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Abstract. At low temperatures the Neel vector in a small antiferromagnetic particle can possess quantum
coherence between the classically degenerate minima. In some cases, the topological term in the magnetic
action can lead to destructive interference between the symmetry-related trajectories for the half-integer
excess spin antiferromagnetic particle. By studying a macroscopic quantum coherence problem of the Neel
vector with biaxial crystal symmetry and a weak magnetic field applied along the hard axis, we find
that the quenching of tunnel splitting could take place in the system without Kramers’ degeneracy. Both
the Wentzel-Kramers-Brillouin exponent and the pre-exponential factors are found exactly for the tunnel
splitting. Results show that the tunnel splitting oscillates with the weak applied magnetic field for both
the integer and half-integer excess spin antiferromagnetic particles, and vanishes at certain values of the
field. All the calculations are performed based on the two sublattices model and the instanton method in

spin-coherent-state path integral.

PACS. 75.10.Jm Quantized spin models — 73.40.Gk Tunneling — 75.50.Ee Antiferromagnetics

Macroscopic quantum phenomena (MQP) have been
given extensive investigations for more than a decade since
the fascinating prediction of Leggett and Caldeira. They
found that the quantum tunneling could take place on the
macroscopic scale if the dissipation due to the interactions
of the macroscopic system with the environment was small
enough [1,2]. MQP are largely classfied into macroscopic
quantum tunneling (MQT) and coherence (MQC). MQT
corresponds to the simple tunneling of a macroscopic vari-
able through the barrier between two minima of the effec-
tive potential, while MQC corresponds to the resonance
between the energetically degenerate states. The predic-
tion of Leggett and Caldeira turned out to be in excellent
agreement with the experiment carried out on the single
electron tunneling at IBM, Yorktown Heights [3]. In re-
cent years, owing mainly to the development in materials
preparation techniques on nanometer-size magnetic par-
ticles, and in low-temperature magnetometry, there has
been growing interest in observing the new MQP in mag-
netic systems. Particular cases of the magnetic MQP are
quantum tunneling of the magnetization vector in small
single-domain ferromagnetic (FM) particles [4-6], quan-
tum nucleation of FM bubbles [7] and the depinning of
FM domain walls from defects at low temperature [8-10].
MQP also exist in the small single-domain antiferromag-
netic (AFM) particles in which the Neel vector can tunnel
coherently between the low-energy directions at a tem-
perature well below the anisotropy gap [11-15]. It has
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been suggested that the small single-domain AFM par-
ticle, which has a nonzero magnetic moment due to the
irregular shape of the particle, is a better candidate for
observing the MQP than the FM particle because of the
much larger resonance frequency in one of the wells sep-
arated by the magnetic anisotropy. The MQC and MQT
problems of the Neel vector were investigated based on
the two sublattices model [11-13,15] and the anisotropic
o model [14] independently. And the quantum nucleation
problems of the Neel vector were also studied in references
[14,15].

One of the most striking effects in the magnetic MQP
is that for some spin systems with high symmetry, the
tunneling behaviors for the particle with half-integer total
spin are much different from that for the particle with inte-
ger total spin. It has been theoretically demonstrated that
the topological term in the magnetic action can lead to the
destructive interference between the different symmetry-
related tunneling paths for the half-integer total spin FM
particle in the absence of a magnetic field. Such an effect
gives a total tunneling amplitude that is exactly zero ac-
cording to the Kramers’ theorem [16,17]. But if the total
spin of the FM particle is integer, the interference is con-
structive and the quantum tunneling is allowed [16,17].
The destructive quantum interference effect is known as
topological quenching [18]. The topological quenching ef-
fect can also exist in the FM system without Kramers’
degeneracy [18]. More recently, the quantum interference
effect in resonant tunneling of the magnetization vec-
tor between nonequivalent wells formed by the applied
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magnetic field has been investigated theoretically for small
single-domain FM particles [19,20].

