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Asymmetric lineshape due to inhomogeneous broadening of the crystal-field transitions
in Mn 12 acetate single crystals
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The lineshape of crystal-field transitions in oriented single crystals of Mn12 acetate molecular magnets is
determined by the magnetic history. The absorption lines are symmetric and Gaussian for the nonmagnetized
state obtained by zero-field cooling. In the magnetized state which is reached when the sample is cooled in a
magnetic field, however, they are asymmetric even in the absence of an external magnetic field. These obser-
vations are quantitatively explained by inhomogeneous symmetrical~Gaussian! broadening of the crystal-field
transitions combined with a contribution of off-diagonal components of the magnetic susceptibility to the
effective magnetic permeability. This can be qualitatively understood as a redistribution of the interacting
modes superposed in the total inhomogeneously broadened line which dynamically occurs via the magnetic
medium, i.e., via different components of its susceptibility depending on the magnetic state.

DOI: 10.1103/PhysRevB.69.104410 PACS number~s!: 75.50.Xx, 76.30.2v, 78.20.Ls
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I. INTRODUCTION

The high-spin magnetic cluster of Mn12 acetate~which
stands for @Mn12O12(CH3COO)16(H2O)4#•2CH3COOH
•4H2O) is the prime example of single-molecule based m
nets which reveal a number of interesting phenomena suc
mesoscopic quantum tunneling of the magnetization
quantum phase interference.1–6 Over a wide range the prop
erties of Mn12 acetate are determined by the splitting in t
crystal field~CF! of theS510 ground multiplet described b
the spin Hamiltonian7–10

H5DSz
21D4Sz

41B4
4~S1

4 1S2
4 !/22gmBS•H, ~1!

where the first three terms represent the crystal field and
last one the Zeeman energy in a magnetic fieldH. The large
single-ion anisotropy with an energy barrier of;65 K is
produced mainly by the axial termDSz

2 with D,0. The
magnetizationM of the cluster is stabilized along the fourth
orderC4 symmetry axis. At low temperatures resonant tu
neling through the energy barrier is possible if the ene
levels on both sides coincide.3,5,4

In the last years the structure of the energy levels of
ground-state multiplet of Mn12 acetate and the parameters
the effective spin Hamiltonian~1! were studied by electron
paramagnetic-resonance~EPR! measurements,7,8 inelastic
neutron scattering,9 and quasioptical magneti
spectroscopy.10–12Currently much attention is devoted to th
shape and width of the absorption lines~CF transitions!
which may provide a deeper understanding of the mec
nisms of quantum tunneling in real crystals of molecu
magnets. The Gaussian lineshape found at zero field11,12 di-
rectly indicates an inhomogeneous character of the
broadening due to a distribution of intracrystalline intera
tions, in particular, magnetodipolar and crystal fields. D
tailed EPR investigations13–16of various contributions to the
line broadening~distribution of the crystal fields,g factors,
dipolar fields! revealed an important role of the CF distrib
tion coming from local strains (D strain!. In addition, the
0163-1829/2004/69~10!/104410~5!/$22.50 69 1044
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asymmetry of the EPR lines was attributed17 to the distribu-
tion of the easy-axis orientation. In particular, dislocations
real crystals were suggested to cause a distribution of cry
fields which strongly influences the mechanism of quant
tunneling.18 The environmental effects determined by inte
nal magnetodipolar and hyperfine fields and their distrib
tions also become clearly apparent in resonance quan
tunneling.19,20 They result in a dependence of the tunneli
resonances on the magnetic state4 and in a strong effect of
the time-dependent internal field on the relaxation law p
dicted in Ref. 21~see also the recent review by Tupitsyn a
Barbara22!.

Applying a different type of frequency-domain magne
spectroscopy we have studied the influence of the inho
geneous broadening and magnetic state on the lineshap
magnetodipolar transitions in Mn12 acetate which allowed us
to reveal and explain a remarkable dependence of the l
shape on the magnetic history of the sample: i.e., fie
cooled~fc! and in contrast to zero-field-cooled~zfc! states.

