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Have Resonance Experiments Seen Macroscopic Quantum Coherence in Magnetic Particles?
The Case from Power Absorption
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Recent magnetic resonance experiments on ferritin and nanofabricated magnetic dots of Fe(CO)s
have been interpreted in the framework of macroscopic quantum coherence (MQC). The power absorp-
tion in MQC is calculated and shown to be exceeded by a factor of 50 to 150 in the ferritin experiments.
Alternative microscopic causes for the resonance are suggested. In the Fe(CO)s experiments, MQC pre-
dicts no resonance at all at the ac fields involved, and the power absorbed is 10' times larger than ex-
pected.

PACS numbers: 75.60.3p, 03.65.Bz, 76.20.+q, 76.30.Fc

Whether or not quantum superpositions of macroscopi-
caOJ distinct states exist in nature has been actively in-
vestigated in the last decade [1]. The observation of tun-
neling between such states would be an especially clear
signature of quantum mechanics. In discussing this, it is
essential to distinguish between "macroscopic quantum
tunneling" (MQT), the decay of a metastable state, and
"macroscopic quantum coherence" (MQC), the reso-
nance between two or more nearly degenerate states.
Both MQT and MQC are hard to see because (among
other reasons), if one imagines preparing a macrovariable
in a superposition of states, the coupling between such a
variable and its environment rapidly destroys the phase
coherence between these states. Phase coherence must be
maintained for much longer for MQC than MQT, and
MQC is thus far more susceptible to environmental
suppression [2,3] than MQT [4], and thus much harder
to observe.

The most sustained experiments have been on current
biased Josephson junctions and SQUIDs. To date, there
is evidence only for MQT and energy level quantization
[5], but not for MQC despite committed efforts [6].
MQC is clearly the more dramatic effect, and Aws-
chalom et al. claim to have seen just this in a recent reso-
nance experiment on ferritin particles [7]. A similar res-
onance was seen earlier [8] in Fe(CO)s particles, but its
origin was not clear. It is the purpose, in part, of this pa-
per to ask whether these resonances could be due to
MQC. See also Ref. [9].

To understand the phenomena in question, let us con-
sider a small (-50 A radius), single domain ferromag-
netic particle at T=O [10], with an easy direction z for
the total moment Mo in the absence of any applied mag-
netic field. By time reversal, —z is a degenerate easy
direction. The resonance of Mo between + z is an exam-
ple of MQC. Similarly, for an antiferromagnetic parti-
cle, the Neel vector I has two classically degenerate orien-
tations, again denoted + z, between which it can resonate
[11]. Because of its finite size, the particle may possess a
net uncompensated moment, Mo, which also switches be-
tween opposite directions, which we may also take as

Wz.
The tunnel splitting h, can be estimated using instanton

methods, assuming model forms for the anisotropy energy
[10,11]. The key feature of the answers is that the WKB
exponent is proportional to the particle volume. As a re-
sult, even with typical ranges of material parameters, 6,

varies over a huge range. The tunneling frequency
to, =A/It —10 —10 sec ' for the antiferromagnetic case.
For the ferromagnetic case, the WKB exponent is

(K2/K~)' Mo/Ittt, where K~ and Kq are the hard and
medium axis energies (measured from that of the easy
direction). Since Mo/ptt —500-5000, unless Kq/K ~«10, i.e., unless the anisotropy is extremely close to
that of the easy plane type, co„ is expected to be unobserv-
ably small [12]. Because of finite size effects and uncer-
tainties about the moments, exchange couplings, and an-
isotropies near the particle surface, these results provide
only very broad estimates for 5, but the phenomena do
not seem totally unobservable.

In this paper, however, we are not so much concerned
with the intrinsic observability of MQC. Rather, suppos-
ing that a situation close to the idealized ones described
above can be attained, we wish to understand the reso-
nant excitation of the transition between the two tunnel
split energy levels by an ac magnetic field, and to obtain
estimates for the power absorption in this process.

