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Excited-stateX-band EPR in a molecular cluster nanomagnet
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TheX-band excited-state electron paramagnetic resonance~EPR! spectra of Mn12-acetate nanomagnet crys-
tals has been measured. Three lines belonging to them521↔0 transition atHC5600 G and to them
50↔21 andm522↔21 high-field transitions at 7800 and 9200 G, respectively, were detected below 50
K in agreement with the energy level scheme obtained from high-field EPR. The lines are rather broad.T2 is
shorter than 30 ns andT1T2,10215 s2. Similarly broad excited-state EPR spectra were also observed in a Fe~8!
single crystal.
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It is by now well established1,2 that the Mn12-acetate3 spin
cluster nanomagnet„the complete chemical formula i
@Mn12O12~CH3COO!16~H2O)4] •2CH3COOH•4H2O… offers
the possibility to study the transition from simple molecu
paramagnetism to bulk ferromagnetism. The magnetic pr
erties of the cluster can be described by a single microsc
degree of freedom, i.e., its total spinS510. At low tempera-
tures the molecular spin magnetization can coherently tun
through the Ising-type magnetic anisotropy barrier betw
the two opposite directions corresponding to two equival
potential wells. The spin energy levels of Mn12-acetate have
been extensively studied in recent years by ac magnetiza4

studies, high-field electron paramagnetic resonance~EPR!
~Refs. 5 and 6!, and inelastic neutron diffraction7 measure-
ments.

However, to the best of our knowledge, there has bee
far no report of any data on the direct measurements of
electronic spin relaxation behavior. The study of spin d
namics in Mn12-acetate has so far almost exclusively be
conducted with ac-susceptibility measurements,8,9 which
probe the overall dynamics of the entire magnetic clus
magnetization and not any particular spin state. In these
susceptibility measurements, it has been found that the
relation time for reorientation of the cluster magnetization
surprisingly long at low temperatures obeying the Arhen
law t5t0 exp(EA /kT) with an activation energyEA564 K
and t0'1027 s. At low temperatures the magnetization
the entire spin cluster tunnels through the magnetic ani
ropy barrier instead of climbing over the barrier as eviden
from the magnetic field dependence of the relaxation ti
t(H), which shows narrow minima whenever the spin e
ergy levelsEm and Em in the two nonequivalent potentia
wells match. Hernandezet al.10 assumed that tunneling i
driven by a transverse field alone, while Fortet al.11 sug-
gested that a fourth-order termHin-planeis necessary to repro
duce the experimental temperature dependence of the r
ation time t. While the overall behavior of the cluste
dynamics at low temperatures is by now relatively well u
derstood, the details of the electronic spin relaxation are
from being completely clear. For instance, in Mn12-acetate a
recent measurement of the dispersion of the real and im
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nary parts of the ac magnetic susceptibility12 between 8 and
20 K showed a much higher activation energyEA5160 K
and a much smaller prefactort051029 s.

The most direct way of testing the spin dynamics
Mn12-acetate is the measurement of the electron spin-s
(T2) and spin-lattice (T1) relaxation times or the electro
paramagnetic resonance linewidth using pulsed or cw E
Due to experimental limitations~e.g., serious phase disto
tions of the signal!, the determination of the relaxation time
via the measurement of the EPR linewidths in recent hi
field cw EPR experiments5,6 was found to be rather unreli
able. These phase distortions are absent in theX-band EPR
~;10 GHz!. But so far it has been considered that becaus
its large magnetic anisotropy Mn12-acetate is EPR silent in
the X band.13 This is so as the first EPR experiments
Mn12-acetate failed to yield anX-band EPR spectrum a
room temperature. We show in this paper that Mn12-acetate
is not EPR silent in theX band and that valuable informatio
about the spin dynamics of Mn12-acetate can be obtaine
from the excited-stateX-band EPR at low temperatures.

