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Linewidth of single-photon transitions in Mn ;,-acetate
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We use time-domain terahertz spectroscopy to measure the position and linewidth of single-photon transi-
tions in Mn,-acetate. This linewidth is compared to the linewidth measured in tunneling experiments. We
conclude that local magnetic fielddue to dipole or hyperfine interactionsannot 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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Mn,-acetate [(Mn,0;,(CH;CO0),4(H,0),] onds is produced when an optical pulse from a modelocked
.2 CHy;COOH-4H,0) is a member of a class of high-spin titanium sapphire laser is incident on a microfabricated pho-
molecular clusters that have been shown to exhibit quanturfpconductive antenna. This electromagnetic pulse is guided
tunneling of the magnetic momeht.It consists of a core of through the sample quasioptically and then detected by a
12 manganese ions with spins tightly coupled via superexsecond photoconductive antenna. This detector antenna is
change through 12 oxide ions, with a ground-state pin 9gated by a time-delayed laser pulse split from the same pulse
=10. These clusters are separated by acetate and waféat triggered the generator antenna. The time dependence of
groups and arranged in a tetragonal body-centered lattice $8€ transmitted electromagnetic pulse is measured by adjust-
that the nearest-neighbor distance is 13.7 A and the shortetd the delay between the laser pulses incident on the gen-
distance between manganese ions in neighboring clusters is€rator and detector. The transmitted electric figlgt) is
A. Since it is fairly unusual for a system this large to displaythen Fourier transformed to yieif,(w), the complex fre-
guantum mechanical properties, it has been the subject @fuency dependence of the transmitted electromagnetic pulse.
much investigation. This transmitted electric field can be normalized by the field

One particularly interesting area of investigation is themeasured with the sample removed from the beam path,
interaction of the spins with their environment, as reflectedie|ding the complex transmission coefficiérftw).

in the linewidth of the energy levels. Itis not yet clear why in  Generally, terahertz spectroscopy is used to characterize a
some cases the measured linewidth of transitions provideg,aterial response that varies slowly with frequency, for
information about the intrinsic properties of the clustérs-  \hich the frequency resolution is not required to be higher
mogeneous broadenipgvhile in others it seems to be due to than tens of GHz. To our knowledge, it has never been used
variations in the local environments of clusteteteroge- to examine linewidths of transitions. This is because higher
neous broadeningA comparison of the linewidths we mea- frequency resolution can only be obtained with a longer time
sure for intrawell transitions with the linewidths measured inde|ay between the generator and detector laser pulses. It is
tunneling between wells can help to determine the answer. difficult to align the translation stage well enough to allow
The Hamiltonian for the spin clusters is approximately constant detection sensitivity over a large delay range, since
given by H=—aS:—BS;+ y(SL+S*)—gusS-H, where the detector is very sensitive to the position of the focused
«=0.38 cm'?, B=8.2x10"* cm %, y~=2  laser spot on the photoconductor. Through a careful align-
Xx107° cm™ 1, andg~231%n zero field, states with equal ment process we were able to maintain the detector sensitiv-
|m| are degenerate. The ground states = 10 are separated ity within a few percent over the entire delay range. It is also
by a barrier of approximately 66 K. difficult to eliminate stray reflections from surfaces of optical
In this paper, we describe an experiment that measureslements and ends of transmission lines. These stray reflec-
the linewidth of the intrawelm=10—9 transition(and the tions lead to interference fringes in the spectrum. The fringes
— 10— —9 transition using time-domain terahertz spectros- make it impossible to fit the line shape to a particular form
copy. The measurements were made on a pellet pressed frai@aussian or Lorentzignbut it is still possible to estimate
small unaligned crystals of Mp-acetate prepared according the linewidth.
to the procedure of Li&t In Fig. 1 we show the magnitude ratio of the transmission
In terahertz time-domain spectroscopy, a nearly singlespectra for the Mp-acetate pellet at 15 K and at 3 K. This
cycle electromagnetic pulse with a length of a few picosecratio makes the changes in transmission due to temperature
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25 mission spectrum using the following equation. The trans-
mission through a slab of thickneds=1.4 mm with com-
o 2] lex index of refractiom is'2
2 plex index of refractiom is
s 15
:g 1 T an gl ondic "
) b (1) = ~ 2 ~ 2 .
& (n+D)7 =1} oighare
= 0.5 - = e
n+1
0 : : : : ‘ This equation assumes that all reflections from the inter-
100 150 200 250 300 350 400 faces are included, even though THz spectroscopy only col-
frequency (GHz) lects data within a finite time window after the main pulse.

