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Inhomogeneous broadening of single photon transitions in molecular
magnets
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Single photon transitions in molecular magnets provide valuable probes of the widths of energy
levels. We use time-domain terahertz spectroscopy to measure the width of the transition from the
ground state to the first excited state in Mn12 acetate in zero applied field. The width of this
transition, approximately 5.5 GHz full width at half maximum, is too large to be caused by local
magnetic fields. Experiments by Mukhinet al. rule out homogeneous broadening as the source of
the linewidth@Phys. Rev. B63, 214411~2001!#. The linewidth can be explained if the anisotropy
constant in the spin Hamiltonian is not uniform due to crystal defects such as dislocations. Since
similar linewidths are observed in several other materials, we conclude that whatever disorder
causes this broadening is not limited to Mn12 acetate. ©2002 American Institute of Physics.
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In recent years high-spin molecular clusters have b
the focus of much investigation because they have b
shown to exhibit quantum tunneling of the magnetic m
ment. The first to be shown to exhibit quantum tunneli
and the most heavily studied is Mn12 acetate
(@Mn12O12(CH3COO)16(H2O)4#•2CH3COOH•4H2O).1,2

Next Fe8 (@Fe8(tacn)6O2(OH)12#Br8•9H2O, where tacn is
the organic ligand 1,4,7-triazacyclononane!, also with spin
10, was observed to exhibit quantum tunneling.3 In the fol-
lowing years, many other such molecules have been dis
ered.

One particularly interesting area of investigation is t
interaction of the spins with their environment, as reflec
in the linewidth of the energy levels. In some cases,
measured linewidth of transitions provides information ab
the intrinsic properties of the clusters~homogeneous broad
ening!, while in others it seems to be due to variations in t
local environments of clusters~heterogeneous broadening!.
Careful analysis of the linewidths observed under differ
conditions leads us to conclude that the presence of de
leads to variations in the anisotropy constant in these m
rials.

We first review the case of Mn12 acetate, which we
have discussed more fully in a previous publication.4 Its
Hamiltonian is approximately given byH52aSz

22bSz
4

1g(S1
4 1S2

4 )2gmBS•H, where a50.38 cm21, b58.2
31024 cm21, g;6231025 cm21, and g;2.5–12 In zero
field, states with equalumu are degenerate. The ground sta
m5610 are separated by a barrier of approximately 66

We have measured the linewidth of intrawell transitio
using time-domain terahertz spectroscopy. The meas
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ments were made on a pellet pressed from small unalig
crystals of Mn12 acetate prepared according to the proced
of Lis.13

In Fig. 1, we focus on the absorption at 300.6 GH
which corresponds to the transitionm510→9 ~and the
210→29 transition!. ~The absorption fromm569 to 68
has a similar linewidth.! We plot the index of refraction as
function of frequency near this absorption at temperaturT

FIG. 1. Real and imaginary parts of the index of Mn12 acetate. The index is
calculated directly from the transmission using Eq.~1!. The line is a fit to the
homogeneously broadened equations.
0 © 2002 American Institute of Physics
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7171J. Appl. Phys., Vol. 91, No. 10, 15 May 2002 Parks et al.
52.1 K. The index of refraction was calculated directly fro
the ~complex! transmission spectrum using the followin
equation for a slab of thicknessd51.4 mm with complex
index of refractionñ:14

t̃~v!5
4ñ

~ ñ11!2

eivñd/c

12S ñ21

ñ11D 2

e2ivñd/c

. ~1!

Notice that since this is a magnetic transition,n must be
correctly defined asAme/m0e0, rather than approximated a
Ae/e0. We stress that our measurement yields the comp
index of refraction without any modeling of either the lin
shape or the high and low frequency extrapolations of
response functions. A fit to the data reveals a full width
half maximum~FWHM! of 5.5 GHz.

Given our limited frequency resolution, it is impossib
for us to determine whether the line shape is Gaussian
Lorentzian. However, there has been another measureme
this absorption line by Mukhinet al.11 Their data strongly
favor a Gaussian fit to the transmission with FWHM57
GHz.15

The most obvious source of this inhomogeneous bro
ening is local magnetic fields, which could be due to t
dipolar field of neighboring clusters or the nuclear mome
of the manganese atoms. The local dipolar field depend
the random orientations along the6z directions of the mag-
netic moments of all the other clusters. The calculated va
of the hyperfine field varies depending on the type of c
pling that is assumed between the electron spins, bu
maximum possible value ranges from 270 to 539 G,16 and its
FWHM has been estimated at 280–380 G.17

The effect of a local field would be to raise or lower th
transition energy between the610 and69 levels,DE10,9.
From the Hamiltonian, we see thatDE10,9(B)5DE10,9(B
50)6mBgBz . For this material,g is very close to 2, so to
explain a linewidth of 5.5 GHz requires a magnetic fie
distribution with width of 0.20 T.