II. EXPERIMENTAL RESULTS

A few dozen of Mn12 acetate single crystals of typicall
1–2 mm in size were aligned to a mosaic of about 0.5 m
thickness and 737 mm2 area such that theC4 axes of the
crystals lay in the plane of the plate and were parallel to e
other ~to an accuracy better than3°). Using a frequency-
domain magnetic spectroscopy,23,24 we studied the magnetic
absorption by measuring the optical transmission coeffic
in the frequency range from 8 to 18 cm21. The experiments
were performed at temperatureT52.33 K in a magnetic
field H up to 7 T which was oriented perpendicular to t
magnetic-field vectorh of the radiation propagating~with the
wave vectorq) along they direction ~Voigt geometry:hix,
qiy, HiziC4).

The two transmission spectra plotted in Fig. 1 show
u610&→u69& transition measured atT52.33 K with no ex-
ternal field present:H50; note that this corresponds to a re
zero-field EPR experiment. In one case~nonmagnetized, zfc
©2004 The American Physical Society10-1
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state! the sample is cooled down without applied magne
field, in the second case~magnetized, fc state! the crystals
are cooled from 20 K in a field of 1 T~parallel toC4) which
was subsequently switched off. In fc crystals the resona
frequency is shifted up by 0.1 cm21 and the lineshape is
significantly asymmetric, with the slope smoother on the
~low-frequency! side. Applying a magnetic field parallel t
the C4 axis of the fc crystals increases the transition f
quency as displayed in Fig. 2; the lineshape remains as
metric similar to theH50 case.

III. ANALYSIS

For a quantitative description of the spectra we have
consider the radiation propagating alongy axis through a
transversely magnetized medium (hix,eiz), whose optical
response is determined by an effective magne
permeability25

meff~n!5mxx~n!2mxy~n!myx~n!/myy~n!, ~2!

and thus depends on both diagonal and off-diagonal com
nents of the magnetic permeabilitym i j (n) where the latter
are sensitive to the magnetic state of the sample~fc or zfc!.
The magnetic susceptibilityx ik(n) is related to the perme
ability via m ik(n)5d i j 14px ik(n) with the Kronecker sym-
bol d i j . For low temperatures only transitions from th
ground state to the first excited stateu610&→u69& contrib-
ute to the susceptibility

FIG. 1. Magnetic absorption due to theu610&→u69& crystal-
field transition in the transmission coefficient spectra~dots! of Mn12

acetate single crystals measured atT52.33 K without external
magnetic field. In the first case~zfc! the sample is cooled down
without applied magnetic field, in the second case~fc! the sample is
cooled in a field of 1 T which was subsequently switched off. T
solids lines represent the calculations using a single Gaussian
and an effective susceptibility as described in the text. The das
lines show calculations with three Gaussians corresponding to
most populated isomers with distorted CF which arise from
random distribution of the acetic acids; the parameters are give
the text.
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xxx,yy~n![x'~n!5x110R110~n!1x210R210~n!, ~3a!

xxy~n!52xyx~n!5 in@x110R110~n!/n110

2x210R210~n!/n210#, ~3b!

wherehn6105E692E6105hn10
0 6gmBHz are the transition

frequencies between the corresponding states on one (1) or
another (2) side of an anisotropy barrier. Herehn10

0 5
219@D1D4(102192)# is the zero-field energy andx610
52N(gmB^10uSxu9&)2(r6102r69)/hn610 are the contribu-
tions to the magnetic susceptibility due to the correspond
transitions,N is the particle density, andrm is the population
of the energy levelsEm which are given by the Boltzmann
factorrm5exp$2Em/kBT%/(exp$2En /kBT% in an equilibrium
state.

The lineshape functionsR610(n)[Rm(n) may be either
Lorentzian,

Rm~n!5
nm

2

nm
2 2n21 inDnm

, ~4!

or Gaussian11 with the imaginary part

Rm9 ~n!5~p/8!1/2~n/sm!@exp$2~n2nm!2/2sm
2 %

1exp$2~n1nm!2/2sm
2 %#, ~5a!

and the real one determined via the Kramers-Kronig relat

Rm8 ~n!5~2/p!E
0

`n1Rm9 ~n1!

n1
22n2

dn1 . ~5b!

