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Linewidth of single-photon transitions in Mn12-acetate
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We use time-domain terahertz spectroscopy to measure the position and linewidth of single-photon transi-
tions in Mn12-acetate. This linewidth is compared to the linewidth measured in tunneling experiments. We
conclude that local magnetic fields~due to dipole or hyperfine interactions! cannot be responsible for the
observed linewidth and suggest that the linewidth is due to variations in the anisotropy constants for different
clusters. We also calculate a lower limit on the dipole field distribution that would be expected due to random
orientations of clusters and find that collective effects must narrow this distribution in tunneling measurements.
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Mn12-acetate (@Mn12O12(CH3COO)16(H2O)4#
•2 CH3COOH•4H2O) is a member of a class of high-sp
molecular clusters that have been shown to exhibit quan
tunneling of the magnetic moment.1,2 It consists of a core of
12 manganese ions with spins tightly coupled via super
change through 12 oxide ions, with a ground-state spiS
510. These clusters are separated by acetate and w
groups and arranged in a tetragonal body-centered lattic
that the nearest-neighbor distance is 13.7 Å and the sho
distance between manganese ions in neighboring clusters
Å. Since it is fairly unusual for a system this large to displ
quantum mechanical properties, it has been the subjec
much investigation.

One particularly interesting area of investigation is t
interaction of the spins with their environment, as reflec
in the linewidth of the energy levels. It is not yet clear why
some cases the measured linewidth of transitions prov
information about the intrinsic properties of the clusters~ho-
mogeneous broadening!, while in others it seems to be due
variations in the local environments of clusters~heteroge-
neous broadening!. A comparison of the linewidths we mea
sure for intrawell transitions with the linewidths measured
tunneling between wells can help to determine the answ

The Hamiltonian for the spin clusters is approximate
given by H52aSz

22bSz
41g(S1

4 1S2
4 )2gmBS•H, where

a50.38 cm21, b58.231024 cm21, g;62
31025 cm21, andg;2.3–10 In zero field, states with equa
umu are degenerate. The ground statesm5610 are separated
by a barrier of approximately 66 K.

In this paper, we describe an experiment that meas
the linewidth of the intrawellm510→9 transition~and the
210→29 transition! using time-domain terahertz spectro
copy. The measurements were made on a pellet pressed
small unaligned crystals of Mn12-acetate prepared accordin
to the procedure of Lis.11

In terahertz time-domain spectroscopy, a nearly sing
cycle electromagnetic pulse with a length of a few picos
0163-1829/2001/64~18!/184426~4!/$20.00 64 1844
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onds is produced when an optical pulse from a modeloc
titanium sapphire laser is incident on a microfabricated p
toconductive antenna. This electromagnetic pulse is gui
through the sample quasioptically and then detected b
second photoconductive antenna. This detector antenn
gated by a time-delayed laser pulse split from the same p
that triggered the generator antenna. The time dependen
the transmitted electromagnetic pulse is measured by ad
ing the delay between the laser pulses incident on the g
erator and detector. The transmitted electric fieldEt(t) is

then Fourier transformed to yieldẼt(v), the complex fre-
quency dependence of the transmitted electromagnetic p
This transmitted electric field can be normalized by the fi
measured with the sample removed from the beam p

yielding the complex transmission coefficientt̃ (v).
Generally, terahertz spectroscopy is used to characteri

material response that varies slowly with frequency,
which the frequency resolution is not required to be high
than tens of GHz. To our knowledge, it has never been u
to examine linewidths of transitions. This is because hig
frequency resolution can only be obtained with a longer ti
delay between the generator and detector laser pulses.
difficult to align the translation stage well enough to allo
constant detection sensitivity over a large delay range, s
the detector is very sensitive to the position of the focus
laser spot on the photoconductor. Through a careful ali
ment process we were able to maintain the detector sens
ity within a few percent over the entire delay range. It is a
difficult to eliminate stray reflections from surfaces of optic
elements and ends of transmission lines. These stray re
tions lead to interference fringes in the spectrum. The frin
make it impossible to fit the line shape to a particular fo
~Gaussian or Lorentzian!, but it is still possible to estimate
the linewidth.

In Fig. 1 we show the magnitude ratio of the transmiss
spectra for the Mn12-acetate pellet at 15 K and at 3 K. Th
ratio makes the changes in transmission due to tempera
©2001 The American Physical Society26-1
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more apparent. At 3 K, almost all the spins are in the grou
state (m5610), so only the transitions fromm5610 to
69 are observed. At 15 K, some higher-energy states
thermally occupied, so more transitions are observed. Th
absorptions are seen as peaks in the transmission ratio.
location of these transitions can be fit to yield the first tw
parameters in the Hamiltonian:a50.382(4) cm21 and b
58.0(2)31024 cm21. These parameters are in good agre
ment with those cited earlier.