This local field distribution seems initially to be rule
out by the measurements of the width of the tunneling p
performed by Friedmanet al.18 Starting with a sample
cooled in zero applied field, Friedmanet al. applied a small
magnetic field parallel to thez axis and measured the rela
ation rate of the magnetization toward its equilibrium valu
They measured the FWHM to be 236 Oe at 2.6 K. If t
local field had a FWHM of 0.20 T, as implied, then th
narrow peak could never have been observed. However,
important to remember that Friedmanet al.18 measured the
width of the tunneling peak by fitting the tails of the exp
nential decay at each field, after the initial faster relaxat
was complete. It is possible~albeit unlikely! that an initially
broad dipole distribution is greatly narrowed once most
the spins have aligned with the applied field.

Therefore, it is useful to calculate the width of the dip
lar distribution in order to check whether it could be respo
sible for the observed width in the intrawell transitions. Th
is done in Ref. 4 by considering random orientations of
28 nearby spins that contribute the largest dipole fields.
resulting Gaussian distribution has a FWHM5520 G. The
Downloaded 16 May 2002 to 128.227.76.113. Redistribution subject to A
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combination of this field and the hyperfine field is not suf
cient to explain the width observed in our spectroscopy.

Since local magnetic fields cannot be the cause of
observed inhomogeneous broadening, it seems most like
be caused by variations in the anisotropy constanta. If a
varied slightly~;1%! between clusters due to defects, th
this variation would be seen in the linewidth of the photo
induced transition, but not in the zero-field tunneling. T
photon absorption experiments would be sensitive to va
tions in a, but the width seen in the zero-field tunnelin
experiments would be due to homogeneous broaden
mechanisms, either due to the tunneling time itself or
interactions with phonons, as proposed in Ref. 19.

These experiments are unable to determine the natur
the defects that cause the variations ina. However, we note
that recent work of Chudnovsky and Garanin postulates
locations as the source of spin tunneling and calculates
effect of these dislocations ona.20 Finally, other experimen-
tal articles have recently presented evidence for this distr
tion in the anisotropy constant.21,22

Although such a distribution ofa would have no effect
on the width of the relaxation peak in zero field because
levels6m are degenerate regardless ofa, tunneling peaks at
nonzero fields would be broadened, since~neglectingb! the
field Hn52an/gmB that brings the levelsm and 2m1n
into resonance is proportional toa. It would be difficult to
observe this broadening in tunneling measurements, s
the termbSz

4 brings different levels into resonance at diffe
ent fields, so that if more than one levelm is involved in the
thermally assisted tunneling, the relaxation peak will
broadened. However, we note that the width of the relaxa
peaks in nonzero fields observed in Ref. 23 is sufficien
large to accommodate the required distribution ofa.

This distribution of the anisotropy constanta seems to
be a feature of other high-spin molecules, as well. The ot
commonly studied molecule that exhibits quantum tunnel
of the spin is Fe8 , which also has a total spin of ten. How
ever, the anisotropy constant of Fe8 is smaller than that of
Mn12 acetate by about a factor of three. Also, the symme
of Fe8 is lower—its crystal structure is triclinic rather tha
tetragonal—so there are lower order terms in its Hamilton
that allow tunneling.

While we have not made any measurements on F8 ,
Mukhin et al.15 have measured the intrawell transitions
this material. They observed a Gaussian line shape wi
FWHM54.6 GHz for them510→9 transition. Additionally,
they measured a FWHM of 9.2 GHz for the related mate
Fe8 PCL. In this material, perchlor ions are substituted
some of the bromine ions, which increases the interclu
distance, thereby decreasing the dipole coupling while
creasing disorder. The fact that the linewidth is larger for F8

PCL even though the intercluster distance is larger sugg
that, in contrast to the conclusions of Ref. 15, the linewid
is not caused by a distribution of dipolar magnetic fields, b
rather by a distribution of the anisotropy constant as in M12

acetate.
To confirm this conclusion, we calculated the distrib

tion of dipole moments that would be expected due to r
dom orientations of the 28 nearby clusters that contribute
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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largest dipole fields, using the same procedure as in Re
For Fe8 , the FWHM of the distribution was 740 G, which
not sufficient to explain the observed linewidth. Howev
this dipole width is in fairly good agreement with the wid
of 600 G measured by Wernsdorferet al. for samples
quenched in zero applied field.24

The observed width of 4.6 GHz in Fe8 could be ex-
plained by local magnetic fields only if the width of th
magnetic field distribution were 0.16 T. Since both calcu
tions and experiments yield a width that is much smaller th
this, we conclude that in Fe8 , as in Mn12 acetate, the anisot
ropy constant is not uniform. However, one important diffe
ence between these systems is that in Mn12 acetate the de
fects that cause these variations in the anisotropy cons
may play a role in the tunneling mechanism, while in Fe8 the
lower crystalline symmetry leads to terms in the Hamilton
that are responsible for tunneling.

Finally, in Fig. 2, we present measurements on anot
molecular magnet, @Mn4(hmp)6Br2(H2O)2#Br2•4H2O,
where hmp2 is the anion of 2-hydroxymethylpyridine, whic
we will refer to as Mn4. This molecule hasS59, and elec-
tron paramagnetic resonance measurements indicate a
isotropy constant of20.498 K with some uncertainty due t
fitting of the rather complicated signal.25 We measure the
absorption fromm59→8 to occur at 135 GHz, implying
that the anisotropy constant is closer to 0.38 K. We a
measure a FWHM on the order of 11 GHz, similar to t
other molecules that have been studied.