We studied theX-band EPR of Mn12-acetate single crys
tals in the excited states close to the top of the energy bar
The range of temperatures covered was between 50 and
The splitting of the Mn12-acetate spin cluster excited states
an external magnetic field is shown in Fig. 1. It can be se
that in theX band (nL59.7 GHz) at around 600 G ther
should be a low-field allowedDm561 transition between
the thermally populatedm521 andm50 levels@we assign
this as the low-field~LF! transition#. The same two levels are
again split by the same amount at a magnetic field of ab
7900 G, but this time with them521 level being higher in
energy~HF1 transition!. Still another transition, which also
falls into ourX-band EPR observation window, is the low
transition betweenm521 and m522 ~HF2 transition!,
which is predicted to occur around 9000 G. We have o
served all three transitions and studied their linewidths a
function of temperature and crystal orientation.

Black needlelike Mn12-acetate single crystals prepared
the standard procedure3 were selected and glued togeth
with their long ~c axes! parallel to each other, simulating
quasisingle crystal. Thec axis is the four-fold axis of this
©2001 The American Physical Society01-1
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material, which has an overall tetragonal symmetry.3 About
30 single crystals were needed in order to detect the w
excited-state EPR signals at low temperatures. The estim
error in the misorientation of the crystals within the bun
was smaller than 10°. After the single crystals were glu
together, they were sealed under vacuum in order to av
further degradation of the sample with aging. All the EP
measurements were made with a Bruker E 580 spectrom
~which could be run in the pulsed as well as in the cw
gime! equipped with an Oxford cryogenics liquid-heliu
cryostat. Temperature stability was better than60.1 K.

At room temperature Mn12-acetate exhibits only a wea
broad peak aroundg'2, which we ascribe to the degrade
part of the sample. The same line was observed also in h
field EPR experiments5,6 and will not be discussed furthe
The glue had no EPR signal as checked in an indepen
measurement. On cooling the sample below 50 K, three
lines emerged forHic at about 600, 7500, and 9200 G@Fig.
2~a!#. These three lines were assigned as the LF, HF1, H
lines, respectively, as shown in Fig. 1. It is interesting to n
that similar excited-state single-crystalX-band EPR spectra
were also observed at 50 K in theS510 octanuclear iron
molecular cluster Fe~8! @Fig. 2~b!#, which also has a spin
ground stateS510 and an Ising-type magnetic anisotro
similar to the one in Mn12-acetate.14,15

A strong argument for assigning the observed signals
excited-stateX-band EPR transitions is the temperature d
pendence of their intensities. For all three lines we observ
broad intensity maximum around 22 K. Below this tempe
ture the signal rapidly decreases with decreasing temp
ture. Such a behavior is characteristic for signals from
excited state. The intensity of them521↔0 transition fol-
lows the 1/T temperature dependence of the electronic s
ceptibility at high temperatures, but at low temperature
obeys a thermally activated behavior. Fitting the tempera
dependence of the intensity of the LF line atHic ~Fig. 3!, we

FIG. 1. Part of the energy level diagram of a Mn12-acetate (S
510) cluster as a function of the external magnetic field@Eq. ~1!#.
The arrows indicate theDm561 transitions that could be observe
already in theX-band ESR experiment forHic. For the calculation
of the energy level scheme, we have used the parameters of B
et al. ~Ref. 6!.
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obtainedD50.397 cm21 and B54.231024 cm21, which is
in good agreement with previously published results.6 The
barrier evaluated from

H052DSZ
22BSZ

42gmBH cosuSZ ~1!

is here about 64 K. Hereu is the angle between the magnet
field and the direction of the easy axis.

The center of the LF line is at 582 G atT530 K, while
the those of the HF1 and HF2 transition lines were found
7807 and 9360 G, respectively. Ascribing the lines LF

rra

FIG. 2. ~a! X-band excited-state ESR spectra of Mn12-acetate for
Hic at T516 K. ~b! X-band excited-state ESR spectra of a Fe~8!
single crystal atT550 K. A weak peak at 1.8 kG seen i
Mn12-acetate comes from the Cr21 signal of our dielectric resonator

FIG. 3. Temperature dependence of the intensity of the
excited-state ESR line in theX band in a Mn12-acetate quasisingle
crystal showing a broad maximum around 22 K. The solid li
represents the calculated temperature dependence of the ESR
sity of the m521↔0 transition usingD50.397 cm21 and B
54.231024 cm21.
1-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 212401
HF1, and HF2 to the transitions~Fig. 1! betweenm521
andm50, m50, andm521 andm522 andm521, re-
spectively, we calculatedD from the position of the line, i.e.
hn5E02E21 . The calculated values ofD50.39 cm21 and
B55.531024 cm21 provide additional support to the assig
ment of the observed lines to the excited-state EPR sig
The calculated parameters are in satisfactory agreement
the ones obtained from the temperature dependence o
intensity.