Let us denote the states (for either particle, ferromag-
netic, or antiferromagnetic) with Moll ~z by ~

~). The
tunneling can be represented by a Hamiltonian der, /2,
where the a's are the usual Pauli matrices in the ~+ )
space, and not real spins. Let an ac field H(t) be applied
at an arbitrary angle with respect to z. The moments in

the particle experience a local anisotropy field 0,. Typi-
cally, H, —0.01 —I T))H(t). The components of H(t)
transverse to z then have negligible efTect on the tunnel-
ing matrix element 6, and cannot directly induce transi-
tions between the ~+) and

~

—) states. The mixing to the
higher energy states is also negligible, and the largest
effect of H(t) is to shift the energies of the

~

~ ) states via
the dipolar coupling to the component H, (t). Thus, we

can take the Hamiltonian for our system as
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2N, qMO T2

1+(ST,) ' (3)

We can also get a gross upper bound on P from Eq. (2),

P (P„g =Neqh/2Ti, (4)

which can be easily understood as saying that in steady
state the rate of excitation cannot exceed that of decay.
The bound itself is attained at zero detuning near satura-
tion, i.e., for MOH, »2h/(TiT2) ' . (Of course, we must
still satisfy MDH, «A. )

We can now apply these results to the experiments of
Awschalom er al. on ferritin [7]. Ferritin is an iron ox-
yhydroxide complex, related to the mineral ferrihydrite
[14], and is found in many animals, encased in a protein
shell (apoferritin). The core has a diameter of —75 A,
and is believed to be antiferromagnetic. Awschalom et
al. estimate that of the 4500 Fe + moments in a ferritin
grain, about 43 are uncompensated, giving a net moment
M0=217pz per grain. They measure the dynamic sus-
ceptibility of N =38 000 ferritin grains in solution at
T & 200 mK, and see a resonance at 940 kHz. (They
also measure the power spectrum, and establish that the
fluctuation dissipation theorem is well obeyed, showing
that the experiments are in the linear response regime. )
They claim that this resonance is due to a simultaneous
reversal of all 4500 moments in a grain, i.e. , due to pre-
cisely the type of antiferromagnetic MQC described
above.

Figure 1(b) of Ref. [7] shows a resonance at v, =940
kHz, of FWHM =50 kHz, at T=29.5 mK. In the MQC
interpretation, we must take 5 =2z 6 v„and since
h((kpT, N,'q =NA/2kqT=29 1. From the FW. HM,
we obtain 2T| ' & 2x(5x10 sec '), giving P„t& 1.5.
x 10 ' W. The actual power is given by P =~v,g" (v, )
xH,, „where H, ,=10 6 is the applied ac field. Tak-
ing g"(v„) =3.4x10 '' emu/G, we obtain P =1.0

If H, (t) =H, sincot, and MOH, ((5, Eq. (1) is the clas-
sical NMR Hamiltonian for a spin- —,

'
system, excluding

explicitly the couplings which lead to Ti and T2 process-
es, which we assume to be moderate. If we have N iden-
tical particles, then neglecting inhomogeneous broaden-
ing, the steady state power absorption is given by the
standard result (see Ref. [13],e.g. )

6 CO +eq T i Tz(M OH, /6 )
2 Ti 1+(BT2) +T)T2(MOH, /h)

where 6=m —co„ is the detuning, N,
' q= Nt anh(A/2kgT)

is the thermal equilibrium population diff'erence between
the two energy levels, and the angular brackets denote an
average over the orientations of the easy axes of the parti-
cles. If we take these as completely random, then the
small H, limit yields the imaginary part of the dynamic
susceptibility as

x10 ' W. [Note (i) that the scales in Figs. 1(b) and
2(b) of Ref. [7] are inconsistent, so I have used the small-
er value for g"(v„) deduced from Fig. 2(b); (ii) the
correct value for H, , is 10 6, and not 10 6 as stat-
ed in Fig. 1(b).] This is dangerously close to the estimat-
ed upper bound, and leaves practically no room for inho-
mogeneous broadening. Indeed, taking 2T2 ' =2m(5
x 10 sec ') from the FWHM, the estimated peak power
from Eq. (3) is 7.0x 10 W, 150 times smaller than the
measured value, which is a little too much in our view.
This discrepancy can be reduced to 50 if we assume that
all the easy axes are perfectly aligned normal to the sub-
strate.

Note that by the thermodynamic sum rule,

Thus, the above disagreement can be restated as an equal
disagreement for the product NeqMO and cannot be
linked to the use of phenomenological Bloch equations for
the pseudospin. The MQC interpretation simply does not
provide enough oscillators (50 to 150 times too few) to
account for the absorption seen. In fact, Awschalom et
al. effectively make use of this sum rule, but conclude
that Mo= 640pg, which is not so far oA' their direct esti-
mate of 217p~. To do this, however, they use the smaller
quantity —Tg„„/dT and not g„„ itself, a step for which
we see no basis. They also omit the factor of 3 arising
from the particle orientation average. Without these two
steps, one would obtain M0=2600p~, in line with the
power discrepancy.