Topological quenching effect can also take place in the
small single-domain AFM particles [12,13]. It was pointed
out that in a AFM system with time-reversal invariance
the tunnel splitting of the ground state is suppressed to
zero for the half-integer excess spin particle, but is nonzero
for the integer excess spin particle [12,13]. In the present
work we will emphasize that, similar to the FM system
[18], the destructive interference or topological quenching
effect is not necessarily related to the Kramers’ degener-
acy for the AFM system. We shall show this with the help
of a specific example of MQC in a AFM system with bi-
axial crystal symmetry and a weak magnetic field applied
along the hard axis. In this case the ground-state tunnel
splitting can vanish even when the Kramers’ theorem is
inapplicable. i

The system of interest is a small (~ 50 A radius),
single-domain, AFM particle at a temperature well be-
low its anisotropy gap. According to the two sublattices
model [12], there is a strong exchange energy m; -ms /x|
between the two sublattices, where m; and ms, are the
magnetization vectors of the two sublattices with large,
fixed and unequal magnitudes. In the following, we assume
that my > ms and m = m; — ma < m1. The Lagrangian
L of the system is given by

L=Lo+ Ly, (1)
where Ly is the magnetic Lagrangian without the
anisotropy and Zeeman terms, which can be written as
12]

Ly=V {% (%) (coshy — 1)+ % (%) (cosfy — 1)

— X_m1m2 [sin B sinfscos(d1 —p2)+coshy cosba+1] } .
1
(2)

V is the volume of the AFM particle, 7y is the gyromagnetic
ratio and 61 2, ¢1,2 are the angular components of m; »
in the spherical coordinate system. The topological terms
have been included in the Ly term. The anisotropy and
Zeeman energies are included in the L; term. In order to
obtain the tunneling rate for MQT or the tunnel splitting
for MQC, we shall calculate the following path integral

[ pwpien Do 1 [attarrn]. @)

The system we consider has an easy axis in the X-Y
plane, and a hard axis in z. In the presence of a weak
magnetic field H along the hard axis, the L; term equals

Li=-V(K, cos? 0] + K sin? 0; sin® ¢,
—my H cos6y — moH cosbs),

(4)

where K, and K| are the transverse and longitudi-
nal anisotropy coeflicients, respectively. Like the problem

studied in reference [12], in this paper we also assume
that the transverse anisotropy coefficient is much larger
than the longitudinal one, which agrees with the experi-
mental condition on highly anisotropic materials (such as
the rare-earth materials). When H = 0, equation (4) is
reduced to the MQC problem of the Neel vector studied
in reference [12]. It has been theoretically demonstrated
that the tunnel splitting is suppressed to zero for the half-
integer excess spin AFM particle when H = 0. Such a
topological quenching effect of the AFM particle in the
absence of the magnetic field is related to the Kramers’
degeneracy due to the time-reversal invariance of the sys-
tem. According to Kramers’ theorem, the ground state is
a Kramers doublet so long as the excess spin of the AFM
particle is half-integer and so the rate of quantum tun-
neling is zero resulting from the destructive interference
between the different paths of the clockwise and coun-
terclockwise instantons. In real experiments, in order to
detect the freezing of quantum tunneling in a small AFM
particle with half-integer excess spin, one will always ap-
ply some weak magnetic fields to remove the Kramers’
degeneracy. Therefore, we will investigate the tunneling
behaviors of the Neel vector in the presence of a weak
magnetic field, where the Kramers’ theorem is inapplica-
ble.

According to the two sublattices model for the AFM
particles, only the low-energy trajectories with almost an-
tiparallel m; and ms make the dominant contributions to
the path integral in equation (3). Therefore, 62 and ¢3 can
be eliminated by representing them as 6o = m — 01 — €9
and ¢o =T+ @1+ ¢4 (Jeg| € 1, |eg| < 1) and performing
the Gaussian integration over €9 and 4. Then, equation
(3) is reduced to the following path integral for a small
non-compensated AFM particle

/ D{0}D{¢} expl— Sz (0, 6)], (5)

where Sg is the effective Euclidean action which is given
by

Sp(0,¢) = %/dT {z@ (%)

aN\*  (do . N\ .,
(E) + (E_WH> sin” 0

When H = 0, the above action is consistent with the result
in reference [12]. The E(f, ¢) term in equation (6) is

XL
+272

+ E(6, ¢)} :
(6)

E(0,¢) = K, cos® 6 + K sin® 0 sin® ¢ — mH cos 0
= K (cosf — cosbp)” + K| sin?fsin®¢.  (7)

Now 6 and ¢ are the angular components of m;, which
can also determine the direction of the Neel vector. 7 = it
is the imaginary time and m = my — mo = hys/V < mq,
where s is the excess spin of the AFM particle due to
the non-compensation of two sublattices. 8y in equation
(7) is defined as cosfp = mH/2K,. It is noted that
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the first term in equation (6) is a total imaginary time
derivative which does not make any contribution to the
classical equations of motion. However, we shall show in
the following that this term, known as the topological
term, is of critical importance to the quantum properties
of the AFM particles and makes the tunneling behaviors of
the integer and half-integer excess spin particles strikingly
different.