The assignment of the observed spectra to excited-s
ESR lines is fully consistent with the strong angular dep
dence of the peak positions. Figure 4~a! shows a part of the
observed angular dependence. The signals are clearly pr
when the external magnetic field is parallel to the crystac
axis, i.e., the axis of the uniaxial magnetic anisotropy, but
not found in our observation window when the magne
field is applied perpendicularly to thec axis. As can be seen
from Fig. 4~a!, the high-field lines, present atu50, quickly
disappear from theX-band observation window asu is in-
creased. The observed angular dependence of the pos
of two high-field lines agrees@Fig. 4~b!# rather well with the
angular dependence predicted on the basis of the previo
determined magnetic anisotropy parameters:D50.39 cm21

andB57.631024 cm21.
The temperature dependence of the peak-to-peak widt

the LF and HF2 lines is shown in Fig. 5. For the HF2 line t
width increases from;0.5 kG at 4 K tomore than 0.9 kG at
55 K. The temperature dependence is not smooth, and a
saturation is seen around 25 K which is followed by a sec
increase of the width at higher temperatures. The width
the LF line, on the other hand, rapidly increases with incre
ing temperature from 0.38 kG between 4 and 20 K and t
saturates at a value;0.5 kG.

Spin dynamics could be in principle most directly prob
by measuring the spin-spin (T2) or spin-lattice (T1) relax-
ation times. We have tried to measure the relaxation tim
using pulsed EPR techniques~two-pulse-echo decay se
quence forT2 and inversion recovery pulse sequence forT1

FIG. 4. ~a! HF1 and HF2X-band ESR spectra as a function
the orientationu of the pseudocrystal in the external magnetic fie
and~b! the angular~u! dependence of the positions of the HF1 a
HF2 ESR lines.
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measurements!. However, no free induction decay~FID! or
spin echo was observed on a Bruker pulsed E 580X-band
EPR spectrometer operating at 9.7 GHz. This means tha
upper limit for theT2 as well as for the spin memory tim
TM is about 30–50 ns, i.e., so short that the free induct
decay and spin echo decay are already within the dead
of our spectrometer.

We also attempted to measure the spin-lattice relaxa
time T1 using the cw signal saturation method. It was fou
that even with microwave powers up toP5200 mW the sig-
nals still increased asP1/2 and thus spin-lattice relaxatio
times could not be determined. Since the intensity maxim
is expected atg2H1

2T1T251, this demonstrates thatT1T2

,10215s2.
There are several possible origins for the rather la

width of the observed excited-state ESR lines: homogene
broadening due to electron dipole-dipole interactions or sp
phonon interactions and inhomogeneous broadening du
anisotropic hyperfine interactions with the Mn nucle
g-factor anisotropy broadening, misorientation of the cry
tals, or distribution of demagnetizing fields. Let us no
qualitatively discuss these possibilities point by point.

If the observed lines would be homogeneously broade
due to electron-electron dipolar interactions, thenT2
51/pgDH1/2. If the total linewidth were due to dipola
broadening then the linewidth gives us aT2 of 0.1 ns and the
bound on T1T2,10215s2 would give a T1 shorter than
1025 s consistent with the NMR results. If on the other ha
the homogeneous broadening were due to spin-phonon in
actions, thenT2'T1'0.1 ns. This is much shorter than th
value of the electronic spin-lattice relaxation timeT1
51027 s derived from the proton NMRT1 data.16 To check
on that we performed an estimate of the maximum dipo
linewidths from the known crystal and electronic structure
Mn12-acetate. It should be remembered that the Mn12-acetate
spin cluster contains four MnIV (S53/2) and eight MnIII (S
52) paramagnetic ions and that theS510 ground state is
the result of competing antiferromagnetic MnIV-MnIII ,

FIG. 5. Temperature dependence of the peak-to-peak ESR
widths ~a! LF line and~b! HF line.
1-3
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MnIV-MnIV, and MnIII -MnIII pair interactions between thes
12 ions. The resulting width is of the order of 102 G and is
somewhat smaller than the observed width. We can there
conclude that a rather significant contribution to the lin
width is of electronic dipolar origin, i.e., of homogeneo
nature. This agrees with the fact that no spin-echo sig
could be observed and that the lines could not be satur
even at rather high microwave powers. This contribut
should be exchange narrowed at low temperatures, thus
plaining a part of the observed temperature dependenc
the linewidth.