However, we cannot exclude more complicated linesha
related to a superposition of several CF transitions due
different isomers in real crystals19,28,27~see subsequent sec
tion!.

In a nonmagnetized state, when the population is the s
on both sides of the barrier,r110'r210, and the off-

FIG. 2. Absorption of theu610&→u69& crystal-field transition
in Mn12 acetate single crystals atT52.33 K measured by transmis
sion at different magnetic fields. The lines represent the calculat
using a single Gaussian term and an effective susceptibility.
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diagonal components of the susceptibility vanish,xxy,yx(n)
50, the effective permeability is given by

meff
zfc~n!5mxx~n!5114px'~n!, ~6!

where the diagonal susceptibility componentx'(n) is deter-
mined by Eq. ~3a! for x1105x210[x10/2 and R110
5R210. In a magnetized state (r110'1,r210'0)

meff
fc ~n!511

4px'~n!@114px'~n!~12n2/n1
2 !#

114px'~n!

'11
4px'~n!

114px'~n!
, ~7!

wherex'(n)5x110R110(n). For H50 the functionsx'(n)
in Eqs. ~6! and ~7! coincide and the difference between z
and fc permeability is mainly determined by the denomina
114px'(n) in Eq. ~7!.

As shown in Fig. 1 by the solid lines, we can nicely fit o
experimental results for both the fc and zfc states by us
the expressions for the transmission coefficient of a pla
parallel layer26 and a Gaussian lineshape entering forR6(n)
in x'(n). The main parameters, the CF resonance freque
n10

0 510.002 cm21, the Gaussian linewidths10
6 50.095

cm21 @corresponding full width at half maximum~FWHM!
Dn10

6 52A2 ln 2s10
6 '0.224 cm21], and the contribution to

the permeabilityDm1054px1050.076, were found by fit-
ting only the zfc data.29 The calculated spectra reprodu
both, the upward shift of the resonance frequency and
asymmetry of the lineshape in the fc state. The increas
the resonant frequency from the valuen10 in zfc state to
approximatelyñ10A(11Dm10) in the fc state is mainly due
to the change of the effective permeability since the o
diagonal term of the susceptibility becomes significant
slight renormalization of the resonance frequencyhñ10
5hn101gmBl iM0 in the fc state is caused by the wea
internal dipolar magnetic field; from our fit we obta
l iM0'265 Oe~i.e., gmBl iM0'0.024 cm21), whereM0 is
the magnetization. Strictly speaking, also the transverse
ternal dipolar fields;l'DM' may become important whe
the magnetization deviates from the easy axis during osc
tions; in general, this effect could lead to a renormalizat
of meff(n). However, our simulations show that this effect
not relevant in our case. The above statement concerning
shift of the resonance frequency in the fc state is true both
Lorentzian and Gaussian lineshape. For the change of
shape, however, it is essential that the lines are inhomo
neous by broadened and have to be described by Gau
lines.

In Fig. 3 the imaginary part of the permeability spectru
meff9 (n) ~which describes the magnetic absorption! in the fc
state is calculated assuming a Gaussian and a Loren
lineshapeRm(n). It is clearly seen that the line become
asymmetric only in the case of the Gaussian lineshape w
for the Lorentzian case it remains symmetric. This import
result is connected to the fact that for a Lorentzian linesh
Rm(n) in Eq. ~7! only the resonant frequency and the cont
bution ~‘‘strength’’! are renormalized, while the overall fre
10441
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quency dependence ofmeff(n) remains unchanged, i.e
Lorentzian. It can be easily checked by a direct substitut
of x'(n)5x110R110(n) in Eq. ~7!. In the case of inhomo-
geneously broadened~Gaussian! lines, their shape is
disturbed.31 Qualitatively the findings can be understood
the following manner. An inhomogeneously broadened l
can be represented as a superposition of a~finite or infinite!
number of homogeneous, i.e., Lorentzian, narrow lin
~modes!. For the zfc state they can be considered as indep
dent, while in the fc state the modes are coupled via
nondiagonalmxy,yx components resulting in a shift of th
superposing modes, which is not carried out uniformly: t
low-frequency part of the superposed line~left side! shifts
less than the high-frequency part~right side!. A redistribution
of the spectral weight is directly coupled to the shift of t
modes. It can be considered as a dynamic interaction of
composing modes via a magnetized media which chan
their frequency positions and intensities which cause
asymmetrical shift of the spectral weight of the integrat
line. A direct simulation of the total line by a finite number o
Lorentzian oscillations has confirmed this picture.