Now we ignore the quantum interference effect for the
moment, but use the standard instanton method to eval-
uate the path integral in equation (5). The problem stud-
ied here is one of MQC, in which the Neel vector res-
onates between the energetically degenerate directions.
When H < H, = 2K, /m, E(6,¢) in equation (7) has
degenerate minima at § = 6y and ¢ = 0, w. H. is the
coercive field at which the initial state becomes classically
unstable. We note that there also exists a spin-flop field
which can destroy the spin configuration in the AFM par-
ticle. The magnitude of such a field is smaller than that
of the coercive field for the small non-compensated AFM
particle in general. However, of interest in this paper is
the tunneling behaviors of the Neel vector in the pres-
ence of a weak magnetic field (i.e. H/H. — 0), where
the applied magnetic field is smaller than the spin-flop
field. So the two sublattices configuration is still valid for
the AFM particle at H # 0. The calculation for the tun-
neling rate consists of two major steps. The first step is
to find the classical or least-action path which gives the
Wentzel-Kramers-Brillouin (WKB) exponent. The second
step is to evaluate the Van Vleck determinant for the small
fluctuations about the classical path, which gives the pre-
exponential factors in the tunneling rate for MQT or in
the tunnel splitting for MQC.

To execute the first step, we must find the classical
path (6, ¢) with the boundary conditions at 7 = +77/2.
The classical path satisfies the following equations of mo-
tion

2
XL dd  xi (do OE
2d7'2 = (dT wH) sin @ cos 0 + 20
XL d d¢ .25 _OFE
T |:<d7’ wH) sin“ 6| = % (8)

In the case of very strong transverse anisotropy K, and
weak applied magnetic field, the Neel vector is forced to
lie in the X —Y plane and the fluctuations of  about /2
are small. Introducing § = 7/2 — a (Ja| < 1), and then
substituting equation (7) into the classical equations of
motion, we obtain the following two equivalent paths in
the small H/H, limit,

¢ = 2arctan(e“°7)

_ H 49 <K||) <H> 1
a=— L) l=) —,
H, K, H.) cosh®(woT)

¢ = —2arctan(e“°7)

9)

and

B H 49 <K|> <H) 1
o= — — — ) —
H. K, ) \H.) cosh*(woT)
where
(11)

The classical path in equation (9) is defined as the instan-
ton, which corresponds to the variation of ¢ from ¢ = 0

at 7T = —oo to ¢ = m at 7 = +00. The one in equation
(10) is deﬁned as the anti-instanton, which corresponds
to the variation of ¢ from ¢ = 0 at 7 = —oco to ¢ = —7

at 7 = +o00. To the second order of H/HC, the classical
action for the instanton or anti-instanton is found to be

@] e

In order to evaluate the Van Vleck determinant for
small fluctuations about the classical path, we write

0(r) =0(7) +01(7), &(1) =6(7) +¢u(1),  (13)

and expand the Euclidean action in equation (6) to the
second order of #; and ¢;, which gives the following ex-
pression

SE(av d)) = Scl + 6257 (14)

where

ook for g () e (%)
(o) (21

2
+ —cos?@ (ﬁ —z’yH) 6?
22 dr

+§(E999% + 2Eppbh1¢1 + E¢¢¢%)} . (15)

Epg, Eypy and Eye in equation (15) are defined as
3*E 9’E

Eoo = Gzlo=0,9=3> Eop = aaa¢|0 g.9=3 and Egy =

6¢2|9 ,0=¢- We first note that, to the second order
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of H/H,,
1 dé 2
§Eba+§§5 (E__”V}{> cos2f=K | ~ K, a5—2Ksin’¢

+8K (K'> K
I X, sin®p— HO‘ sin?¢
—16K (K” ) agsin®¢
K,

(oot () s
—8K| sin*p— 16K sin“¢
+26K) ( )aosm @

<—|> 2sin?p4-24K <K| )ZSinﬁd_)
K o Il K,

+48K) ( ) agsin®¢

—32K|,

= KL—I—O(K‘ ) >0, (16)
where oy = H/H,. Therefore, we can integrate out 6,
directly, which leads to the following effective action for
¢1 only
d 2
ron = [ |a(52) +zon (52 ) + cot|ar )
Here,
Vxe o5l 4% cos? 5(% —_i'yH)2
h 22 Egg + X—é cos 29(‘;—?_’ —ivH)?
B _KX_J_ Eg(z,sin20(d—‘75 —ivH)
h 2 Egg + X cos2§(d—f — i'yH)27
14 2
Egg + %5 cos 20( 5 — ivH)?

