
PHYSICAL REVIEW B, VOLUME 64, 064420
13C NMR and relaxation studies of the nanomagnet Mn12-acetate
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The nanomagnet@Mn12O12(CH3COO)16(H2O)4#•2CH3COOH•4H2O, also known as Mn12, has been syn-
thesized with13C labeling at the CH3 groups, and investigated by13C NMR at fields up to 23 T. Using oriented
samples, it is possible to resolve four distinct13C peaks at room temperature, located on both sides of the
unshifted Larmor frequency. These peaks were assigned to the four hyperfine-shifted, magnetically inequiva-
lent sets of13CH3 groups in the Mn12 lattice, based on a comparison with the crystal structure and point-dipole
and spin-density calculations. These results establish that the unpaired electron spin density of theS510
system in this cluster extends over the entire molecular framework, not just the core. These results are
discussed in relationship to inelastic neutron scattering measurements. The temperature and field dependence
of the 13C nuclear-spin-lattice-relaxation timeT1 on the least shifted peak was measured. A single weakly
field-dependent minimum at about 60 K is observed in the temperature dependence of the measuredT1. The
relaxation mechanism responsible for theT1 minimum is ascribed mainly to hindered rotation of the methyl
group of the acetate ligand at higher temperature, and to electronic spin fluctuations at lower temperature.

DOI: 10.1103/PhysRevB.64.064420 PACS number~s!: 75.50.Xx, 76.60.Es
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I. INTRODUCTION

This paper reports on our13C NMR measurements o
oriented samples of the molecular nanomag
@Mn12O12(CH3COO)16(H2O)4#2CH3COOH4H2O, hereafter
Mn12, which was first synthesized by Lis.1 The primary rea-
son for the focus on this compound is that it was the fi
example of an assembly of well-oriented, isolated molecu
that behave like nanomagnets, with well-defined quant
jumps in their magnetization hysteresis loops2 below 3 K.
The core of Mn12 consists of two subsystems of Mn ion
with mixed valences. The outer subsystem comprise
crown of eight Mn13 (S52) ions, coupled ferromagneti
cally with a total spin ofS1516, while the inner system is
tetrahedron of Mn14 (S53/2) ions, also coupled ferromag
netically with a total spin ofS256. The two subsystem
couple antiferromagnetically, to yield an overall spin
S1–S2510. The Mn12 cluster thus behaves as an entity w
a ground state ofS510, exhibiting many interesting prope
ties, and has been the subject of extensive theoretical3–12and
experimental13–27 work. The present investigation was mo
vated by several factors. First, earlier NMR studies, utilizi
1H, 2H, and mSR spin-lattice relaxation time (T1)
measurements,15,27,28 indicated the presence of spin dynam
ics possibly related to QTM, but the interpretations we
rather different. The1H andmSRT1 relaxation mechanism
were interpreted as being due to thermal fluctuations
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tween the possible 2S11 ~i.e., 21! spin levels, without an
interpretation of theT1 minimum around 60 K, while the2H
data indicated the presence of both molecular motion
spin fluctuation effects. Another important issue was t
both the 1H and 2H NMR studies detected a stretched e
ponential recovery curve, i.e., with magnetization recov
of the form

M ~ t !5M0~12e2(t/T1)a
!, ~1.1!

where M0 is the equilibrium magnetization anda is the
stretched exponent, in relaxation measurements at all t
peratures. This was interpreted in both cases as being a r
of many different environments being present in t
lattice.27,28 On the other hand, this stretched exponential
havior is also known to be a characteristic of spin-glass
havior in magnetic systems.29 Thus the exact mechanism o
this phenomenon was not clear. Additionally, the2H data
showed two minima inT1,27 while only one minimum was
observed in this study and the1H study.