Our approach also explains the asymmetric lineshape
finite magnetic fields, as demonstrated in Fig. 2 where
solid lines correspond to calculations usingg51.93 and the
aforementioned parameters. The less perfect descriptio
the line atH51.8 T as compare to the one atH50.9 T can
be explained by distortions of the spectrum due to stand
waves in the cryostat. The high-field spectra are more s
ceptible to the alignment.

IV. DISCUSSION

There are several contributions to the inhomogene
broadening of the CF transitions related to the random
tribution of magnetodipolar fields (Hdip),4,14–16,22hyperfine
fields (Hhyp),4,19,22 tilting of the easy axis of a single Mn12
acetate molecule from thec axis,17 local variations of the CF
parameters (D strains!,15,16,18etc. By adding the correspond
ing amendments into the Hamiltonian~1!, the frequency of

FIG. 3. Magnetic absorption spectram9 at zero magnetic field
(H50) for the field-cooled~fc! state of Mn12 acetate. The calcula
tion compare Gaussian with Lorentzian lineshapes of theu610&
→u69& crystal-field transition.
0-3



tin

m

-

f
xi
u
fo
-
t
e-
tio

o
nt
pt
e

ti
nt

th
as

an
th

o

,

g
i-
io
m

e
r
e

he

nd.

-

he
u-

wer
the

ines
tal
u-

and
or-
the

ing
by

-

ce of

re-

the
te

opy
hape

les

tric

the
oge-
s
c-

um
nal
us
re-
tal

ally
-

pec-
n
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the u6m&→u6(m21)& CF transitions (m51, . . .,9,10) can

be expressed asñ6m5n6m1Dn6m
(2) . Here hn6m52(2m

21)@D1D4„m
21(m21)2

…#6gmBHc
effcosu correspond to

the unperturbed frequencies determined by the CF split
and projection of the effective fieldHeff5H1Hdip1Hhyp,
which is parallel to the crystallographicc axis, onto the local
easy axis~z! of a molecule which is weakly tilted from thec
axis by the angleu. The termsDn6m

(2) }(Hc
effsinu)2 are the

second-order perturbation-theory contributions due to co
ponents of the effective magnetic fieldHeff perpendicular to
the local easy axis~see Ref. 17!. In particular, form510 the
energy shifts by hDn110

(2) 5@gmBHc
effsinu#2@10/(hn110)

219/(2hn19)#.
An asymmetrical EPR lineshape of Mn12 acetate magne

todipolar transitions was reported by Hillet al.16 and was
explained subsequently17 by random distributions not only o
the D parameter of the crystal field but also of the easy-a
orientation. In this case, however, the asymmetry sho
practically vanish in zero external magnetic field and
typical internal dipolar fieldHdip;3002500 Oe and stan
dard deviationsu56°210° which obviously is in contras
to our present observations.30 Hence, the observed asymm
try of the lineshape cannot be connected with the distribu
of the easy axis but rather is determined by a distribution
the zero-field resonance frequencies combined with a co
bution of off-diagonal components of the magnetic susce
bility to the effective magnetic permeability. It should b
noted that the experimental measurement geometry~Voigt
configuration! is of crucial importance.31 Since regular EPR
experiments are performed at fixed frequencies as a func
of applied magnetic field—in contrast to our experime
which are conducted at fixed~finite or zero! magnetic field as
a function of frequency—the smaller slope is found on
right ~high-field! side relative to the resonance field
reported.16

