the effective potential
#U/K, Ve for 6,=3/4 (the phenomenon of MQT

where the Nel vector escapes from the metastable state at
6=0, ¢=0 through the barrier by quantum tunneling.

Now the nonvacuum bounce configuration with an energy
&E>0 is found to be

2
6p:§\/§[a—(a—b)Snz(sz,kz)], (303
where
L \/K—l mz —-1/2
©2= i g Z(HM)
X \/sin 26.Y*\Ja—c. (30D)

a(&)>b(€)>c(&) denote three roots of the cubic equation

3

q3—§q2+—=0. (31)
0

sh(w,7,K5) is the Jacobian elliptic sine function of modulus

k,=+\(a—b)/(a—c). The classical action of the non-

vacuum bounce configuration E@O3 is

B [1 [ds,)\?
Sp= f_BdT SM| 57| +U(8) [=w+26B, (323
with
we 2 ax v st 520 14+ |
5x3%  hy © o T 2K AxL

X (a—c)¥q 2(kj—k3+1)E(k,)

—(1-Kk3)(2—k3)K(ka)1. (32b)

Then the general formula E() gives the imaginary parts of
the metastable energy levels as
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1 \/E m2 —12
_ 1/4 oS
Imé& —25/4><31/4€ y Xl\/SIn20c(l+2K1AXL)
ya—~C
X - exp(—W). (33
K(ky)

Here we discuss the low energy limit of the imaginary

part of the metastable energy levels. For this cdse;(n
+1/2)Q,,

K
Q,=JU"(5=0)/ M= 3V4x 2V4el4y /X—l\/sin 20,
1L

X

m2 |\ —12
1 1

T 2KAY,

a~(3/2)(1—k'?/4), b~ (3k’?/4)(1+3k’?/4),
c~—(3k'?/4)(1+k'?/4), and  k,*=16827U,<1.
Therefore, Eqs(32b) reduces to

1 1\ [ 2%9Mx 3% JKix, V
W=Wy—|n+=|+|n+5]|In XY oia
2 2 +1 fiy
"2
m2 1/2
X /si +—
sin26.| 1 2K1AXL) , (34a
where
W 219/4>< 31/4 o /K1XJ_V |C0t0H|1/6
= €
0 5 hy  J1+|cote,|?R
m2
X 1+ .
> K 1—€ +K2
X 1+ +|cotgy|?®  Ki
(34b

The imaginary part oh-the excited level is found to be

hlmé&,

[CMES

3/2 7
_3 X2 3/2 )
1+|cotfy|?3

_n!\/;‘E '

N 1/6
227/4y 35/4.5/4 Kix. VvV |Cot6’H|
hy 1+ |coty|?”
2
X 1+ m n—1/2
oy K 1-€ +K2
o 1+ +|cotoy|?®  Ki

X

X exp(—Wp). (35
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For the case of large noncompensatiam{+/x, K;), EqQ.
(35) reduces to the result for quantum tunneling in FM par-
ticles

(95"
mmgﬁM:n—IMmggM, (363
where
35/4>< 225/465/4| cot 0H | 1/68/

dz"'= ., (38b

K2

\/1— e+ —(1+]|coty|??
Ky

andS' is the total spin of FM particles. &G is the imagi-
nary part of ground-state level for FM particles

718y, 531/8 1/4
X2 cot 6,
HAEM= (K,V)eTles ~112 | Hl
N 1+]|cot@y|??
K2 1/4
X|1=et i (1+ lcotd,|??) | exp(—WEM),
1
(379
where
217/4>< 31/4 | cot 6H | 1/6
W(I;M S/ 65/4

K, '
1—e+ —(1+|coty|?3)
K1
(37b)

The WKB exponent in the imaginary part of ground-state
level, WEM for m/2+ O(\/e)< < 7—O(\e), fully agrees
with the result of the ground-state spin tunneling in biaxial
FM particles®
For the case of small noncompensatiom< /x, K;), EqQ.
(35) reduces to the result of AFM spin tunneling
(a5™)"

h |m5ﬁFM=Tﬁ Im&L™,

where

(383
A 35/4% 227 cot g, | V8

K1
Sed4 [ —. 38h
a2 J1+]coto,| PR J (389

# Im £5™ is the imaginary part of the ground-state level for
AFM particles

7/8>< 229/8 1 3/4
h |mgéFM:—(Jv)(_) 67/88*1/2
Jr J
|cot g Y4 AW
(1+ [cotgy 7R Vo)
(393
where
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FIG. 3. The temperature dependence of the relative decay rate

I'(T)/T(T=0 K) for AFM particles in a magnetic field with a
range of angles 77/2+O(\/E)<0H< m—0O(e). Here, K1
=10" erglcn?, J=10" erg/cn?, S=10%, e=5%10%, and 6y
=3m/4.

