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It is shown how large domain walls, containing = 10'° spins, can behave as quantum objects at low
temperatures. They move quantum diffusively, and exhibit macroscopic tunneling from defect pinning
centers. The dissipation is calculated and shown to be very small; it does not involve the usual Caldeira-
Leggett environmental couplings. The theory can also be used to treat smaller single-domain-wall be-

havior.
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Despite great advances in recent years in our under-
standing of mesoscopic and macroscopic quantum phe-
nomena, it is still widely assumed that very special condi-
tions must prevail [such as phase coherence or off-
diagonal long-range order (ODLRO)] for really macro-
scopic effects to exist. Indeed, macroscopic quantum
tunneling' (MQT), involving some 10° Cooper pairs in
the relevant “instanton,” has only been convincingly ob-
served in SQUID rings. >

Here it is shown that a detailed theory of magnetic
domain-wall motion, incorporating all relevant dissipa-
tive couplings to the environment, predicts that very
large walls (with > 10'? spins) should show both MQT
and quantum diffusive behavior at millikelvin tempera-
tures. This is contrary to the usual opinion,** which
holds that magnetic phenomena can involve, at most,
coherence amongst ~10* spins. Although this is indeed
true for grain tunneling,? it is not true for walls.

The reason for this can be seen if one goes to a micro-
scopic description which isolates the relevant macroscop-
ic coordinate from all other degrees of freedom.! Any
other description would naively indicate coherence ef-
fects to fall off with IV (the number of spins involved in
the coherent wall motion) as e ~*Y, with a~1. Just such
a collective coordinate appears in domain-wall tunneling;
it is the “wall center” coordinate Q (¢).

However, as has been made clear in recent years, these
other degrees of freedom usually have a prohibitive dis-
sipative effect on macroscopic quantum phenomena.
These dissipative effects have never been considered for
domain-wall tunneling (although the effect of phonons
has been considered for grain tunneling®> within a
Caldeira-Leggett context). In fact, the domain wall has
a variety of dissipative couplings to magnons, photons,
impurities, and defects, as well as phonons. Unfor-
tunately almost all work on these couplings has been
phenomenological (see, however, Ref. 3, and also Ref.
6), and none of it has addressed the problems discussed
here. Yet it cannot be overemphasized that a realistic
theory must treat all of the “dangerous” dissipative
mechanisms— otherwise one would have no justification
for believing that quantum phenomena could persist on
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anything but microscopic or mesoscopic scales (i.e.,
N < 10%). This general argument in fact applies to al-
most any large-scale quantum phenomenon; macroscopic
systems almost always behave classically precisely be-
cause environmental couplings can so easily destroy
coherence. !

Thus a fully microscopic derivation is given here of the
effects of these couplings on the quantum dynamics of a
large domain wall. We assume a magnetic insulator,
which removes the very strong dissipation from itinerent
electrons. Although most of this paper is concerned with
macroscopic walls, it is clear that the theory may also be
applied to smaller-scale processes, and this will be dis-
cussed at the end.

The main result of this paper is that in magnetic insu-
lators the environmental couplings to the wall do not
seriously affect its quantum motion. However, to arrive
at such a result involves an analysis quite different from
the usual Caldeira-Leggett method—this is because
there is no coupling between the wall, and either its mag-
netic or phononic environments, which is linear in the en-
vironmental variables.

We start with a lattice Lagrangian

do:
L =szic059j(z)+Lm
7 dt
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where the lattice spins s; =sfi;, and fi; =(0,,6;); Hgi is
the usual dipolar interaction,’ while L, includes phonons
and magnetoacoustic couplings, and Hgy the remaining
magnetostatic terms, as well as the interaction H,4 with
photons:

H., =fd3r2[ Ao,

i | 2¢(w)

12
€ M(r,0)]

X [au—a"—kx] . (3)

Here ay,, the photon polarization éy,, frequency wy;, and
permittivity e(w) are defined for photons in the magnet.
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We have for simplicity assumed an easy X-axis magnet,
and for purposes of calculation we will assume a planar
Bloch wall (whose experimental realization will be dis-
cussed below). Then the magnetization density M(r,z)
will take the semiclassical profile Mo(r,t) for a wall
moving along the Z axis, perpendicular to the wall plane,
with

M§(r,t) =|M|tanh[5(1)/A],
My(r,t) =|M|(1 —Q?*/8c¥)sechlz(1)/r], (4)
M3 (r,t) =|M|(Q/2¢)sech[z(1)/A],

Lusg=J dr{20(V6)? = &

where the new magnons [created by b 7(r,7)] describe
magnetization fluctuations about M(r,t), and have both
bulk branches (with energy gap A0=4h2y2sK/18) and
wall or “Winter magnon” branches.® We may derive a
similar expression for the magnetoacoustic coupling to
the wall.’