Further doubts that MQC is occurring arise from the
sharpness of the resonance. MQC gives a formula of the
type v„=kvoexp( —k'U/hvo) for the tunneling frequency,
where vo is an attempt frequency, U is the barrier height,
and k and k' are constants of order unity. We must have
vo) kqT/h —10 —10' Hz to reduce incoherent transi-
tions. This implies that k'U/hvo —5-10, as v, —1 MHz.
Assigning the entire FWHM Bvo =50 kHz to variations
in Uo, we are forced to conclude that the barrier heights
are very uniform: 6U/U & (0.5-1)%. It is not known if
the particle volumes are so uniform, but even if this is

granted the surface areas and shapes need not be so, and
it is rather unlikely that the barrier heights are equally
uniform. About a fourth of the Fe + spins are at the sur-
face in a single ferritin grain, and variations of the sur-
face contributions to the anisotropy energy well in excess
of 1% can be expected.

Let us therefore ask if the resonance can be micro-
scopic in origin. The only obvious magnetic species in

su%cient numbers are protons (H nuclei), and Fe + ions
in the ferritin cores, and would require eA'ective or local
fields of 220 and 0.34 6, respectively, to yield v„=940
kHz. Although a 220 6 field at the protons could be of
dipolar origin, like that seen in CuClq 2H20 [15], it is

di%cult to obtain a signal of the size seen because (i)
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there seem to be many inequivalent H sites in the pro-
posed ferritin core structure [14] so that only a small
fraction would see the same 220 G field, and (ii) unusual-
ly large Gossard-Portis enhancement factors [16] would
be needed to offset the small proton moment.

If we attribute the resonance to Fe + ions, then with
4500 ions per ferritin core, and Mo =35p8, the dis-
crepancy in the sum rule is reduced to 15 to 45, but the
required local field of 0.34 6 would seem to be at odds
with the large antiferromagnetic exchange fields. The
general belief that ferritin is antiferromagnetic is based
on the appearance and sharpening of the hyperfine split
lines in Fe Mossbauer spectra at low temperatures,
which is then ascribed to superparamagnetism, and can
be traced to Ref. [17]. These same authors do not see
any clear sign of a Neel point from 4.2 to 300 K in their
susceptibility measurements, however. It is not at all
clear that the Mossbauer data could not be explained by
paramagnetic relaxation of single spins or small clusters
of spins [18],with relaxation times changing from 1 to 10
ns, say. We have not been able to find reports of investi-
gations of magnetic ordering by more direct means such
as neutron diffraction or NMR on Fe enriched ferritin,
or by antiferromagnetic resonance (AFMR). We urge
such experiments, as they would obviously help in under-
standing ferritin for its own sake, and the lattermost
would bear directly on MQC, as it would provide a value
for vo. Even if we accept the antiferromagnetism, if the
anisotropy is of the easy-plane type the AFMR frequency
is the geometric mean of the exchange and in-plane an-
isotropy fields. The latter can be as small as 1 6, but the
required local field is still about a hundred times smaller
than what typical exchange constants give.

Yet a third possibility arises from the fact that Fe
binds to apoferritin with a stoichiometry of 12 Fe/apo-
ferritin [14,19]. The precise binding site is uncertain, but
extended x-ray absorption fine-structure spectroscopy
measurements reveal that the Fe + is sixfold coordinated
by 0 (and possibly N) 2.0 A away. The Fe-0 octahedra
are similar to but distinct from the octahedra in the ferri-
tin core and a-Feq03. Since the resonance in Ref. [7] is

seen in samples diluted with apoferritin by 1000:1, there
are potentially enough Fe + ions in the Fe +-apoferritin
complexes (2.5 times the number in the cores) to provide
the signal size seen. The ground state of Fe + consists
generally of three Kramers doublets. A nuclear moment
(' N?) on one or more of the ligands would provide a
small magnetic field of just the right magnitude to split
the doublets by about 1 MHz, and could account for the
observations of Awaschalom et al. [20]. In this view, the
undiluted samples do not show a resonance as there is no
apoferritin. Further investigation of the Fe spin Ham-
iltonian in the Fe-apoferritin complex by electron spin
resonance would be very welcome, both for understanding
the results in Ref. [7], and for the nature of the complex
itself, which seems to play an important role in iron up-
take by ferritin.