WAFM _ 219/4>< 31/4 ﬁ 65/4 |Cot 0H | 1/6 (39b)
0 5 J J1+]coto,| P

andS s the sublattice spin of AFM particles.
At finite temperaturel the decay ratd’=2 Im& can be
easily found by averaging over the Boltzmann distribution

(T 2 Im EAPM exp(— £AFMB), (40)

Z
where Z,=3 , exp(-#EAT™B) is the partition function with
the harmonic oscillator approximated eigenvalugs™
=(n+1/2)Q),. Then the decay rate at a finite temperatlire
is found to be

I(T)=2Im&™M(1—e "28)exp(qy™e "2F),

(41)

where ImE5™ andg,™ are shown in Eqg38h) and(393.
In Fig. 3 we plot the temperature dependence of the tun

neling rate for the typical values of parameters for
nanometer-scale single-domain antiferromagr&tsl0®, e Nw‘“
=1-H/H,=5%10 3, K;=10 erg/cn?, J=10" erg/cn?, >

and 6, =3m/4. From Fig. 3 one can easily see the crossove
from purely quantum tunneling to thermally assisted quan:
tum tunneling. The temperatuiie. characterizing the cross-
over from quantum to thermal regimes can be estimated &
kg T.=AU/W,, whereAU is the barrier height, antl; is
the WKB exponent of the ground-state tunneling. For this
case, one can easily show that the height of barrier is

27/2 |l/6

|cot6y

hAU= ——,
1+ |coty|??

3/2
KV

and then the crossover temperature is

PHYSICAL REVIEW B67, 104425 (2003
71 4

24

O

=)

o

22 28 28

FIG. 4. Thedy dependence of the crossover temperaiyéor
72< 6y<mr. Here, K;=10" erg/cn?, J=10° erg/cm°' S=10%,
the radius of the particle is 5 nm, are=5x 10" 3.

5 VKV, [cotoy"
= € .
SRIPECNEIZS J1+][cots, R

In Fig. 4, we plot thed,, dependence of the crossover
temperaturel . for AFM particles in magnetic field with a
wide range of anglesr/2< <. Figure 4 shows that the
maximal value ofT, is about 6.94 K av=2.35, which is
one or two orders of magnltude higher than that for ferro-
magnets with a similar size® Note that, even foe as small
as 103, the angle corresponding to an appreciable change of
the orientation of the N vector by quantum tunneling is
8,=/6€e rad>4°. The maximal value of . as well asl" is
expected to be observed in experiment.

C. 0H=

In case off,,= m, we haved,=0 and»=0. Worklng out
the integration ovet, the spin tunnehng problem is mapped

15

X
=-15

=

-2

-25

25

8/(:1/2

FIG. 5. Theé(= 60— 6,) dependence of the effective potential
#U/K,Ve? for 6= (the phenomenon of MQT
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onto the problem of a particle with effective magsl 1 1
= Mpapw+ Men=x, VA y*+m?12K,4 92 moving in the W=Wo=|n+3|=|n+35
one-dimensional  potential  well U(8)=(K,V/%)(es?
— 8%/4). Now the problem is one of MQTas shown in Fig. oV 1XJ_V\/ m?
5), and the nonvacuum bounce at a given eneft0 is 32\/56 iy + 2Kox,
found to be XIn 12 , (453
1/2
he 272 JKix, VvV m?
Sy=+2¢| 1+ \/1— dn(wg7,Kg), (42 Wo=—5—€2—"——/1+ : 45h)
b F( ver] dneamke). (423 =3 €y iy (45Y
and
where
172 L Ki 1 !
K, 61/2 hE |m5n=I—\/_‘y —€ —2
3T ’ 1+
X1 m? K,Ve oK
1+ 2X1
2Kox n+1/2
* 3/2\/ w1V m?
x| 32\/2¢ 1+
hE hy 2Kox .
1-\/1- X exp(—W). 450
, K1V62 q O) ( )
ks=1-— : (42D In the case of large non-compensationst \/y, K,), Eq.
1+ 1— he (450 reduces to the result for quantum tunneling in FM par-
Klvez ticles
: . FM (95™) FM
The classical action of the nonvacuum bounce @g8b) hImE T =——hIm&g™, (463
is '
where
S fﬁd ! (dép 2+U 8,) |=W+2EB, (43 K
Pm) s 27 d (%9)] = A (433 ng:3263’2\/K—15’. (46b)
2
with ﬁAEEM is the imaginary part of ground-state level for FM
particles
4 o NKix Vv m* ( he 14
W= = €32 1+ 1+1\/1- 8 ,, Kz
3 hy 2Kox | K,Ve AAETM=—(K,V)S' ~1/254 re exp(— WY,
N 1
X[(2—k3)E(ks) — 2k5%K (k3)], (43b) (479
where
wherek;?=1—k3. Then the imaginary parts of the meta-
stable energy levels are 8 3. [K1
wiM S’ (47b)
Ky’
méE= exp — W). (44) gndS’ i_s the_ total spin of FM particles. The WFKNI|3 exponent
4K(k3) in the imaginary part of ground-state levély;" for 6y