In Fig. 2 we focus on the absorption at 300.6 GHz, wh
corresponds to the transition fromm5610 to 69. ~The ab-
sorption fromm569 to 68 has a similar linewidth.! We
plot the index of refraction as a function of frequency ne
this absorption at temperatureT 5 2.1 K. The index of
refraction was calculated directly from the~complex! trans-

FIG. 1. Transmission magnitude at 3 K divided by the transm
sion magnitude at 15 K. The peaks are due to transitions tha
observed at 15 K but are not observed at 3 K because nearly a
clusters are in their ground states.

FIG. 2. 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 Eq.~2!.
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mission spectrum using the following equation. The tra
mission through a slab of thicknessd51.4 mm with com-
plex index of refractionñ is12

t̃ ~v!5
4ñ

~ ñ11!2

eivñd/c

12S ñ21

ñ11
D 2

e2ivñd/c

. ~1!

This equation assumes that all reflections from the in
faces are included, even though THz spectroscopy only
lects data within a finite time window after the main puls
However, in this case the reflectivity is low enough and t
absorption is strong enough that the limited time windo
does not introduce significant error. Notice that since this
magnetic transition, n must be correctly defined a
Ame/m0e0, rather than approximated asAe/e0. We stress
that our measurement yields the complex index of refract
without any modeling of either the line shape or the hig
and low-frequency extrapolations of the response functio

We model the absorption using the standard form fo
magnetic dipole resonance:

m/m0511
Fv0

2

v0
22v22 ivG

. ~2!

We assume thate is constant over this frequency range. T
curve in Fig. 2 is a fit to this form, withe r[e/e051.72,
v05300.6 GHz,G55.5 GHz, andF50.011. The value of
F for oriented crystals would be much higher, since the el
tromagnetic pulse only stimulates transitions in crystals t
are oriented with theirc axes parallel to the direction o
propagation.

Although we have used a standard Lorentzian line sh
with no inhomogeneous broadening to fit these data, i
clear that an equal or better fit could be achieved by con
ering inhomogeneous broadening. While we can confide
measure the linewidth, we cannot draw any conclusio
about the line shape. However, there has been another
surement of this absorption line by Mukhinet al.9 Their data
strongly favor a Gaussian fit to the transmission with a f
width at half maximum~FWHM! of 7 GHz.13 @For this ma-
terial, the FWHM of ln(u t̃u), Im(n), and Im(m) are all ap-
proximately equal, so this value can be compared directly
G in Eq. ~2!.# The two measured widths are fairly close, b
are not equal within the experimental uncertainty. A possi
cause of this difference will be discussed later in this pap

This Gaussian fit is strong evidence for inhomogene
broadening of the linewidth. However, the cause of this
homogeneous broadening is unclear. The most obvi
source is local magnetic fields, which could be due to
dipolar field of neighboring clusters or the nuclear mome
of the manganese atoms. The local dipolar field has not
our knowledge, been calculated because it depends on
random orientations along the6z directions of the magnetic
moments of all the other clusters. The calculated value of
hyperfine field varies depending on the type of coupling t
is assumed between the electron spins, but its maximum
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sible value ranges from 270 to 539 G,14 and its FWHM has
been estimated at 280–380 G.15

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 to be ruled out by t
measurements of the width of the tunneling peak perform
by Friedmanet al.16 Starting with a sample cooled in zer
applied field, a small magnetic field was applied parallel
thez axis and the relaxation rate of the magnetization tow
its equilibrium value was measured. They measured the
width at half maximum to be 236 Oe at 2.6 K. If the loc
field had a full width at half maximum of 0.20 T, as implie
above, then this narrow peak could never have been
served. In addition, the line shape measured by Friedm
et al. was clearly Lorentzian. This implies that the inhom
geneous broadening due to local magnetic fields mus
significantly smaller than the homogenous effect of lifetim
broadening. We note that the interpretation of Friedmanet al.
of this homogeneous broadening as being due to a lifetim
250 ps does not imply that Lorentzian tails should be visi
in the transitions betweenm5610 andm569, since the
lifetime of states with largerumu could be expected to b
longer than that of the states involved in tunneling. Howev
the absence of broadening of of the data of Friedmanet al.
due to local magnetic fields is puzzling.

One possible explanation is that the width measured
tunneling experiments reflects collective effects. The rel
ation rate measured by Friedmanet al. is a fit to the expo-
nential relaxation that is observed after an initial nonex
nential relaxation. As was pointed out in Ref. 17, relaxat
must actually be a collective process in which the relaxat
of one molecule changes the dipole fields of its neighbo
thereby bringing new molecules into resonance. Therefor
is possible that the width in the relaxation rate would
different from the instantaneous width measured in pho
absorption experiments.