We now turn to the normalization factor for the re-
maining path integral over ¢;. In the spin-coherent-state
representation, the measure of the path integral in equa-
tion (5) is defined as

/ D{6}D{$}= lim H [2571 / sin 06y ydds 1.
(19)

where 0, = 0(=T/2 + kn), ¢p = S(=T/2 + kn). n =
T/(n + 1) is the width of the imaginary time slices. S
in equation (19) is the total spin in one sublattice for the
AFM particle. In addition to generating contributions to
the B and C terms in equation (17), the Gaussian inte-
gration over 6; ; will yield a factor of

27h 12
{nV[E%(ék, O1)+X% cos 20( 42 ~ivH o, g-5.] } '
(20)

Then the path integral in equation (5) can be written as
N’ Set /[d¢ e —Ia(n)] (21)

where

L 25+1
! .

h
x .+ XL felo}
27V [ Egg(Ok, 1)+ ?COSQG( =

X sin 0.

—ivH)?|g_g, o=a,]
(22)
It is easy to obtain the following relation for the trans-

verse susceptibility x| with the exchange energy density
J between the two sublattices [13]

h2’}/2
= — 23
XL = Sys (23)
In the limit of large S, equation (22) is reduced to
n
r / 1/2
N'= lim J](A,/mn)"2, (24)
k=1
where
V xu
A=J—==
KT R 22
. 27
sin” 0y, (25)

X ——
Egg(0r, ¢k)+%COS29(%—i’yH)2|9:§k’¢:d‘)k

Next, we change 7 to a new time variable ¢, which is de-
fined by

d¢ =dr/2A"(0(7), (7).

Then, in terms of the discretized variables, the path inte-
gral in equation (5) can be cast in the standard form for
a one-dimensional motion problem [6,21-23],

(26)

o [T [
n1—>oo [H/q/2ﬂA ]

xexp{ zn: { ! ( ) D1k —P1,6—1)°+2A, AL CrLT k]}
. (27)

where ¢1,0 = 0 and Ay, the width of the kth imaginary
time slice in the new time variable (, is given by

Ap = G — Coo1 = 1/24},.
A(Q_k,d;k) and C]/c = C/(H_k,d)_k) in

(28)
We have defined Ay =

equation (27), where
Egy sin 260( g—)
4 cos 20(‘1<£ —iyH)? '
(29)

Eogq +
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The remaining procedure to evaluate the Van Vleck de-
terminant of the quadratic form of ¢; in equation (27) for
the AFM particles is very similar to that for the FM parti-
cles [6]. Here we only give a summary on how to evaluate
the tunneling rate or the tunnel splitting for the AFM
particles. The first step is to find the classical path which
satisfies the boundary conditions from the equations of
motion. The second step is to differentiate the classical
path to obtain d¢/dr, then convert from 7 to the new
time variable ¢ according to the relation in equation (26),
which gives

do — qeHC

7y = ae as
Then the tunnel splitting for MQC (not including the con-
tributions of topological term) equals [6]

¢ — 0. (30)

A = kelal(u/m)"/2e 5, (31)
where k¢ is the number of the equivalent escape directions,
i.e. the number of paths which have the same classical ac-
tion. We note that only the asymptotic relation in equa-
tion (30) is needed for calculating the tunnel splitting, and
this is usually easy to obtain. The tunneling rate for MQT
can be evaluated by using similar techniques, and we will
not discuss it any further.