=, fully agrees with the result of the ground-state spin
Now we consider the low energy limit of the imaginary tunneling in biaxial FM particle8.

part of the metastable energy level. For this ca&gs(n For the case of small noncompensatiom< \x, Ky), Eq.
+1/2)Q 4, (450 reduces to the result of AFM spin tunneling
(qAFM)
2K, *? himERM= hlmeL™, (489
Q3= VU (5=0)/ M=y \| = — |
XL 14 where
2Kox1 K
AFM _ 32, /N1

Ki2= (1/2%263?) JFTK VM(n+ 1/2)<1, then 05" =3225¢\ - (48D)
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10 T T T T T

' tations [ 7/2+ O(\Je)< 8y<7—0O(\Je)]. The temperature

_ dependences of the decay rate are clearly shown for each
case. For the case of large noncompensation, the WKB ex-
ponents in the tunnel splitting and the tunneling rate fully
_ agree with the results of ground-state spin tunneling in biax-
ial FM particles® In the comparison with other more accu-
rate methodse.g., Ref. 3], our result gives the exact same

, expression of the exponential term in the tunneling rate,
while could differ by a factor in the preexponential term.
Since our major interest in this work is the angular-

i dependent spin tunneling in AFM particles, which is largely
determined by the exponential term in the tunnel splitting or
the tunneling rate, this correction factor does not change
1 - much in front of the exponentially small action term.

One important conclusion is that the tunneling rate and

0 1 1 1 1 1 1 1 1 L 1

o o1 o0z 03 oa o5 o6 o7 os 09 1 11 the tunnel splitting at excited levels depend on the orienta-
T/TC tion of the external magnetic field distinctly. Even a small
. misalignment of the field withdy=w/2 and = orientations

F(1|':)|/(;.($ Bhﬁ)ti?rp;'r:a'\tn”rsa?t‘iec‘?ggOi'f]“:emjgt:;i::e'f?;:‘éevﬁﬁgay ral€an completely change the results of the tunneling rates. In a
- o 0 _ H wide range of angles the, dependence of the WKB expo-
5_:6 rere’Kl_lo erglent, J=10° erglon?, S=1.5x10f, and nent mainly comes from the behavior of the function
o |cot 6% 1+ [cotf,?°. Another interesting conclusion
concerns the field strength dependence of the WKB exponent
in the tunnel splitting or the tunneling rate. It is found that in

a wide range of angles, th=1—H/H_.) dependence of the
1/4 |3 WKB exponent is given by>* not €¥? for 6= /2, and
7 Im EQFM=—(JV)(—) €S V2 expg — W™, 6,=. As a result, we conclude that both the orientation
JV J o
and the strength of the external magnetic field are the con-
(493 trollable parameters for the experimental test of the phenom-
where ena of macroscopic quantum tunneling and coherence of the
Neel vector between excited levels in single-domain AFM
nanoparticles at sufficiently low temperatures. If the experi-
ment is to be performed, there are three control parameters
for comparison with theory: the angle of the external mag-
netic field 8y, the strength of the field in terms ef and the
temperaturer.
I'(T)=2 lmgo(l_e_mgﬁ)exqqéme_mgﬁ). (50) A detailed comparison between thg theory and experiment
on quantum tunneling of magnetization remains a challeng-
The temperature dependence of the decay rate is shown ing task. In order to avoid the complications due to distribu-
Fig. 6. For this case, the position of the energy barrier idions of particle size and shape, some groups have tried to
5,=1/2¢, the height of barrier igiAU=(K,V)e?. There- study the temperature and field dependence of magnetization
fore, the crossover temperature iskBTC=(3/8\/§) reversal of individual magnets. Wernsdorfer and co-workers