One of the difficulties in previous studies was that t
samples used were unoriented powders, which led to br
poorly resolved NMR peaks. As a consequence, the obse
relaxation data were potentially a superposition of that fr
all the 72 different proton or deuteron sites with a distrib
tion of orientations. In the present work we have attemp
to clarify these issues by~a! making measurements on or
ented samples;~b! utilizing the 13C nucleus as a probe
which is one bond closer to the Mn ions than protons
©2001 The American Physical Society20-1
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FIG. 1. Comparison of the13C NMR spectra
at 250 K and 151.7 MHz of 2-13C Mn12: ~a! an
unoriented powder, and~b! an oriented sample
with H parallel to thec axis. Note the much
higher resolution obtained with the oriente
sample.
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deuterons, and would thus be expected to be more sens
to the Mn spin fluctuations; and~c! utilizing Zeeman fields
up to 23 T, and temperatures down to 1.8 K in order to pro
more thoroughly the nature of the spin fluctuations in
Mn12 lattice. We have successfully synthesized13C-labeled
Mn12, and believe that the presently reported13C results
complement the earlier reported1H and 2H data. We will
attempt to demonstrate that13C NMR is a sensitive probe o
the spin fluctuations in the Mn12-type nanomagnetic lattices
To our knowledge, this is the first13C NMR study on any
compound in this class of materials with large electronic s
in the ground state.

II. EXPERIMENTAL DETAILS

Samples were prepared with13C labeling at the CH3 sites.
This labeling was accomplished by carrying out the synthe
as reported by Lis,1 but substituting acetic acid that was l
beled at the methyl carbon position,13CH3COOH, hence-
forth 2-13C. The 13CH3COOH was purchased from Aldric
and used as received. It was not possible to grow sin
crystals large enough for the NMR studies. The crystalli
obtained were about 0.1-mm-long needles, with an as
ratio of about 10, and with the long axis as the crystal
graphicc axis in the tetragonal (142̄d) system. The sample
authenticity was verified by dc as well as ac magnetizat
measurements, which showed the characteristic freque
06442
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dependent maxima as reported in earlier work.30 The dc
magnetic susceptibility was measured with a Quantum
sign superconducting quantum interference device~SQUID!
magnetometer, while a Quantum Design PPMS was utili
for measuring the ac susceptibility. Oriented samples w
prepared by mixing the polycrystalline powder, which w
sieved with a 120 mesh, with Stycast 1266 epoxy, and allo
ing it to set at room temperature in a 7-T magnetic field. T
sample alignment was confirmed by noting the anisotropy
the 13C NMR spectrum. Additionally, the13C NMR spec-
trum of an unoriented 2-13C-enriched powder sample exhib
ited two broad lines at room temperature, as compared
well-resolved quartet for the oriented sample, as shown
Fig. 1.

NMR measurements were performed with the alignm
axis parallel as well as perpendicular to the Zeeman field
to 23 T, and at temperatures of 1.8–296 K. A water-coo
resistive magnet was used for the 23-T measurements, w
a superconducting magnet was used for all others. A Tecm
Aries/Libra spectrometer was used, with a home-built NM
probe. Due to the large width of the spectrum, ranging fr
400 kHz at 296 K to 3 MHz at 1.8 K, data were acquired
stepping the magnetic field. Hahn echo pulse sequences
used for these acquisitions. These spectra were then Fou
transformed, scaled, and summed using the technique
ported earlier.31 Spin-lattice-relaxation time (T1) measure-
ments were performed on the highest-field-shifted peak
0-2



-
-

d

13C NMR AND RELAXATION STUDIES OF THE . . . PHYSICAL REVIEW B 64 064420
FIG. 2. Examples of single ex
ponential fits to the nuclear mag
netization recovery of the aligned
2-13C Mn12 sample as measure
on ~a! thed peak at 67 K,~b! thed
peak at 150 K,~c! the d peak at
250 K, and~d! the a peak at 125
K.
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the 13C NMR spectrum~peakd in Fig. 1, vide infra!. This
decision was arrived at because thed peak remained visible
to the lowest temperature of any of the shifted pea
Nuclear magnetization recovery curves were acquired b
saturation recovery pulse sequence with Hahn echo ins
tion. The recovery curves showed single exponential beh
ior of the form