Another contribution is due to inhomogeneous broad
ing. The inhomogeneous part of the broadening should
responsible for the fact that the high-field lines are broa
than the low-field lines. This can be due tog-factor anisot-
ropy or distribution of demagnetizing fields due to a dist
bution of crystal shapes. This last contribution is not on
field, but also temperature dependent, as it is proportiona
the sample magnetization. Each of this contributions can
estimated to be of the order of at least 100 G. Additio
support for the absence of the hyperfine interactions a
source of line broadening in Mn12-acetate is obtained from
the fact that in this temperature range the EPR linewidths
Mn12-acetate and Fe~8! are almost identical even though
t.

e

T.

A

B
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Fe~8! hyperfine interactions are absent~Fig. 2!. This is due to
the fact that neither Fe nor oxygen nuclei have a sufficien
large fraction of magnetic isotopes in natural abundance

In summary, we have detected and analyzed the exci
stateX-band EPR spectra in Mn12-acetate. In the range be
tween 60 and 4 K, three lines atHC;600, 7800, and 9200 G
were observed, with center positions in accordance with
energy scheme obtained in high-field EPR experiments.
angular variation of the line positions and the temperat
dependence of the line intensities confirm their assignme
to the respective transitions. The cw linewidths vary betwe
400 and 1000 G, and are strongly temperature depend
From the saturation behavior and the absence of the elec
spin echo or FID, one finds that the electronicT2 is shorter
than 30 ns and thatT1T2,10215s2. A significant source of
line broadening is of homogeneous nature and due
electron-electron dipolar interactions. The inhomogene
contribution to the line broadening seems to be due to
distribution of demagnetizing fields as a result of the dis
bution of crystal shapes as well asg-factor anisotropy.

The authors would like to thank the Ministry of Scienc
and Technology of Slovenia for financial support.
an,

s.

el,

nd

R.

chi,
1D. Gatteschi, A. Caneschi, L. Pardi, and R. Sessoli, Science265,
1054 ~1994!.

2D. Awschalom, D. P. DiVincenzo, and J. S. Smyth, Science258,
414 ~1992!.

3T. Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Crys
Chem.36, 2042~1980!.

4G. Bellessa, N. Vernier, B. Barbara, and D. Gatteschi, Phys. R
Lett. 83, 416 ~1999!.

5S. Hill, J. A. A. J. Parenboom, N. S. Dalal, T. Hathaway,
Stalcup, and J. S. Brooks, Phys. Rev. Lett.80, 2453~1998!.

6A. L. Barra, D. Gatteschi, and R. Sessoli, Phys. Rev. B56, 8192
~1997!.

7M. Hennion, L. Pardi, I. Mirebeau, E. Suard, R. Sessoli, and
Caneschi, Phys. Rev. B56, 8819~1997!.

8L. Thomas, F. Lionti, R. Ballon, D. Gatteschi, R. Sessoli, and
Barbara, Nature~London! 383, 145 ~1996!.

9L. Thomas, A. Caneschi, and B. Barbara, Phys. Rev. Lett.83,
v.

.

.

2398 ~1999!.
10J. M. Hernandez, X. X. Zhang, F. Luis, J. Tejada, J. R. Friedm

M. P. Sarachik, and R. Ziolo, Phys. Rev. B55, 5858
~1997!.

11A. Fort, A. Rettori, J. Villain, D. Gatteschi, and R. Sessoli, Phy
Rev. Lett.80, 612 ~1998!.

12Z. Kutnjak, R. Blinc, J. Dolinsˇek, T. Apih, D. Arčon, A.
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