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Spin-rotation coupling in ferromagnetic clusters
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We examine the magnetic response of free clusters considering the spin direction and the cluster orientation
as the only active degrees of freedom. The average magnetization in small fields approaches the Langevin
value for paramagnets, depending on the degree to which the Hamiltonian preserves symmetries. Superpara-
magnetic behavior is not achievable within models considering only these degrees of freedom.
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PACS numbe(s): 36.40.Cg, 33.15.Kr

[. INTRODUCTION ticular Hamiltonian is most conveniently discussed by com-
paring it with a Langevin model of paramagnetism. Here the
Experimental studies of magnetism of free-atomic cluster$pin is coupled to a nonspecific heat bath to give the follow-
have shown a number of interesting phenompgnar]. Sus-  ing formula for the magnetization in an external field,
ceptibilities measured in Stern-Gerlach experiments can be
large, with an irregular dependence on the number of atoms _ ﬁiod'uz'“zexm"zB/kT)
in the cluster. High susceptibilities are found not only in ()= %0 duexpl u,BIKT)
normally ferromagnetic elements but also in an element, Ko
rhodium [8], which is not ferromagnetic in the bulk. The 1
character of the susceptibility is also variable. In many cases = Mo( coth(x) — —> . 2)
it is described phenomenologically as superparamagnetism, X
which means that besides a large susceptibility the clustef§ere 4, is the intrinsic magnetic moment and the parameter
behave uniformly, independent of the initial state within _theX is the ratio of magnetic energy to thermal energy
thermal ensemble. The clusters may also respond with a_ 5/ T, This formula is sometimes used to deduce in-
large variance in their magnetization, with some Clusterg;jnsic magnetic moments from the observed deflections in

even having magnetic moments opposite the field. Of coursgne stern-Gerlach apparatus. At low field strength the Lange-
the limiting behavior of this kind is the magnetization distri- \;, formula has the limiting behavior

bution of an isolated atom, proportional to the spin projec-
tion along the magnetic field. (ugy X
The general theoretical problem we address is whether the wo -3 ©)
observed behavior of free magnetic clusters can be under-
stood in the framework of Hamiltonians that treat only rota-The conditionx<<1 is in fact satisfied for the conditions of
tional and spin degrees of freedom, neglecting vibrationsthe cited experiments, which involved clusters of a few tens
Vibrational coupling is of course important for the responseor hundreds of atoms.
of warm clusterg4], but the question of whether cold clus-  Given the Hamiltonian, the magnetic response is calcu-
ters can show superparamagnetism is still open. This paper igted as follows. First, the Hamiltonian is diagonalized for a
an extension of an earlier work which considered a veryrange of magnetic-field strengths to produce a spectrum of
simplified Hamiltonian with only rotational degrees of free- eigenenergiek;(B). The magnetic moments of the states are
dom active[9,10]. Large average susceptibilities were found then calculated using the formula
to be possible, but not superparamagnetism.
We shall calculate the cluster magnetism in a quantum- (B)=(i iB)=— E
| | g q ui(B)=(iB|1,]iB)=— o= 4
mechanical representation, although the angular momenta dB
are high enough that classical methods should suffice. Th
rotor is represented in the usual baskK{), .W'th M the tial savings of computation time is possible with respect to a
component of angular.mc.)m.entu.m ab(_)ut texis andK the Joull diagonalization. The distribution of eigenvalues is given
component about the intrinsic third axis. The rotor is couple .
; X ) . . S y the expression
to spin states in the basiSg). Taking the field direction
along thez axis, the component of angular momentum about SNPS(wi— )
that axisM + S, is conserved. In the earlier studies, the sim- Pp)=——<np —- 5
plified Hamiltonian conserved as well. P
The theoretical magnetic response associated with a paHereN is the dimensionality of the Hamiltonian ai®] are
the probabilities of the states. We take the adiabatic limit by
assigning the probabilities as the Boltzmann factors of the
*Electronic address: bertsch@phys.washington.edu levels in the absence of a magnetic field,

()

Since Eq.(4) does not require the eigenfunctions, a substan-
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P;=exd — E;(0)/kT]. (6) axis is denoted by. The matrix elements of the magnetic-
field term in the Hamiltonian are diagonal M but not nec-
In applying this, the levels are always ordered and indexe@ssarily inJ or K. They are given by
by energy. Thus the lowest level in a zero field sets the
Boltzmann factor for the lowest level at other field strengths{JKM|u,B|J'K'M")
This assumes that all level crossings are avoided crossings. It