However, in this case the reflectivity is low enough and the

FIG. 1. Transmission magnitude at 3 K divided by the transmis-absorption is strong enough that the limited time window
sion magnitude at 15 K. The peaks are due to transitions that argoes not introduce significant error. Notice that since this is a
observed at 15 K but are not observed at 3 K because nearly all th@]agnetic transition,n must be correctly defined as
clusters are in their ground states. Vel pmoeo, rather than approximated age/e,. We stress

that our measurement yields the complex index of refraction
more apparent. At 3 K, almost all the spins are in the groundvithout any modeling of either the line shape or the high-
state (n==10), so only the transitions from=+10 to  and low-frequency extrapolations of the response functions.
+9 are observed. At 15 K, some higher-energy states are We model the absorption using the standard form for a
thermally occupied, so more transitions are observed. Thesaagnetic dipole resonance:
absorptions are seen as peaks in the transmission ratio. The
location of these transitions can be fit to yield the first two
parameters in the Hamiltoniane=0.382(4) cm® and B wlpo=1+ ———-—.
=8.0(2)x 10 % cm 1. These parameters are in good agree- we—w?—iol
ment with those cited earlier.

In Fig. 2 we focus on the absorption at 300.6 GHz, whichwe assume that is constant over this frequency range. The
corresponds to the transition from=+10 to +9. (The ab-  curve in Fig. 2 is a fit to this form, withe, = e/ €g=1.72,
sorption fromm==*=9 to =8 has a similar linewidth.We wo=300.6 GHz,I'=5.5 GHz, andF=0.011. The value of
plot the index of refraction as a function of frequency nearF for oriented crystals would be much higher, since the elec-
this absorption at temperatufe = 2.1 K. The index of tromagnetic pulse only stimulates transitions in crystals that
refraction was calculated directly from tlieomplex trans-  are oriented with theic axes parallel to the direction of

propagation.
145 Although we have used a standard Lorentzian line shape
with no inhomogeneous broadening to fit these data, it is

2
Fwj

@

1.4 1 clear that an equal or better fit could be achieved by consid-
1.35 | ering inhomogeneous broadening. While we can confidently
- measure the linewidth, we cannot draw any conclusions
1.3 1 about the line shape. However, there has been another mea-
1.95 | surement of this absorption line by Mukhén al® Their data
strongly favor a Gaussian fit to the transmission with a full
1.2 1

width at half maximum(FWHM) of 7 GHz ! [For this ma-

0.95 teria!, the FWHM of Inﬁ_|), Im(n), and Im() are aII_ ap-
proximately equal, so this value can be compared directly to

0.2 1 I" in Eq. (2).] The two measured widths are fairly close, but

0.15 | are not equal within the experimental uncertainty. A possible

= cause of this difference will be discussed later in this paper.
0.1 1 This Gaussian fit is strong evidence for inhomogeneous

0.05 broadening of the linewidth. However, the cause of this in-
homogeneous broadening is unclear. The most obvious

01 source is local magnetic fields, which could be due to the

0.05 ‘ ‘ ‘ dipolar field of neighboring clusters or the nuclear moments
280 290 300 310 320 of the manganese atoms. The local dipolar field has not, to

our knowledge, been calculated because it depends on the
random orientations along thez directions of the magnetic
FIG. 2. Real and imaginary parts of the index of Macetate. ~moments of all the other clusters. The calculated value of the
The index is calculated directly from the transmission using(Ey.  hyperfine field varies depending on the type of coupling that
The line is a fit to Eq(2). is assumed between the electron spins, but its maximum pos-

Frequency (GHz)
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sible value ranges from 270 to 539'¢and its FWHM has TABLE I. Fields due to neighboring clusters are calculated us-

been estimated at 280—380%¢. ing Egs.(3) and(4). All clusters that result in effective fields greater
The effect of a local field would be to raise or lower the than 10 G are listed. The relative location is given in terms of the
transition energy between the10 and=9 levels,AE;5. YNt cell dimensions.

From the Hamiltonian, we see th&iE;{B)=AE;;dB

=0)+ uggB,. For this materialg is very close to 2, so to Location Field(©)
explain a linewidth of 5.5 GHz requires a magnetic field (g o+1) 95.9
distribution with width of 0.20 T. (+1,0,0) 56.9
This local field distribution seems to be ruled out by the (0,+£1,0) 56.9
measurements of the width of the tunneling peak performed (+£0.50.5:+0.5) 28.4

by Friedmanet all®

Starting with a sample cooled in zero (0,0=2) 19.2
applied field, a small magnetic field was applied parallel to (+’0’_5+0 5+ 1.5) 18.6
thez axis and the relaxation rate of the magnetization toward (: 1'+’1 0') o 15.6

its equilibrium value was measured. They measured the full
width at half maximum to be 236 Oe at 2.6 K. If the local
field had a full width at half maximum of 0.20 T, as implied wherer;; is the relative positiom;—r, . (We assume that the

above, then this narrow peak could never have been obsiectronic spins are localized on the atomic position, ignor-

served. In addition, the line shape measured by Friedmagg the actual electronic densityAn effective longitudinal
et al. was clearly Lorentzian. This implies that the inhomo- fie|d is then calculated:

geneous broadening due to local magnetic fields must be
significantly smaller than the homogenous effect of lifetime 1
broadening. We note that the interpretation of Friedmiaal. Betr=
of this homogeneous broadening as being due to a lifetime of
250 ps does not imply that Lorentzian tails should be visiblewherem,,=10gug .
in the transitions betweem= +10 andm==*9, since the In order to correctly calculate the standard deviation of
lifetime of states with largetm| could be expected to be the dipolar field due tadN neighbors exactly, it would be
longer than that of the states involved in tunneling. Howeverpecessary to consider all*2possible arrangements of their
the absence of broadening of of the data of Friedmiaal.  spins. However, we can obtain a lower limit on this standard
due to local magnetic fields is puzzling. deviation simply by considering the neighboring clusters that
One possible explanation is that the width measured irgontribute the largest fields. As shown in Table I, there are
tunneling experiments reflects collective effects. The relaxonly 28 neighboring clusters that contribute an effective field
ation rate measured by Friedmanal. is a fit to the expo- greater than 10 G. Assuming there is no ordering of the di-
nential relaxation that is observed after an initial nonexpoJoles, these fields add randomly to give a FWHM of 520 G,
nential relaxation. As was pointed out in Ref. 17, relaxationas shown in Fig. 3. The combination of this field and the
must actually be a collective process in which the relaxatiorhyperfine field is not sufficient to explain the width observed
of one molecule changes the dipole fields of its neighborsin our spectroscopy. However, we note that it is considerably
thereby bringing new molecules into resonance. Therefore, farger than the width of 236 Oe FWHM observed by Fried-
is possible that the width in the relaxation rate would beman et al, implying that collective effects narrow the ob-
different from the instantaneous width measured in photorserved tunneling width.
absorption experiments. One way we could understand the spectroscopy and the
In fact, our calculations of the dipolar field show that tunneling results simultaneously is if there were some source
collective effects must decrease the width of this tunnelingdf inhomogeneous broadening other than local magnetic
peak. Using the atomic positions tabulated in Ref. 11, wdields. For example, ifa, the anisotropy constant in the
calculated the effective field on one cluster due to each of its
neighbors. Because the clusters have sizes that are not neg- )
ligible compared to their separations, this was done by cal-
culating the dipolar field due to the electronic spin of every
Mn atom in the neighboring cluster with momem;
=g,uBSJ-2, where we choos&; = +2 for the eight MA+
ions andS;= —3/2 for the four Mrt* ions to reflect their
antiferromagnetic coupling. The fields due to all 12 Mn ions

> Bi-m;, (4)

located at positions; in the neighboring cluster are summed
at the positionr; of every Mn atom in the cluster under J{ff 111k ‘ ]}}N
consideration: 800 400 0 400 800
Field (G)
to | 3(Mj-ripry;  m; FIG. 3. Histogram of the distribution of fields resulting from all
B,:E e = -, (3)  possible orientations of the neighboring clusters listed in Table I.
] I I The line is a Gaussian with FWHM 520 G.
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Hamiltonian, varied slightly £ 1%) between clusters due to the defect density was higher in the sample measured by
small configurational changes of the ligands surroundingVukhin et al.

them, then this variation would be seen in the linewidth of Such a distribution ofa would have no effect on the
the photon-induced transition, but not in the zero-field tun-width of the relaxation peak in zero field, since in zero field
neling. The photon absorption experiments would be sensi!l 1evels=m are degenerate regardlessaofHowever, tun-
tive to variations ina, but the width seen in the zero-field nelmlg ;t)_eaks ?r: nf(_)nkzjel_:o_ﬂilds /WOUIC:hbf bb_r oadiae(?, since
tunneling experiments would be due to homogeneous broa qs%e;r:ggf%jfn Iiﬁto rg;ongnncgli? prgporrtlirZ)%ZI tg ?tv
ening mechanisms, either due to the tunneling time itself o .

vould be difficult to observe this broadening in tunneling

the interactions with phonons, as proposed in Ref. 18. Calyeasyrements, since the te8? brings different levels into

culations by Pederson and Khanna suggest that the arranggssonance at different fields, so that if more than one level
ment of the ligands is important in determining the anisot-is involved in the thermally assisted tunneling, the relaxation
ropy energy® We note that isomerism of the ligands has peak will be broadened. However, we note that the width of
been shown to exist in these molecules and results in largge relaxation peaks in nonzero fields observed in Ref. 23
variations in the parameters in the Hamiltonfad®?'the is sufficiently large to accommodate the required distribution
variations in the ligand positions responsible for the aboveof «.

effect would have to be less dramatic. It is possible that In conclusion, we measure the linewidth of the single-
proximity to the isomers could cause neighboring clusters tghoton transition fronm= + 10 to m= +9. This linewidth,
have some small variation in their Hamiltonians. We alsowhile surprisingly large, is in agreement with that observed
note that recent work of Chudnovsky and Garanin postulatesy Mukhin et al® The combination of this linewidth and that
dislocations as the source of spin tunneling and calculates theeasured by Friedmaet al® suggests that the anisotropy
effect of these dislocations an?? The distribution in anisot- constant varies between clusters.

ropy constants calculated in that paper is in very good agree-

ment with the distribution we observe in spectroscopic mea- We thank A. A. Mukhin for sharing his data and lineshape
surements. It is slightly narrower than the distributionanalysis. This research was supported by Colgate University
observed by Mukhinet al, but since the density of de- and by an award from Research Corporation. D.N.H. and
fects was chosen arbitrarily, this could simply imply that G.C. thank the NSF for support.
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