Assuming that the random magnetodipolar, hyperfine,
CF fields are independent and Gaussian distributed wi
standard deviations, respectively,sH

dip , sH
hyp, and sD , the

total Gaussian linewidth can be expressed assm
2

5g2mB
2@(sH

dip)21(sH
hyp)21(2m21)2sD

2 #. According to cal-
culations of Parkset al.14 sH

dip'220 Oe~the corresponding
FWHM is of 520 Oe! in the demagnetized state of the Mn12
acetate. The hyperfine standard deviation is of the same
der, sH

hyp550–70 Oe~the FWHM is of 120–160 Oe!.4,19

However, their total contribution to the linewidth
;0.02 cm21, is much less then the observed values10
'0.1 cm21 which basically does not depend on the ma
netic state~fc or zfc!, too. This implies that the main contr
bution to the observed linewidth comes from the dispers
of the crystal fieldsD with the dependence on the state nu
ber m observed in Ref. 16. Taking into account thats10

6 /n10

5sD /(D1181D4)'sD /D, we obtainsD'0.01D which is
half the value estimated by Hillet al.16

Above we have considered the simplest Gaussian typ
inhomogeneous broadening. In real crystals the characte
the broadening can be more complicated due to existenc
various defects, such as dislocations18 as well as different
isomer forms within the same single crystal.19,28 Recently it
10441
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was shown27 that a disorder of the acetic acids during t
crystallization induces different CF distortions at the Mn31

ions positions; as a result six different isomers can be fou
The estimated CF parametersD(n) for the most populated
isomers are20.769 K, 20.778 K and 20.788 K for n
51,2, and 3, respectively.27 The relative differencesuD(2)
2D(1)u/D(2)50.0115 and uD(3)2D(2)u/D(2)50.0128
agree very well with the width of the CF distribution ob
tained from the linewidth.

To elucidate the sensitivity of the above description of t
lineshape to the CF distribution we have carried out a sim
lation of the observed fc and zfc spectra by three narro
Gaussians lines, corresponding to the three isomers with
given concentrations. The results shown by the dashed l
in Fig. 1 demonstrate an excellent description of the to
lineshape and its weak sensitivity to details of the distrib
tion. The resonance frequencies 9.9014, 9.9988,
10.0954 cm21 of the superposed modes were taken in acc
dance to the variations of the axial CF parameters in
corresponding isomers;27 their linewidths s10(n)'0.045
cm21 were taken equal. The broadening of the contribut
modes could be due to additional CF distributions caused
dislocations,18 hyperfine fields,21 or inhomogeneous magne
todipolar fields.

According to Corniaet al.27 the CF distortions in the
Mn12 acetate isomers are accompanied by the appearan
a second-order transverse CF termE(Sx

22Sy
2) which is re-

sponsible for the tunnel splitting and the increase of the
laxation rate. The correlation betweenD andE terms opens a
possibility to observe an inhomogeneous relaxation of
spectra inside the line in a long-living nonequilibrium sta
created by magnetic-field inversion.32

V. CONCLUSION

In summary, using high-frequency magnetic spectrosc
we discovered a dependence of the frequency and lines
of the magnetodipolar transitions in Mn12 acetate on the
magnetic history of the sample. Zero-field-cooled samp
show a symmetrical Gaussian lineshape of theS510 ground
multiplet transitionu610&→u69&. If the sample was previ-
ously cooled in magnetic field, the line becomes asymme
and shifts up in frequency by about 0.1 cm21 even for H
50. The linewidth in the both cases remains, practically,
same. These observations are explained by an inhom
neous ~Gaussian! distribution of the resonant frequencie
with equal fc and zfc widths, taking into account the effe
tive susceptibility of the transversely magnetized medi
which includes off-diagonal components and the inter
magnetic field. The both factors play a key role and allow
to explain the observations qualitatively as a result of a
distribution of the interacting modes superposed in the to
inhomogeneously broadened line which occurs dynamic
via magnetic media~i.e., via different components of its sus
ceptibility depending on the magnetic state!. We quantita-
tively describe the absorption seen in the transmission s
tra for both H50 and HÞ0 and determined the mai
characteristics of interactions in the system.
0-4
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