, 112
does appear for the Hamiltonians we study that the only true  _ ¢ B 2)'+1 (3'M101IM)
level crossings are those imposed by symmelfyand pos- MM’ HOB| 557
sibleK). We do not address the question of whether the field
changes take place slowly enough for the adiabatic assump- o sing_
tion to be valid at the avoided level crossings. X1 cosf(J'K'10JK) + ﬁ[(J K'1-1[JK)
Il. HAMILTONIAN
—(J'’K'11JK)]; . 10
We consider a Hamiltonian model in which the spin ori- { IK)] (10

entation is coupled to an intrinsic axis of the cluster and to an
applied fieldB. The Hamiltonian can be written as The more general Hamiltonian allowing intermediate cou-
5 pling of the spin is constructed in t{dKMSS) basis. The
HeS Ji A 4772 Vi B (7 magnetic energy is trivial in this basis. It depends only on
421, S-SV 5% 2mS2m~ 4408, (7) S,, with the matrix elementS,| 4oB|S,)=1oBS,. The an-
isotropy energy is given by
wherel;’s are the moments of inertia. The second term is the

anisotropy energy, the coupling of the spin to the intrinsic t YL

axis of t% clustg)r/. We assSmega uniaxiali)anisotropy having JKMS%’ %“ YamSom I'K'M SSZ’>
the form of anL =2 tensor, which would apply to clusters of o

low symmetry. A Hamiltonian of this form was also consid- —(—1)28* si-s, i)

ered in Ref.[11]. The usual anisotropy energy applying to A

cubic crystals has the form of drn=4 tensor.
The dimensionalities of the state vector spaces for cluster X[(2J+1)(S+1)(25+3)S(25-1)4(2)' +1)*?

spin-rotor wave functions require us to make additional sim- ) rapt

pﬁfications. The angular moqmenta present in these clusters X ik s, s, (IMZ (M7= M)J"M")

are of the order of 1QOQ for a pluster of 100 iron atoms at X(IK2 0]3'K)(SS2(M—M")|SS). (11)

room temperature. It is impractical from a numerical stand-

point to deal with ensembles having such large angular mo-

menta. Since the quantization of angular momentum should . RESULTS: LOCKED SPIN MODEL

not play a role at large values, we believe it is acceptable to

use a smaller basis, scaling the parameters of the Hamih

tonian and the temperature appropriately. Even with

smaller basis, the full Hamiltonian still gives large matrices

so we consider as well a limiting case where the spin is n

an independent dynamical variable, but is fixed to the clust

axs\,/ thfe trl‘ocked-spln . nlcr)]dell. ked-spi del that the cl broad, however, far from the idealized superparamagnet. A
€ further assume in the locked-spin model that the CluSg, -, point of the model is its assumEdconservation: one

ter has two equal moments of inertia, which we take as the 1- o L
. ' . . could argueK conservation is too restrictive to allow ad-
and 2- axes;=1,. Then in the usualJKM) basisK is g

) NN > . equate mixing of the spin with the other degrees of freedom.
cons.erved by the rotat|onal Hamiltonian. Its_nonvanlshlngwe shall find that breaking does in fact have a significant
matrix elements are the diagonal elements, given by effect on the average magnetization, but not on the spread.

72 JA+1) (1,—14)K? We first remark that changing the Hamiltonian by making
<JKM‘ > = |JK > = + (8) the rotor deformed has a negligible effect on the distribution,
T 2l 2l 21413 in the absence ok mixing. WhenK is conserved, the de-
formed rotor has the same wave function as the spherical
rotor. The magnetic moments of the states are thus the same,
only the occupation probabilities differ. The thermal en-
2_ 12 semble would then favor states at somewhat different distri-
(IK+2 M2~ Jz|JKM) bution of K values, but the overall effect is small. This is
illustrated with the moment distributions for the deformed
9 symmetric rotor shown in Fig. 1. The curves were calculated
with an ensemble having a cutoff angular momentum of 40
We will briefly consider this term later. for the rotor. The temperature was fixedkdt=100 in units
The rotor is coupled to the magnetic field through theof Il_1 and the magnetic-field strength has the same value
spin, whose orientation with respect to the intrinsic three—,uoleool‘l. To display the distribution, Eq(5) was

The locked-spin model for a spherical rotor was treated in
efs.[2,9,10,12. In this model,K is a conserved quantum
Shumber if the intrinsic three-axis is taken along the spin di-
'rection. The previous work showed that the adiabatic en-
OLemble produces an average susceptibility in low fields of
€5/3 of the Langevin value. The distributioP(x) is very

