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Effects of D-strain, g-strain, and dipolar interactions on EPR linewidths
of the molecular magnets Fe8 and Mn12
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Electron paramagnetic resonance measurements on single crystals of the molecular magnets Fe8 and Mn12

reveal complex nonlinearities in the linewidths as functions of energy eigenstate, frequency, and temperature.
Using a density-matrix equation with distributions of the uniaxial anisotropy parameterD, the Lande´ g factor,
and dipolar interactions, we obtain linewidths in good agreement with experiments. Our study shows that the
distribution inD is common to the examined molecular magnets Fe8 and Mn12 regardless of the qualities of the
samples. This could provide the basis for a proposed tunneling mechanism due to lattice defects. The distri-
bution in g is also quite significant for Mn12.

DOI: 10.1103/PhysRevB.65.014426 PACS number~s!: 75.45.1j, 75.50.Xx, 76.30.2v
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I. INTRODUCTION

Molecular magnets such as Mn12 ~Ref. 1! and Fe8 ~Ref. 2!
have recently drawn vigorous attention because of the m
roscopic quantum tunneling~MQT! of their magnetizations
at low temperatures3,4 and their possible applications t
quantum computing.5 These materials consist of many ide
tical clusters with the same magnetic properties and cha
teristic energies. Each cluster is made up of many differ
species of ions and atoms, with a total spin angular mom
tum in the ground state ofS510. The clusters have stron
crystal-field anisotropy and thus a well-defined easy a
and the magnetic interaction between different clusters
weak. Many competing models have been proposed to
plain MQT in molecular magnets: higher-order transve
anisotropy,6 thermally assisted quantum tunneling,7,8 the
Landau-Zener effect,9–11 and dipolar interactions with dy
namic hyperfine fields.12 So far, the MQT in these material
has not been completely understood, and new experime
and theoretical approaches are needed.

In this paper, we present both previously unpublished
perimental data and a theoretical model for the electron p
magnetic resonance~EPR! linewidths of single crystals o
the molecular magnets Fe8 and Mn12 when the field is ap-
plied along the easy axis. To understand the measured
widths, we use density-matrix equations, assuming that
uniaxial anisotropy parameterD and the Lande´ g factor are
randomly distributed around their mean values~‘‘ D-strain’’
and ‘‘g-strain’’ effects13! due to crystalline defects or impu
rities in samples. By adjusting the standard deviations oD
and g, and the strength of the dipolar interactions, the
equations are used to obtain theoretical linewidths in ex
lent quantitative agreement with our experimental data. O
theoretical study also shows that for the examined8
sample the distribution inD and the dipolar interactions ar
crucial to understand the linewidths, while for the Mn12
sample the distributions inD andg are more important than
the dipolar interactions. These results imply that the distri
0163-1829/2001/65~1!/014426~5!/$20.00 65 0144
c-

c-
nt
n-

s,
is
x-
e

tal

-
a-

e-
e

e
l-
r

-

tion in D seems to be generic in the molecular magnets8
and Mn12, although the standard deviation ofD itself varies
between samples. This point assures that inherent defec
impurities in samples can be checked through the distri
tion in D by observing the linewidths of EPR spectra, a
forms a basis of a recently proposed dislocation-induced
neling mechanism.14

The experimental details are presented in Sec. II. Sec
describes some typical EPR spectra and observed feat
while Sec. IV presents our theoretical model. Section V d
cusses the theoretical results in comparison with the exp
mental data. Section VI describes our conclusions.