For the MQC problem studied in the present work, we
find the following relation between 7 and the new time
variable (,

h 9 h 2KH 40 KH
P— —_— 2 JES— _
T QVKLSC—'_VKL J + 3 \K |

H\?® 4 K H\?
il 2(20) () . 32
i) (&) (&) | o
From equation (9) or equation (10), it is a simple matter
to show that
bk A K S il (0 T D (|
dr 1S 'JeXp{ (KL)[ 3 (KL

ORI

do 23/21

K\J
X exp (— 2KJ2_SC> , as ( — oo. (33)
Thus,
14 K 40 (K
—93/2 " _ (20 220
la| =2 7w K”Jexp{ (KL) [2—1-3 (KL)
IVEAREYEAVEAS
H, 3\K | H. ’
and

_ K
F=\2x2™

Substituting equation (34) into the general for-
mula (31), using k¢ = 2 and including the contributions
of the topological term, we obtain the tunnel splitting for
this MQC problem in the weak field limit,

913/4 1/ K”J 3/4 .
2 r it el —-1/2
A=Tp hKL<Ki> s

ool () [ 2 () 5 ()
5 () @) el
w5 (2 ()]

where S is the total spin in one sublattice and s is the
excess spin in the AFM particle. It is clearly shown that
the tunnel splittings for both the integer and half-integer
excess spin AFM particles oscillate with the weak mag-
netic field. In terms of the exchange energy density J and
the total spin in one sublattice S, the classical action in
equation (12) can be rewritten as

ol () -4 (2) (2]

(36)

—Su
€ °ty

(35)

Scl — 23/2

For H = 0, the tunnel splitting in equation (35) is reduced
to

913/4 17 K”J 3/4 K
A==k “1/2 oxp |2 (=L
VPR ( K? ) 5 exp [ (Kl

40 (K ? —S (H=0)
-5 <K—J_> | cos(sm)le , (37)
where
K
Su(H = 0) = 23/2 7”5. (38)

The factor cos(s7) in equation (37) represents the quan-
tum interference between the different paths of clockwise
(Ap = —m) and counterclockwise (A¢p = 7) instantons
for the Neel vector in small AFM particle. If the excess
spin of the AFM particle is half-integer, the suppression
of tunnel splitting is evident [12,13]. If the excess spin is
integer, the tunnel splitting is nonzero and of the order
of single-instanton splitting. The classical action, i.e. the
WXKB exponent at H = 0 in equation (38) is in good agree-
ment with the result in reference [12]. However, the tunnel
splitting in reference [12] is obtained only from the contri-
bution of the classical path, which gives the WKB expo-
nential factor and leaves the prefactors incomplete. Here,
both the WKB exponent and the pre-exponential factors
are found exactly for the tunnel splitting, which will be
helpful for the observation of such topological quenching
effect in experiments.
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When H = 0, it has been demonstrated that the tunnel
splitting is completely suppressed for the half-integer ex-
cess spin AFM particle (see references12 and 13, or equa-
tion (37) in this paper). However, a weak magnetic field
applied along the hard axis can lead to the oscillation of
tunnel splitting with the field for both the integer and half-
integer excess spin AFM particles. The tunnel splitting is
thus quenched whenever

H J S 1
H. 2K, (52) <n+ 2 8)’
where n is an integer.

In summary, the macroscopic quantum coherence
of the Neel vector in a AFM system without Kramers’
degeneracy is considered in the present work. In the
absence of an applied magnetic field, the suppression
of tunnel splitting for the half-integer excess spin AFM
particle is evident. Furthermore, the detailed prefactors
in the tunnel splitting are found exactly, compared with
the results in reference [12]. The system at H = 0 has
time-reversal invariance and all eigenstates are doubly
degenerate for the half-integer excess spin AFM particle
according to Kramers’ theorem. This implies that the
tunnel splitting between the energetically degenerate
states at ¢ = 0 and ¢ = 7 vanishes. When a weak
magnetic field is applied along the hard axis, the time-
reversal invariance of the system is broken, but the
quenching of tunnel splitting is preserved at certain
values of the field. Another important result is that the
tunnel splitting oscillates with the weak magnetic field
for both the integer and half-integer excess spin AFM
particles. The definite values of the magnetic field at
which the quenching of tunnel splitting occurs are clearly
shown. Both the WKB exponent and the pre-exponential
factors are found exactly for the tunnel splitting in the
weak field limit. After investigating this specific example
of macroscopic quantum coherence of the Neel vector
in the presence of a weak magnetic field, we conclude
that the quenching of tunnel splitting for the AFM par-
ticle need not be related to the Kramers’ degeneracy of the

(39)

system. We hope that the theoretical results obtained in
this paper will stimulate more experiments to observe the
quantum interference, or spin-parity effect in the small
single-domain antiferromagnets.
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