In fact, our calculations of the dipolar field show th
collective effects must decrease the width of this tunnel
peak. Using the atomic positions tabulated in Ref. 11,
calculated the effective field on one cluster due to each o
neighbors. Because the clusters have sizes that are not
ligible compared to their separations, this was done by
culating the dipolar field due to the electronic spin of eve
Mn atom in the neighboring cluster with momentmj

5gmBSj ẑ, where we chooseSj512 for the eight Mn31

ions andSj523/2 for the four Mn41 ions to reflect their
antiferromagnetic coupling. The fields due to all 12 Mn io
located at positionsr j in the neighboring cluster are summe
at the positionr i of every Mn atom in the cluster unde
consideration:

Bi5(
j

m0

4p F3~mj•r i j !r i j

r i j
5

2
mj

r i j
3 G , ~3!
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wherer i j is the relative positionr j2r i . ~We assume that the
electronic spins are localized on the atomic position, ign
ing the actual electronic density.! An effective longitudinal
field is then calculated:

Beff5
1

mtotal
(

i
Bi•mi , ~4!

wheremtotal510gmB .
In order to correctly calculate the standard deviation

the dipolar field due toN neighbors exactly, it would be
necessary to consider all 2N possible arrangements of the
spins. However, we can obtain a lower limit on this stand
deviation simply by considering the neighboring clusters t
contribute the largest fields. As shown in Table I, there
only 28 neighboring clusters that contribute an effective fi
greater than 10 G. Assuming there is no ordering of the
poles, these fields add randomly to give a FWHM of 520
as shown in Fig. 3. The combination of this field and t
hyperfine field is not sufficient to explain the width observ
in our spectroscopy. However, we note that it is considera
larger than the width of 236 Oe FWHM observed by Frie
man et al., implying that collective effects narrow the ob
served tunneling width.

One way we could understand the spectroscopy and
tunneling results simultaneously is if there were some sou
of inhomogeneous broadening other than local magn
fields. For example, ifa, the anisotropy constant in th

TABLE I. Fields due to neighboring clusters are calculated
ing Eqs.~3! and~4!. All clusters that result in effective fields greate
than 10 G are listed. The relative location is given in terms of
unit cell dimensions.

Location Field~G!

(0,0,61) 95.9
(61,0,0) 56.9
(0,61,0) 56.9
(60.5,60.5,60.5) 28.4
(0,0,62) 19.2
(60.5,60.5,61.5) 18.6
(61,61,0) 15.6

FIG. 3. Histogram of the distribution of fields resulting from a
possible orientations of the neighboring clusters listed in Tabl
The line is a Gaussian with FWHM5 520 G.
6-3
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Hamiltonian, varied slightly (;1%) between clusters due t
small configurational changes of the ligands surround
them, then this variation would be seen in the linewidth
the photon-induced transition, but not in the zero-field tu
neling. The photon absorption experiments would be se
tive to variations ina, but the width seen in the zero-fiel
tunneling experiments would be due to homogeneous bro
ening mechanisms, either due to the tunneling time itsel
the interactions with phonons, as proposed in Ref. 18. C
culations by Pederson and Khanna suggest that the arra
ment of the ligands is important in determining the anis
ropy energy.19 We note that isomerism of the ligands h
been shown to exist in these molecules and results in la
variations in the parameters in the Hamiltonian;15,20,21 the
variations in the ligand positions responsible for the abo
effect would have to be less dramatic. It is possible t
proximity to the isomers could cause neighboring clusters
have some small variation in their Hamiltonians. We a
note that recent work of Chudnovsky and Garanin postula
dislocations as the source of spin tunneling and calculates
effect of these dislocations ona.22 The distribution in anisot-
ropy constants calculated in that paper is in very good ag
ment with the distribution we observe in spectroscopic m
surements. It is slightly narrower than the distributio
observed by Mukhinet al., but since the density of de
fects was chosen arbitrarily, this could simply imply th
l

y

2

,

b
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the defect density was higher in the sample measured
Mukhin et al.

Such a distribution ofa would have no effect on the
width of the relaxation peak in zero field, since in zero fie
all levels6m are degenerate regardless ofa. However, tun-
neling peaks at nonzero fields would be broadened, s
~neglectingb) the fieldHn52an/gmB that brings the lev-
els m and 2m1n into resonance is proportional toa. It
would be difficult to observe this broadening in tunneli
measurements, since the termbSz

4 brings different levels into
resonance at different fields, so that if more than one levem
is involved in the thermally assisted tunneling, the relaxat
peak will be broadened. However, we note that the width
the relaxation peaks in nonzero fields observed in Ref.
is sufficiently large to accommodate the required distribut
of a.

In conclusion, we measure the linewidth of the sing
photon transition fromm5610 to m569. This linewidth,
while surprisingly large, is in agreement with that observ
by Mukhin et al.9 The combination of this linewidth and tha
measured by Friedmanet al.16 suggests that the anisotrop
constant varies between clusters.

We thank A. A. Mukhin for sharing his data and linesha
analysis. This research was supported by Colgate Unive
and by an award from Research Corporation. D.N.H. a
G.C. thank the NSF for support.
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