Now it is of paramount importance that, in the ab-
sence of defects, neither the magnon nor the phonon bath
couple to the wall coordinate Q (their energy is indepen-
dent of Q) to any order in 1/s. Hence at T=0 (and
effectively for kT < A, see below), and Q <c, they have
no dissipative effect on wall motion.

We note also that there is no coupling of any kind to
the wall below second order in the bath coordinates, as
mentioned previously—this therefore takes us outside
the scope of the Caldeira-Leggett model Lagrangian, in
analyzing wall-phonon or wall-magnon interactions.

Moreover, we can rule out any appreciable effects
from photons or impurities by a consideration of energy
scales. Notice first that for the kind of soft magnetic in-
sulator we consider here, A~ 10> A, and the Walker ve-
locity c~10° ms ~!. Thus the frequency scale wg associ-
ated with its free motion is much less than ¢/A ~10° Hz;
and we shall see that typical instanton frequencies (in-
verse bounce times) Q¢~ 10® Hz in tunneling.

Now from (3) we may easily derive a Caldeira-
Leggett spectral function' for wall-photon interactions of
the form

| M\ Aw

Jalw)= 6n’he(w)

3
ﬂJ , (6)

which for w=wg or Qp gives an utterly negligible effect
on tunneling (and even less on free motion) even for
quite gigantic walls. The argument is more delicate for
impurities or resonant scatterers of characteristic energy
scale A Q; calculations similar to those in Ref. 10 show
their dissipative effect to be ~(w/Q;)? for < Qy, so it
must be ensured that any magnetic impurities with Q;

A 2] e 325 |
1 —sech x b'b—ihyK ——13 sech
0

where |M|=2hys/I3, for lattice constant /o, and Q(z) is
the wall center z coordinate [and Z(¢) =z — Q(1)]; we as-
sume Q Kc=4znyA, where A=(J/K) ">, is the wall
thickness, thereby allowing a continuum treatment. ¥
=up/h is the gyromagnetic ratio. The impurity and de-
fect terms Himp and H ger are discussed below.

If we now look at quantum fluctuations of the magnon
and photon fields around M (r,7), we obtain a new effec-
tlve Lagranglan coupling the wall, with kinetic energy
T MyQ? (the Doéring mass My =2Aw/uoy*r for a wall
of area Aw), to new canonically transformed magnon
and photon baths. Thus, to O(1/s?), the magnon part
has the Lagrangian
z z
5 ] [tanh lk

A AL 1A (5)

~ Q¢ or wg are absent from the sample. "'

Thus, at low T, the wall moves as a quantum object.
Indeed, its real-time quantum diffusive motion can be
derived by applying time-dependent perturbation theory
to the equation of motion for the wall density matrix, us-
ing (5) and the magnetoacoustic coupling. The explicit
calculation at finite 7 is tedious but straightforward,’
and gives an Ohmic friction coefficient n(7T) for the
motion (still assuming Q < ¢), where®

Aw
1672y %>

kT

—Ag/kT

n(7) =

3
+ BoAw kTJ , (N

ho©

where B, is a complicated function of magnetoelastic
coefficients, '% and 8,4y is very small for realistic walls.

Some features of (7) deserve comment. The magnon
scattering term is just what one would expect from
second-order perturbation theory for inelastic scattering
of magnons having a gap Ay (coming from the uniaxial
anisotropy). The third-order term in (5) gives a correc-
tion to (7) of higher order (~7 7% ~***7). The phonon
term in (7), of order (T/©p)?, is quite different; it comes
from the phase shift experienced by the phonons passing
through the wall, and was first considered (in one dimen-
sion) by Wada and Schreiffer.® Real inelastic phonon
transitions are impossible for a wall moving at less than
the sound velocity.

Now, since Ag<hBp, Eq. (7) implies quantum
motion when k7 < Ag. This motion will be difficult to
see for two reasons. First, a large wall is quite heavy (a
wall contammg N~10'0 spins, with A~103 A and Ay
~107®% m? has My~4x10""7 kg), so wave-packet
spreading w1ll be slow. Second, the walls tend to be
trapped by defects in the magnet. This, however, is a
blessing in disguise, for it allows a test of the much more
spectacular MQT of a wall off a pinning defect in an ap-
plied field.

The easiest way to do this experimentally is to use a
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small applied field H to push the wall off the defect.
Such an idea is of course not new (although it has never
been previously advocated for macroscopic walls). The
question now becomes: What would the tunneling rate
be, and under what conditions could it be observed?