II. EXPERIMENTAL DETAILS

All the measurements were made on single crystals. M12
was synthesized according to the procedure described
Lis.1 Fe8 was synthesized using Wieghart’s method.2 Single
crystals of both materials were grown via slow evaporati
Typical crystal dimensions used were 13130.5 mm3. EPR
measurements were made for a magnetic field along or c
to the easy axis using the multifrequency-resonator-ba
spectrometer described earlier.15–18 The ~transverse! excita-
tion frequency was varied between 45 and 190 GHz. T
temperature range was from 1.8 to 40 K, with a precision
0.05 K. The linewidths were measured as functions of Z
man field, EPR frequency, and temperature, for crystals
different quality, over a wide enough range to probe ener
level broadening due to lattice defects and inter-cluster di
lar interactions.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical EPR spectrum of Fe8 for a field
approximately along the easy axis at a resonance freque
of 133 GHz and atT510 K.16 Figure 2 shows a typical EPR
spectrum of Mn12 for a field along the easy axis at a res
nance frequency of 169 GHz andT525 K. The following
interesting features are observed: the EPR linewidths are
©2001 The American Physical Society26-1
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the order of several hundred to a thousand gauss for Fe8 ~one
to a few thousand gauss for Mn12) @Figs. 1, 2, and 3~a!–~d!#;
the linewidths increasenonlinearly as a function of the ab
solute value of the energy eigenstateMs @Figs. 1, 2, and
3~a!–~d!#; the minimum linewidths are observed for trans
tions involving theMs50 eigenstate, with a weak asymm
try in the widths aboutMs50 @Figs. 3~a! and~b!#; and reso-
nances involving the same energy eigenstates bec
narrower upon increasing the measurement frequency
field @compare Fig. 3~a! with 3~c!#.

IV. MODEL

For clarity, the model for Fe8 is described separately from
that for Mn12.

A. Fe8

To obtain the theoretical linewidths of the power abso
tion for Fe8 clusters, we consider a single-spin system w

FIG. 1. Normalized power absorption~in arbitrary units! for Fe8

as a function of magnetic field atT510 K with the field almost
along the easy axis (u59°) ~Ref. 16!. Every other resonance pea
is marked by the energy level from which the spin system is
cited. For example, the leftmost peak is for the transitionMs510
→9.

FIG. 2. Normalized power absorption~in arbitrary units! for
Mn12 as a function of magnetic field atT525 K with the field
along the easy axis. Every other resonance peak is marked b
energy level from which the spin system is excited. The leftm
full resonance peak around 1 T is for the transitionMs56→5.
01442
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S510 in a weak oscillating transverse magnetic field. W
choose the easy axis to be thez axis. Since the Fe8 clusters
have an approximateD2 symmetry, the lowest-order ground
state single-spin Hamiltonian is19

H052DSz
22E~Sx

22Sy
2!2gmBHzSz , ~1!

whereD50.288kB (kB is Boltzmann constant! and the trans-
verse crystal-field anisotropy parameterE is 0.043kB .16 Here
Sa is the ath component of the spin angular momentu
operator,g is the Lande´ g factor which is close to 2,mB is the
Bohr magneton, andHz is the longitudinal static applied
magnetic field. In zero field, ignoring the small transver
anisotropy terms, the eigenstates (1/A2)(uMs&6u2Ms&) are
degenerate for eachMs , and the lowest energy states a
(1/A2) (u10&6u210&). These degeneracies are lifted by a
plying the fieldHz . WhenHz'D(m1m8)/gmB , wherem

-

the
t

FIG. 3. Experimental~filled circles! and theoretical~open
circles! full width at half maximum~FWHM! of the resonance lines
vs Ms for ~a!, ~b!, ~c! different frequencies atT510 K for Fe8, and
~d! at T525 K for Mn12. ~e! Line broadening due toD-strain,
g-strain, and dipolar interactions vsMs for the Mn12 sample in~d!.
The standard deviations ofD andg, and the effective distance be

tween dipoles for~e! are given below. HereHW uuẑ. For Fe8 (Mn12),
the fit is best when the standard deviation ofD is 0.01D (0.02D and
the standard deviation ofg is 0.008g) and the effective distance
between dipoles is 12 Å (14 Å).
6-2
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and m8 are eigenvalues ofSz in units of \(m,m85
210, . . .,10), there exists a pair of quasidegenerate ene
levels,m andm8. WhenHz is large enough, the eigenvalu
of Sz , Ms , is a good quantum number since the transve
terms are much smaller than the longitudinal terms. In s
magnetic fields, the transverse terms,E(Sx

22Sy
2), cause

quantum tunneling between the two quasidegenerate en
levels. Next we introduce an interactionV(t) between the
spin system and an oscillating transverse magnetic fieldHx
with angular frequencyv[2p f :

V~ t !5
V0

2
~eivt1e2 ivt!, V0}HxSx . ~2!