A fully asymmetric rotor requires an additional term in the
Hamiltonian with matrix elements proportional to

=J[JI+1)—K(K+D][I+1)—(K+1)(K+2)].
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FIG. 1. Comparison of magnetization distributions of spherical

clusters and deformed clusters, for a range of inertia rdtjék;.
The magnetizationu is dimensionless, expressed as a fraction
of g, Magnetic Field
smeared with a Gaussian of the form Bxgu— w;)?/(Aw)?] FIG. 3. Energy levels for locked-spin Hamiltonian as a function

with Au=0.05u0. The different curves show results for Of magnetic field, for lowM =1 states. The spin is tipped by 5°
Hamiltonians with a moment of inertia ratios ranging from With respect to the symmetry axis.
1/2 to 2. One sees that there is hardly any change in the
distribution of magnetic moments. The average magnetizasrossing of states of differer allows the probability to
tion changes by less than 10% over this extreme range gémp to states of larger magnetic moment. In Fig. 2 we show
deformations. the average magnetization of this mixkdensemble com-
Without discussing in detail th& mixing in the Hamil-  pared with the Langevin and with the fixéd4ocked-spin
tonian, it is possible to see in a crude model how it affectsnodel. One sees that the mix#densemble has a suscepti-
the magnetization. We compute the energy with a Hamilbility close to the Langevin model for field strengths below
tonian that conserves, but combine the ensembles for dif- x=0.2. However, the spread in moments is very similar to
ferentK (but the saméM) into a common ensemble in Eq. the fixedK ensemble.
(5). This assumes that th€ mixing makes all level crossings We now discuss the behavior of eigenstates in Hamilto-
avoided crossings, but that it is not strong enough to affechians with mixedK. In the locked-spin models, th€ mixing
the states between crossing points. This ensemble producesan be induced by a tipped spin witnonzero, or by a fully
higher average magnetization, as might be expected: thesymmetric rotor with the additional term E¢P) in the
Hamiltonian. The effect of the tipped spin may be seen in the
——— energy-level plot in Fig. 3. The plot show the energies of the
- . M =1 states with spin angle tipped by 5° with respect to the
03 — 1n/13=05 Langevin_~ ] symmetry axis. Several avoided level crossings may be seen.
I 1 For example, the uppermost crossing involves a transition
between states that have quantum numbéis )= (2,0) and
L j (J,K)=(1,—1) in zero field. We can see that the effect of
02 - N — the K mixing is limited to regions very close to the level
] crossings; the spectrum is hardly changed otherwise. This
| means that the magnetic moments of the levels are unaf-
L fixed k | fected except for special values of the field. The consequence
01 — is that the dispersion in magnetic moments is very similar to
- that of the fixedK ensemble. This may be seen in Fig. 4,
where we show the magnetization distribution for a range of
i | tipping angles. There is very little difference between the
oo ke Ly different Hamiltonians. The average magnetization from the
diagonalized Hamiltonians with mixeld is also very close
to the mixedK ensemble shown in Fig. 2.
Returning to the spread in magnetization distribution, it
FIG. 2. Comparison of average magnetization of mikegn-  appears that the locked-spin Hamiltonian cannot explain su-
semble with fixed ensemble and with the Langevin function Eq. perparamagnetic behavior. The one caveat in this statement
D). is that we have not considered fully asymmetric Hamilto-

average magnetization u
.
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FIG. 4. Magnetization distribution of deformed clusters FIG. 5. Magnetization distribution of clusters in the anisotropic

I,/13=2 with three different spin angle=0°,45°, and 90°. model, showing the strong coupling limit. Here the spé() is
coupled to the easy axes, wikh=5uB andx=2. The distribution

nians. The perturbation E¢P) does not produce a large mix- is close to the result of locked-spin moddkshed ling The distri-
ing of the wave functions, and seems unlikely to have &ution is plotted as a function of the rescaled magnetization
significant effect on the widths.
for the locked spin. There are several distinct regions of be-
havior, depending on the relative sizes of the magnetic en-
ergy with respect to the anisotropy energy, and the rotational