In conclusion, we observe that in Mn12 acetate and Fe8

the inhomogeneous linewidths observed in intrawell tran
tions can not be explained by variations in local magne
fields, and are therefore probably due to variations in
anisotropy constant. The similar transition width observed

FIG. 2. Absorption coefficient of Mn4 at 2 K. The line shows a Gaussia
absorption centered on 135.5 GHz withs54.5 GHz.
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another single molecule magnet, Mn4 , suggests that the typ
of disorder responsible for the variations in the anisotro
constant is probably a feature of many other single molec
magnets.

This research was supported at Colgate University by
award from Research Corporation and by the Colgate U
versity Research Council. Two of the authors~D.N.H. and
G.C.! thank the NSF for support.

1J. R. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo, Phys. Rev. L
76, 3830~1996!.

2L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and B. Barba
Nature~London! 383, 145 ~1996!.

3C. Sangregorio, T. Ohm, C. Paulsen, R. Sessoli, and D. Gatteschi, P
Rev. Lett.78, 4645~1997!.

4B. Parks, J. Loomis, E. Rumberger, D. N. Hendrickson, and G. Chris
Phys. Rev. B.64, 184426~2001!.

5A. L. Barra, D. Gatteschi, and R. Sessoli, Phys. Rev. B56, 8192~1997!.
6I. Mirebeau, M. Hennion, H. Casalta, H. Andres, H. U. Gu¨del, A. V.
Irodova, and A. Caneschi, Phys. Rev. Lett.83, 628 ~1999!.

7S. Hill, J. A. A. J. Perenboom, N. S. Dalal, T. Hathaway, T. Stalcup, an
S. Brooks, Phys. Rev. Lett.80, 2453~1998!.

8A. Fort, A. Rettori, J. Villain, D. Gatteschi, and R. Sessoli, Phys. R
Lett. 80, 612 ~1998!.

9F. Luis, J. Bartolome´, and J. F. Ferna´ndez, Phys. Rev. B57, 505 ~1998!.
10W. Bao, R. A. Robinson, J. R. Friedman, H. Casalta, E. Rumberger, an

N. Hendrickson, cond-mat/0008042.
11A. A. Mukhin, V. D. Travkin, A. K. Zvezdin, A. Caneschi, D. Gattesch

and R. Sessoli, Physica B284, 1221~2000!; A. A. Mukhin, V. D. Travkin,
A. K. Zvezdin, S. P. Lebedev, A. Caneschi, and D. Gatteschi, Europ
Lett. 44, 778 ~1998!.

12Y. Zhong, M. P. Sarachik, J. R. Friedman, R. A. Robinson, T. M. Kelle
H. Nakotte, A. C. Christianson, F. Trouw, S. M. J. Aubin, and D.
Hendrickson, J. Appl. Phys.85, 5636~1999!.

13T. Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.36,
2042 ~1980!.

14H. Ibach and H. Lu¨th, Solid-State Physics~Springer, Berlin, 1995!, p. 291.
15A. Mukhin, B. Gorshunov, M. Dressel, C. Sangregorio, and D. Gattes

Phys. Rev. B63, 214411~2001!; A. Mukhin, private communication.
16F. Hartmann-Boutron, P. Politi, and J. Villain, Int. J. Mod. Phys. B10,

2577 ~1996!.
17W. Wernsdorfer, R. Sessoli, and D. Gatteschi, Europhys. Lett.47, 254

~1999!.
18J. R. Friedman, M. P. Sarachik, and R. Ziolo, Phys. Rev. B58, R14729

~1998!.
19M. N. Leuenberger and D. Loss, Phys. Rev. B61, 1286~2000!.
20E. M. Chudnovsky and D. A. Garanin, Phys. Rev. Lett.87, 187203~2001!;

D. A. Garanin and E. M. Chudnovsky, cond-mat/0105518 a
cond-mat/0107586.

21K. M. Mertes, Y. Suzuki, M. P. Sarachik, Y. Patiel, H. Strikman, E. Zeldo
E. Rumberger, D. N. Hendrickson, and G. Christou, Phys. Rev. Lett.87,
227205~2001!.

22K. Park, M. A. Novotny, N. S. Dalal, S. Hill, and P. A. Rikvold, Phys. Re
B 65, 014426~2002!.

23Y. Zhong, M. P. Sarachik, J. Yoo, and D. N. Hendrickson, Phys. Rev. B62,
R9256~2000!.

24W. Wernsdorfer, T. Ohm, C. Sangreforio, R. Sessoli, D. Mailly, and
Paulsen, Phys. Rev. Lett.82, 3903~1999!.

25J. Yoo, A. Yamaguchi, M. Nakano, J. Krzystek, W. E. Streib, L. C. Brun
H. Ishimoto, G. Christou, and D. N. Hendrickson, Inorg. Chem.40, 4604
~2001!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