We treatV(t) as a small perturbation toH0.
Besides the interactionV(t), the spin system interact

with the environment, such as the thermal fluctuations of
clusters. Through this spin-phonon coupling, the spin sys
can relax to re-establish thermal equilibrium. Since the tim
of interest are much longer than the correlation time of
phonon heat bath, the heat bath is considered always to b
thermal equilibrium. Thus we can integrate out all degrees
freedom of the bath to obtain an equation of motion for
density matrixr(t) of the spin system:20

dr~ t !m8,m

dt
5

i

\
@r~ t !,H01V~ t !#m8,m1dm8,m (

nÞm
rn,nWmn

2gm8,mrm8,m , ~3!

gm8,m5
Wm1Wm8

2
, Wm5 (

kÞm
Wkm , ~4!

where the subscripts represent eigenstates of the longitu
part of H0 , r(t)m8m 5^m8ur(t)um&, andWkm is the transi-
tion rate from themth to thekth eigenstate, which is dete
mined by the spin-phonon coupling.9

We consider the case that the frequencyv of the oscillat-
ing field is fixed whileHz is varied to induce a resonanc
With the selection ruleDMs561, the power absorbed be
tween theMs and theMs21 level is

dE
dt

5EMs
@ ṙMs ,Ms

# rad1EMs21@ ṙMs21,Ms21# rad, ~5!

whereEMs
is the energy of theMs level, and@ ṙMs ,Ms

# rad is

the change with time of the population in the levelMs
caused by the first term in Eq.~3!. We solve Eq.~3! for

@ ṙMs ,Ms
# rad up to first order inV0 near resonance@v'(EMs

2EMs21)/\#. In this limit, among the many off-diagona

density-matrix elements, onlyr(t)Ms21,Ms
@5r(t)Ms ,Ms21* #

contributes to@ ṙMs ,Ms
# rad. The matrix elementr(t)Ms21,Ms

is obtained by solving Eq.~3!. Consequently, only two neigh
boring energy levels are involved for each resonance p
An increase of the population in one of the two energy lev
results in a decrease of the population in the other. So
power absorption becomes20
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dE
dt

5
~EMs212EMs

!

\2
Ṽ2D~Hz!~rMs ,Ms

2rMs21,Ms21!,

D~Hz![
\2gMs21,Ms

~gmB!2~Hz2H res!
21~\gMs21,Ms

!2
,

Ṽ[u^MsuV0uMs21&u, H res[
\v2D~2Ms21!

gmB
, ~6!

whereD(Hz) is a Lorentzian line-shape function,H res is the
resonant field, and\gMs21,Ms

/gmB gives a linewidth due to

the finite lifetime of any excited state. AsMs decreases, the
resonant field increases. The linewidth determined
gMs21,Ms is on the order of several to several tens of gaus
temperatures below several tens of kelvin, and it increase
Ms decreases because of the corresponding shorter lifetim
However, the experimentally observed linewidthsdecrease
asMs decreases until theMs51→0 andMs50→21 tran-
sitions ~hereafter denotedMs51 andMs50, respectively!,
and are on the order of several hundred to a thousand g
in the same temperature range@Figs. 1 and 3~a!–~c!#.

To resolve these large discrepancies, we first assume
D and g are independent random variables with Gauss
distributions centered at 0.288kB and 2.00, with standard de
viationssD andsg , respectively. Such distributions can b
caused by impurities or crystalline defects in the mac
scopic sample, which result in different clusters see
slightly different values ofD and g. Then we calculate the
average power absorption at a fixed frequency andT
510 K by averaging Eq.~6! over the Gaussian distribution
usingMATHEMATICA ,21 to obtain the linewidth as a function
of Ms . Our numerical calculations show that the distributi
in D causes the linewidths to decrease linearly with decre
ing absolute value of 2Ms21, with a slight rounding close
to the linewidth minimum (Ms51,0), where theD-strained
linewidths approach the intrinsic lifetime broadening. On t
other hand, the distribution ing makes the linewidths in-
crease with decreasingMs because the resonant field in
creases with decreasingMs . These trends can be predicte
from the expression for the resonant fieldH res in Eq. ~6!
because the intrinsic linewidths are substantially smaller t
the measured linewidths~with the exception of the lowes
absoluteMs transitions!. However, the density-matrix equa
tion ~3! is needed to understand the temperature depend
of the linewidths.