We now generalize from the locked-spin Hamiltonians tofrequency with respect to the Larmor frequency. In ex-
consider the spin as an independent degree of freedom. Weemely low fields, with magnetic energies less than the an-
shall treat the intermediate coupling spin-rotor Hamlitonianisotropy energy, the spin should behave in a similar way to
assuming that the inertia tensor is axially symmetric. As wethe locked-spin model. When the magnetic-field energy be-
saw in the last section, the breaking Kfsymmetry has no comes larger than the anisotropy energy, the spin decouples
gualitative effect on the magnetic response, but only changeggom the rotational motion and we should see the individual
somewhat the magnitude of the susceptibility coefficient. WeS, states as in Fig. 6. These two regimes are illustrated in
study the ensemble with a maximum orbital angular momen¥Fig. 7, showing the magnetization distribution for0.005
tum of Jax=30 and the spin valu8= 1. Despite the mod- and 0.02 for a model with weak coupling=0.0kT. The
est size of these numbers, this space requires diagonalizatialistribution in the lowest field, shown by the solid line, is
of about 4000 matrices of dimensionality ranging up to aboubroad with a peak g&=0. This is similar to the locked-spin
100. The ensembles are generated with a temperature bEhaviorP(u)~In(u/ug). At x=0.02, where the magnetic
T=1001, as before. field is twice the anisotropy energy, the distribution has al-

The first task is to see whether the locked-spin results can
be reproduced with a spifi as small asS=1. For this pur-
pose we calculate the moment distribution taking a large T
value for the anisotropy coupling,=5uB. Typical results [ Weak Coupling (s=1)
are shown in Fig. 5. In plotting the distribution, the magnetic
moments have been scaled so that the maximum isin
either model. We see that the two curves are practically iden-
tical, giving us confidence in using the Hamiltonian with a
small value forS. The moment distribution in a weak cou-
pling situationA =0.01xyB is shown in Fig. 6. Here the spin
behaves as though it were uncoupled, so one sees the thre
M states as in the atomic deflection. Notice, however, that
the occupation probabilities are unequal. The probabilities
are shifted at the level crossings, which become avoided
crossings due to thesmall) anisotropy term. At intermediate
values of the coupling, the distribution changes smoothly
from the three-peak structure in Fig. 6 to the typical locked-
spin shape of Fig. 5. In all cases the distribution remains
broad.

The field dependence of the magnetization shows a more FIG. 6. Magnetization distribution for the weakly coupled an-
complex behavior with intermediate coupling than we foundisotropic Hamiltonian. The spin value =1, giving three peaks.

IV. RESULTS: INTERMEDIATE COUPLING

x=1

probabifity distribution
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FIG. 9. Fit of the low-field adiabatic susceptibility coefficient
a in Eqg. (12 as a function of the anisotropy energy. The tempera-
ture is fixed afT =50.

FIG. 7. Magnetization distribution for weakly coupled spin to
rotor A\=0.0kT. The solid curve shows the distribution in a very region in more detail. Here the magnetization is still far be-
weak fieldx=0.005 and the dashed line shows the distribution in alow the saturation conditiom,B~kT, and it is roughly lin-
field x=0, somewhat stronger than the anisotropy energy. ear in the field. We make a linear fit to the magnetization

with the function,

ready dissolved into the three-peak structure of the decou-
pled S=1 states. The behavior of the average magnetization M=apuoX. (12
as a function ok is shown in Fig. 8. In the extreme low-field ) - S
limit uoB<\ the magnetization is close to the weak-field The dependence of the fit coefficiemton magnetic field is
Langevin function Eq(g) The Spin decoup|es from the ro- plotted |n.F|g. 9. We Se-e that the behavior is ||.ke the the
tational motion wherB exceeds\, as already mentioned. locked-spin model only if the anisotropy energy is substan-
From Fig. 8 it may be seen that the average magnetizatiol@lly above kT. Below that, the coefficient exceeds the
increases rather slowly betweerB~0.0kkT and 0.0&T.  Langevin valuea=1/3, as we saw on Fig. 7.
Above that point the magnetization rises to even exceed the Our findings for the magnetic response are quite different
Langevin value. We believe that this change of behavior igfom those of Ref[11], where a similar Hamiltonian was
associated with level crossings of the type _con5|dered. In that work, the magnetization was found to be
(JS)—(J+1S,¥1), corresponding to the matching of ro- md_ependent of the temperature but to depend_strongly on the
tational and Larmor frequencies. A change of behavior afnisotropy energy. However, these authors did not treat the
this matching point has been suggested previol&l3). adiabatic ensemble, but rather a mixed ensemble in which