We next turn to the experiments in Ref. [8]. These are
performed on arrays of dots of Fe(CO)z, believed to be
ferromagnetic. Data are presented for three arrays, each
with 100 dots at 1.0 pm interparticle spacing, with diam-
eters of 15 nm, and heights of 38, 50, and 70 nm, which
display a resonance peak in g"(ro) at r0„=400, 200, and
50 sec ', respectively, at a temperature T=22.5 mK.
The resonance height shown is —3x10 ' emu/G. Al-
though the authors conclude (correctly, in our view) that
a comparison of the data with MQC is beset with "funda-
mental discrepancies, " we do not believe that they have
identified the most serious of these. This is that their ac
magnetic field is so large as to make the energy of the
supposedly degenerate states with Moll+ z swing up and
down with an amplitude far exceeding the assumptive
tunnel splitting [21]. We shall see that as a result one
should expect no resonance at all, i.e., no peak in the sus-
ceptibility.

Let us focus on the sample that displays a resonance at
m, =400 sec '. We estimate the moment from other
data given in [8] as Mo=10 ' emu. The ac magnetic
field has an amplitude 0, =30 mG, giving MOH, =3
& 10 ' erg, which is —10 times the assumptive tunnel
splitting h, =@co,=4x10 erg. This is an extreme lim-
it for NMR, which is usually not analyzed. The ac field
is the exact opposite of a small perturbation in this case,
so the picture of transitions between Zeeman split levels
in the static field and Eqs. (2)-(4) are completely invalid.
It is better to work in the

~

~ ) basis, and view the situa-
tion as a level crossing or Landau-Zener-Stuckelberg
problem [22] (Fig. 1). A particle in the ~+) state has a
time dependent energy —MoH, (t) and would stay in
that state were it not for the term Aa, /2 in Eq. (I). Tak-
ing H, (r) =H, singlet, the usual adiabaticity parameter is
given by @=A /8hroMoH, The param. eter values of
Ref. [8] clearly correspond to the fast-passage limit,
y«1. In one cycle of the ac field, the particle crosses the

FIG. 1. Energy levels of Eq. (1) when MOH, ))A. The sys-
tem moves up and down the curves marked + and —as H,
varies, and makes transitions between them in the vicinity of the
crossing. The dashed lines are the adiabatic energy curves foI-
lowed by the system when 0, varies very slowly.

4251



VOLUME 71, NUMBER 25 PH YSICAL REVI EW LETTERS 20 DECEM BER 1993

transition region in Fig. 1 twice. For a single passage, the
probability for the spin to Hip is given by 2zy. It is thus
apparent that as long as MOH, ))d, 6cu, there is nothing
special about the case co =A/h; i.e. , there is no resonant
absorption.

To calculate the power absorption, let us assume that
random fluctuations in the field H, (t) are correlated over
a time t„h»co . Then successive passages of the tran-
sition region are correlated, and one cannot use the single
passage result [22] a priori If we. write the state as

with

y~(t)=+ h MoH, (t')dt', (7)

then in the a ~ basis, we get a reduced Hamiltonian

H i (t) = (6/2) [cos2p(t) o, —sin2$(t) a~], (8)

with i'(t) =&+(t). This is a very rapidly rotating mag-
netic field, with an oscillating sense of rotation. The
pseudospin precesses in opposite directions at different
times, the net result being nearly zero. The nonzero con-
tributions arise from the points of stationary phase
t'ai(tI) =0, i.e. , tj =jn/ro The ti. me scale over which a
transition can occur is that over which the phase dif-
ference p+ —p- has advanced by -tr from its value at t~,
and is given by (trh/2MoH, co) ' —= tI '. (We assume
that MOH, )& Ace, so successive tj s are well separated.
Note that g

' is not the usual "Landau-Zener time"
Is,/2MoH, co.) The corresponding energy transfer is
—2MoH, co/rI —htI. Since there are co/2tr passages of
the transition region per unit time, and since in steady
state, the power must be proportional to the inversion, we

expect the power to vary as N,'qymAg. A longer calcula-
tion, to be published elsewhere, gives the final answer for
the power as

(9)

[I] For a review, see A. J. Leggett, in Chance and Matter,
edited by 3. Souletie, J. Vannimenus, and R. Stora
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The actual power absorbed in the experiments [Sl is

again given by co7t"(to)H „/2, which exce. eds Eq. (9) by—10' . Note that the fact noted by the authors,
h c/ok Tt= 10, is not the sole reason for expecting a
small signal, for even if N,'q is replaced by the total parti-
cle number N in Eq. (9), the absorbed power is still 10'
times too large. Thus, we strongly suspect that the reso-
nance in this experiment, too, is of some microscopic ori-
gin.
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