Next, we consider the effect of the intercluster dipo
interactions, in which each cluster experiences a net m
netic field comprised of the applied field and the dipo
fields from the surrounding clusters. At high temperatu
(kBT@\v) these dipolar fields fluctuate randomly abo
zero, giving rise to a dipolar contribution to the EPR lin
widths. At low temperatures, the ground state becomes p
erentially populated, leading to nonzero dipolar fields wh
are the same at the site of each cluster. This leads to a
narrowing upon increasingH res or the EPR frequency, o
reducing the temperature. We use the multispin Hamilton
that consists ofH0 andV(t) for each cluster, and magneti
6-3
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dipolar interactions between different clusters. We neg
the spin-phonon interaction because the spin-phonon re
ation time is very large compared to the spin-spin relaxat
time. We truncate the original multispin Hamiltonian to lea
only terms which commute with thez component of the tota
spin angular momentum( jSz j , where the sum runs over a
clusters, because of the selection ruleDM̃ s561 whereM̃ s
is an eigenvalue of( jSz j . Then the dipolar interaction is
modified to H dp5(k. jAjk(SW j•SW k23Sz jSzk), where Ajk

[@(gmB)2/2r jk
3 #(3z jk

2 21). Herer jk is the distance betwee
clustersj andk, andz jk is the direction cosine ofr jk relative
to thez axis. Assuming that( jVj (t)!H dp!( jH0 j , we ne-
glect ( jVj (t) in the energy of the multispin system and tre
H dp perturbatively. Following the formalism in th
literature22 for the S510 system, we calculate to first orde
in H dp the root-mean-square deviation of the resonant fi
from the center valueH res in Eq. ~6!, assuming that the line
is symmetric about the center value. We do not account
the exact geometry of the sample for this calculation. We
a lattice sum, assuming that dipoles are distributed o
simple cubic lattice, and the magnetic anisotropy axis is
particularly aligned along any of the edges of the lattice. T
specific angles of the magnetic anisotropy axis with the
tice axes do not appreciably change the strength of the d
lar interactions. The dipolar interactions make the linewid
decrease asMs decreases because the stronger reso
fields lead to a more polarized system.

In this study, we emphasize that the line broadening ef
due to hyperfine fields does not appear to be a signific
factor. Indeed, for Fe8, there is no hyperfine splitting due t
the metal ion, since the dominant Fe isotope,56Fe, has no
nuclear spin.

The overall features of the linewidth, as a function ofMs ,
are determined by the competition among these three effe
D-strain, g-strain, and dipolar interactions. We have vari
sD , sg , and the effective distance between the neighbor
dipoles,d, within experimentally acceptable ranges in ord
to fit the experimental data.

B. Mn12

Since the molecular magnet Mn12 has tetragonal symme
try, the ground-state single-spin Hamiltonian is, to low
order,

H052DSz
22CSz

42gmBHzSz ~7!

with D50.55kB , C51.1731023kB , and g51.94.23 We
perform the same analysis as in the previous subsection
the available Mn12 data (f 5169 GHz,T525 K, the field
along the easy axis!; see Fig. 3~d!. The differences are a
follows: the resonant field is modified to

H res[
\v2D~2Ms21!1C~4Ms

326Ms
214Ms21!

gmB
;

dipoles are assumed to be distributed on a bcc lattice, and
anisotropy axis is along the longer side of the sample.

For Mn12, the hyperfine effect must be weak, becau
there is no resolved hyperfine splitting in the EPR spec
01442
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We attribute this absence of hyperfine splitting to exchan
narrowing due to fast electron spin exchange over the me
ion framework. Otherwise one would expect a linewidth
over 1000 G, since each55Mn nucleus (I 5 5

2 ) is expected to
exhibit a hyperfine splitting of about 200 G.19 Thus 12 al-
most equivalent55Mn nuclei, together with the acetate pro
tons alone should lead to an overall width of over 1000
Notice that the measured smallest width@Ms51 in Fig. 3~d!#
is about 1000 G, which increases to over 2000 G toward
transition Ms510→9. The hyperfine effect would not b
expected to change significantly with the electronic s
quantum numberMs . We thus consider the hyperfine effe
as a lumped parameter representing the residual linewi
independent ofMs .