# Im 5™ is the imaginary part of the ground state for AFM
particles,

WeM=——\/ =S¥, (49b)

and S is the sublattice spin of AFM particles. And the final
result of the decay rate at finite temperattiris found to be

X (VKIV) 2571, h_ave perfqrmed th_e switching fie_:ld measurements on indi-
vidual ferrimagnetic and insulating BaFeCoTiO nanopar-
IV. CONCLUSIONS ticles containing about £6-1¢° spins at very low tempera-

tures (0.1-6 K.! They found that above 0.4 K, the

In summary we have investigated the quantum tunnelingnagnetization reversal of these particles is unambiguously
between excited levels in a general AFM model with non-described by the Ned-Brown theory of thermal activated ro-
compensated sublattices in the presence of an external magtion of the particle’s moment over a well defined anisot-
netic field at arbitrarily directed angle. By calculating the ropy energy barrier. Below 0.4 K, strong deviations from this
nonvacuum instantons exactly in the spin-coherent-statthodel are evidenced which are quantitatively in agreement
path-integral representation, we obtain the analytic formulasvith the predictions of the MQT theory without dissipatibn.
for the tunnel splitting between degenerate excited levels iThe BaFeCoTiO nanoparticles have a strong uniaxial mag-
MQC and the imz;\ginary parts of the metastable energy levelsetocrystalline anisotropy. However, the theoretical results
in MQT of the Neel vector in the low barrier limit for the presented here may be useful for checking the general theory
external magnetic field perpendicular to the easy a#is ( in a general AFM systems, in which the magnitude of un-
=/2), for the field antiparallel to the initial easy axi8{ = compensation ranges from largéM case to small (AFM
=), and for the field at an angle between these two orieneasg. The experimental procedures on single-domain FM
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nanoparticles of Barium ferrite with uniaxial symmétry where the level broadenin@, contains all the details of the
may be applied to the general AFM systems. Note that theoupling between the magnet and its environment. If the
inverse of the WKB exponent in the tunneling rate’ is the ~ width caused by the dissipative coupling sufficiently large,
magnetic viscosity at the quantum-tunneling-dominated re- the levels overlap, so that the problem is more or less equiva-
gime T<T, studied by magnetic relaxation measuremérits. lent to the tunneling into th.e st(uctureless continuum. In this
Therefore, the spin tunneling phenomena should be checked®Se, the results obtained in this paper should be changed by
at any 6,; by magnetic relaxation measurements. Over thdncluding the dissipation. It is noted that the purpose of this
past years a lot of experimental and theoretical works wer@2P€r is to study the spin tunneling at excited levels for
performed on the spin tunneling in molecular Mc smgle-'domam AFM particles in an arbitrarily dlrected'mgg-
(Refs. 1,32 and Fg (Refs. 2,33 clusters having a collective netic field at sufficiently low temperatures. Strong dissipa-

spin stateS= 10 (in this papeiS=10°—1F). These measure- tion is hardly the case for single-domain magnetic

¢ lecul lust &= 10 ¢ that particles®® and thereby our results are expected to hold. It
ments on molecular Clusters wi suggest that quan- 55 peen argued that the decay rate should oscillate on the

tum phenomena might be observed at larger system sizeg,jieq magnetic field depending on the relative magnitude
with S>1. Further experiments should focus on the levelpatween the width and the level spachif*343"However,
quantization of collective spin states 8 10°~10". _itis not clear, to our knowledge, what should be the effect of
Finally we discuss briefly the dissipation effect on spinfinite temperature in the problem of spin tunneling. The full

tunneling. For a spin tunneling problem, it is important to analysis of spin tunneling onto the precession levels remains
consider the discrete level structure. It was quantitativelyan open problem.

shown that the phenomenon of MQC depends crucially on The theoretical calculations performed in this paper can
the width of the excited levels in the right wéflincluding  be extended to the AFM particles with a much more complex
the effects of dissipation, the decay rate, in particular, isstructure of magnetocrystalline anisotropy energy, such as

given by*352 trigonal, tetragonal, and hexagonal crystal symmetries. Work
along this line is still in progress. We hope that the theoret-
1 ) Qo ical results presented in this paper may stimulate more ex-
Ih=5(A&) > E—E2r 0L (51)  periments whose aim is observing macroscopic quantum tun-
n’ n— <n’

nn’ neling and coherence in nanometer-scale single-domain

whereA&, is the level splittingn’ are the levels in the other antiferromagnets.
well and Q) is the sum of the linewidths of theth and

n’th levels caused by the coupling of the system to the en-
vironment. For the exact resonance conditions, the tempera- We are grateful to W. Wernsdorfer for useful discussions.
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