To treat this problem we use the spherical defect mod-
el of Sparks, Loudon, and Kittel;!? for defect radius
Ry <A, the actual shape of the defect is irrelevant to the
form of the pinning potential, itself given by Hger
=— S uofd*rM(r) - Hyn(r), where Hyn(r) is the de-
magnetization field around the impurity (which we as-
sume to be at the origin). '3

Calculation of Hger produces a number of terms, of
which the leading term [to O(R(/A)] is the static poten-
tial

Hgei~ — Ugsech2(Q/1) , 8)

where Uo=8ruo|M|2R3/3. If we now apply a field Hy
=(1—e¢)H,. along x (where H, is the coercive field for
the defect), then we will obtain tunneling. The calcula-
tion of the tunneling rate T=Ae ~% at T=0 is a stan-
dard problem in instanton physics, and we find [using a
total potential given by adding to (8) the field-induced
potential — ¥ uoH-dM = — (uoh ys/13) HAw Q)

” R
A=|"=(uogs)?y*H, <1 N| €% O
T hyls
2( 3 1/2
4gs IOH(‘
B=|=8 | |27 NeY4, (10)
15 ] [ hy ] ‘

with a crossover to thermally activated hopping around a
temperature

T, = (%) (ghyuosH.N)e’*/B , an

where N =AAy /I3 is the number of spins in the wall.
Again putting N=10'", and H.=1 G, with e=10"3,
one finds a tunneling rate '~ 103 Hz below T, ~15 mK.
A wall of this size involves more spins than there are
Cooper pairs involved in MQT in SQUIDs, and so this is
a genuine macroscopic tunneling phenomenon. More-
over, we have eliminated as unimportant all sources of
dissipation in the problem (apart from one-site defect
dissipation, see below), so the results (9)-(11) should be
reasonably accurate.

Thus it is suggested that a search for domain-wall
MQT be carried out at low 7, in very pure ferromagnetic
insulators. At this point it is useful to discuss the con-
nection between the above theory and a practical experi-
ment. A sample with negligible magnetostatic effects
would be desirable, such as the Kittel-Galt “picture-
frame” geometry,'* or perhaps a straight wall slicing the
length of a whisker and moving across it (notice that in
both of these configurations the wall area Aw is natural-
ly limited by the sample geometry). Rather sensitive
magnetometry would be required, using either SQUIDs
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or ‘“Aharonov-Bohm” electron-diffraction techniques,15

or some other relatively “noninvasive” probe of domain-
wall position. Finally, one would like to have a material
which can be made in very pure crystalline form, and al-
most free of defects, for which yttrium iron garnet, or
one of its relatives, is the obvious candidate.

The implications of a discovery of such domain-wall
MQT would be quite interesting. The essential reason
why it can work here is that the relevant collective coor-
dinate Q(t) represents a ‘“‘quantum soliton” center of
mass, and it is in the nature of solitons that they do not
dissipate energy into other modes of their field. Thus
one might expect to find similar phenomena in other sys-
tems where large solitons exist. Notice that this is more
important than ODLRO or superconducting phase co-
herence.

If the MQT was not seen, one would naturally suspect
some hidden source of dissipation, not considered here.
In fact, the only other dissipative coupling in our original
Lagrangian comes from a dynamic term in H 4, which
couples Q(¢) to the wall magnons. This term is linear in
Q(t), and can be treated using the usual Caldeira-
Leggett techniques—its effects are somewhat analogous
to those of ripplons on ion scattering off *Hell liquid.
We do not give the details here because they are very
complicated, and, moreover, numerical estimates of their
effects indicate them to be negligible. They will be de-
scribed in detail elsewhere.®

I conclude by noting that the theory here can be
equally applied to mesoscopic walls. Indeed, there is
some rather striking evidence for such behavior in disor-
dered hard magnets, involving N ~400 spins.'® In these
systems, H. and € are much larger than the values con-
sidered above for MQT, and so the corresponding cross-
over temperatures are higher (7,~1-2 K). Neverthe-
less, it is clear from the analysis here that if one were
able to go to lower temperatures, the tunneling of larger
domain walls would become observable (the experiments
of Ref. 16 never went below 1.4 K). The analysis is con-
siderably complicated by the presence of a very large
number of domain walls in these disordered samples, so
that the relation between theory and experiment is rather
indirect; I intend to return to this problem elsewhere. '’

For this reason it is clearly desirable that further ex-
perimental work be done on pure insulators, since the
comparison between theory and experiment will be much
easier. In any case, the results of this paper show that a
rigorous treatment of both mesoscopic and macroscopic
domain-wall motion can be given, including apparently
all relevant dissipative effects, and that quantum coher-
ence phenomena associated with such motion should be
observable up to a macroscopic level.
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