It is interesting to examine the susceptibility in the third the magnetic field was turned on suddenly. _
We conclude this section with an estimate of the magni-

tude of N for iron clusters. The cubic anisotropy constant
L L K for bulk iron is measured as[15] K~4x10°
03 |- A=o001k1 /7 ergs/cni=5x10"* eV/atom. For a cluster of 20 iron atoms
- PR this is 2.5<10™* eV, which scaled to room temperature im-
I - 1 pliesA ~0.0kT. Thus the weak-coupling limit we discussed
P | above should apply to moderate sized iron clusters at room
02 |- o Lengevin _ temperature. A typical rotational frequency is given by
- e ] (32211 ~ (kT/1) Y2, This has a magnitude of about 1DeV/
I . ] h for a cluster of 20 iron atoms, which is the order of mag-
< | nitude of the Larmor frequencynia 1 T field. Thus the
7 ] model predicts that light mass iron clusters would behave
- g with the spin nearly decoupled from the rotational motion
, 1 and with a fairly weak average susceptibility. This is cer-
1 tainly contrary to experiment, which has never demonstrated
B A I T atomiclike behavior in clusters larger than diatomic.

average magnetization u
\

0.0

V. CONCLUSION

FIG. 8. Average magnetization of the anisotropic model for ~Our study of the magnetic response of rotors coupled to
A=0.0XkKT, as a function of Langevin parameter »B/kT. spin is guided by the question, to what extent can a thermal
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ensemble of rotors play the role of the thermal bath that one It is expected that the coupling of the spin to vibrations
assumes in the Langevin model? One’s intuition may be thatould provide the thermal bath that would produce super-
the rotor has far too few degrees of freedom to serve as paramagnetisni18,19. However, it has not been demon-
heat bath. Nevertheless, the low-field magnetic susceptibilitgtrated that this mechanism actually would work in finite-
of the thermal bath is reproduced on average by the desize clusters. The first issue is that vibrational transitions
formed rotor with a locked and tlpped Spin axis. It is aISOW0u|d have to be at the same energy as the Spin f||p in the
obtained for intermediate coupling of spin to the rotor, ex-external field. This is to allow off-diagonal matrix elements
cept in a small interval of field strengths. to nearby levels. The maximum vibrational frequency has the

However, superpargmagnetism implies_ not only that they qar of magnitude of the Debye enerfiwp ; the spacing
average moment is given by the Langevin formula, but aIIOf vibrational levelsAE,;,~ % wp/3N, whereN is the num-
clusters should behave identically. Here the adiabatic roto er of atoms in the cluéiemla 1 Tfie,Id the spin flip energy

ensemble behaves quite differently, always having a large 4 : L 3
variance in the magnetization, iI510 * eV. With a Debye energy in iron ofX610 * eV, the

Let us ask now, what would be needed in the Spin_rotc)lyibrational level spacing is smaller than the spin-flip energy

Hamiltonian to achieve superparamagnetism? Clearly therf?! clusters larger tham=20. Spin relaxation in the bulk
would have to be much strongtr mixing than can be gen- ta!<es place m'anjly through Ramarj scattering of phpnons. In
erated by the spin-rotor Hamiltonian. Recall in Fig. 3, thethis case one is mter(_asteql in the dlfferenc_e of two _V|brat|0nal
energy levels have different slopes with large stretches ofnergies, and the vibrational level spacing again sets the
constant moment separated by small intervals of the leve§cale. The next condition is that the average off-diagonal
crossings. matrix element of the vibrational coupling should exceed the

In the current idiom, we may speak of this as a Weak|y|eve| spacing. This will always be satisfied for sufficiently
perturbed regular Hamiltonian. To achieve superparamadarge clusters, becaudéandAE vary asV~+/(AE) as the
netism, the Hamiltonian would have to be chaotic. Quantumsize of the system varies. This follows from the requirement
mechanical chaos is a regularity and evenness in the energlyat the relaxation time is independent of the size of the
spectra associated with the complete mixing of wave funcsystem for largeN. Unfortunately, the coupling is not well
tions. In such a spectrum, the slopes of the levels would benough known at present to make a numerical estimate.
similar and governed by the average behavior of the levels in
that region of energy. When the Hamiltonian is chaotic, the
slopes have universal correlation properfi€8,17]. This be-
havior would require additional terms in the Hamiltonian Eq.
(7). A minimum condition for chaotic behavior is that the = We acknowledge discussions with N. Onishi and A. Bul-
off-diagonal matrix elements exceed the level spacing of thgac. This work was supported by the U. S. Department of
regular part of the Hamiltoniafi4]. Energy under Grant No. FG06-90ER40561.
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