V. RESULTS

For the Fe8 sample examined, the calculated linewidt
agree well with the experimental data at the measured
quencies (f 568, 89, 109, 113, 133, and 141 GHz! at T
510 K, usingsD'0.01D andd'12 Å. Within acceptable
ranges ofsD , sg , andd, no other combination of paramete
values is able to produce the same quality of fit simul
neously to all of the frequencies studied, although other
rameter values may produce good fits for a particular f
quency. Figures 3~a!–~c! show the experimental an
theoretical linewidths for Fe8 at three frequencies. Our ca
culations show that theD-strain and the dipolar interaction
are equally important for the linewidths of the sample, wh
the g-strain does not contribute significantly. It was prev
ously speculated thatMs

2 dependence of the EPR linewidth
for Fe8 and Fe4 was due to theD-strain only.24 However, this
cannot be explained by theD-strain alone, because the di
tribution in D only results in alinear Ms dependence of the
linewidths. The possibility of the presence of dipolar fiel
was mentioned in a zero-field millimeter-wave experime
for Fe8.25 The weak asymmetry of the linewidths aboutMs
51 andMs50, shown in Figs. 3~a! and ~b!, can be under-
stood by combining theD-strain effect with the dipolar in-
teractions. TheD-strain produces linewidths symmetr
aboutMs51 andMs50, while the dipolar interactions yield
narrower linewidths with smallerMs transitions, which are
observed at higher resonant fields. For a givenMs transition,
the linewidths decrease as the frequency increases becau
the dipolar interactions. Compare Fig. 3~a! with Fig. 3~c!.
The distribution inD does not give frequency- or resonan
field dependent linewidths, but the dipolar interactions
This is another reason that the distribution inD alone cannot
explain the measured linewidths. We also considered dis
butions for other higher-order crystal-field anisotropy para
eters (E or fourth-order coefficients! and found that they do
not contribute substantially to the linewidths.

For the Mn12 sample examined, the calculated linewidt
@Fig. 3~d!# are in a good agreement with the experimen
data forsD'0.02D, sg'0.008g, andd'14 Å. Figure 3~e!
shows separately the line broadening due to theD-strain,
g-strain, and dipolar interactions with the chosen stand
deviations and the effective distance between dipoles.
the Mn12 sample, the distribution ofD is wider than that for
6-4
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the Fe8 sample. TheD-strain effect is still dominant, but a
g-strain effect must be included as well to understand
linewidths for smallerMs transitions. As shown in Fig. 3~e!,
the linewidths forMs52→1 andMs51→0 of over 1000 G
cannot be explained by theD-strain and the dipolar interac
tions alone. It is essential to invoke theg-strain effect. The
dipolar interactions do not play as significant a role as for
Fe8 sample.

VI. CONCLUSIONS

We have presented our measured EPR spectra for
single-crystal molecular magnets Fe8 and Mn12 as functions
of energy eigenstateMs and EPR frequency when the field
along the easy axis. We also have calculated theoretically
EPR linewidths to quantitatively compare with the expe
mental data, using density-matrix equations along w
Gaussian distributions inD and g and the dipolar interac-
tions. Our calculated linewidths agree well with the expe
mental data. Our analysis shows that for the examined8
sample the distribution inD and the dipolar interactions pla
key roles in explaining the linewidths, while for the Mn12
s
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oli
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sample the distributions inD andg are more important than
the dipolar interactions. From these, we draw the conclus
that theD-strain is universally important for the EPR line
widths in molecular magnets, although other effects, such
g-strain and dipolar interactions, can also contribute, depe
ing on the material. These results imply that the assump
made in the tunneling model14 may be correct. A distribution
in D may also facilitate multiphoton transitions through vi
tual states which are necessary to implement a quantum
gorithm for the molecular magnets Mn12 and Fe8.5 Addition-
ally we speculate that theD-strain effect may contribute to
the widths of resonant steps in magnetization hystere
loops. A more detailed report,26 including the temperature
dependence of the linewidths at fixed frequency for both m
lecular magnets, will be published elsewhere.27
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