M ~ t !5M0$12exp@2~ t/T1!#% ~2.1!

from 296 down to 10 K, in contrast to the1H and 2H mea-
surements where the recovery showed stretched expone
behavior at all temperatures. Below 10 K the lines overl
and the recovery showed stretched exponential behavior
proton decoupling was employed, since the main source
peak broadening was of electronic origin.

III. EXPERIMENTAL RESULTS AND INTERPRETATION

Figure 1 shows two examples of13C spectra obtained~a!
from a powder and~b! from the oriented Mn12 sample, with
H parallel to thec axis. The better resolution afforded by th
oriented sample is evident here. The magnetization reco
was found to be single exponential, examples of which
shown in Fig. 2. Figure 3 compares spectra taken at 5
151.7, and 223 MHz. An additional splitting of the highes
field d peak is evident at 223 MHz, which is not yet unde
stood.

A. Peak assignment

Figure 1~b! depicts the13C NMR spectrum of the aligned
sample at 296 K and 151.7 MHz for H parallel to thec axis.
The observed signal was generally a quartet, as can be n
from the figure. The peaks have been labeleda, b, c, and
06442
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d, from lowest field to highest field. The peaks were assign
based on the known crystal structure,1 and the fact that only
the CH3 were labeled. A schematic of the structure of t
molecule is shown in Fig. 4, with emphasis placed on
methyl carbons. The peak assignment is as follows:~i! The
lowest field peak, labeleda, is assigned to the methyl car
bons on the acetate ligands bridging between the outer
Mn ions and oriented axially@markeda in Fig. 4#. The mag-
netic moments of the outer ring Mn ions are oriented para
to the magnetic field in the ground state, and would contr
ute a magnetic field to these carbon nuclei that is paralle
the applied field, causing a shift of resonance to a lower fie
~ii ! The b peak is assigned to the carbons of the met
groups on the acetates bridging between the outer ring
ions and positioned close to the inner Mn ions. The dipo
field contributions of these will tend to cancel, providing
shift that is smaller than thea carbons, moving theb peak
closer to the unshifted center position.~iii ! The unshiftedc
peak can be attributed to the CH3 groups of the acetic acid
molecules solvated in the crystal lattice, which are expec
to interact only weakly with the cluster, and to a minor co
tribution from the natural abundance13C nuclei in the epoxy
used to align the sample~as checked by measurements on
blank epoxy sample!. The methyl carbon nuclei not co
valently bonded to the molecules are farthest from the
electronic moments, and therefore would be least affected
them.~iv! The highest-fieldd peak is assigned to four of th
methyl carbons on the radially oriented acetate ligands
the four methyl carbons on acetate ligands bridging betw
inner and outer Mn ions@marked asd in Fig. 4#. The latter
methyl carbons have magnetic-field contributions with t
inner Mn ions dominating, leading to a shift to resonance
higher field. For the positions on the perimeter of the clus
the contribution to the dipolar field is mainly from the M
0-3
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ACHEY, KUHNS, REYES, MOULTON, AND DALAL PHYSICAL REVIEW B64 064420
ions on the outer crown of eight. The dipolar field at t
perimeter positions due to these Mn ions will be opposed
the applied magnetic field, because the magnetic momen
the outer Mn ions align with the magnetic field in the grou
state, and these carbon nuclei are positioned on a line
pendicular to the moments. This also leads to a shift t
higher resonance field.

FIG. 3. Comparison of the13C spectrum at 57.5, 151.7 MHz
and 223 MHz.

FIG. 4. A schematic of the structure of the molecule with met
carbon sites labeled according to their peak assignment.
06442
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Additional support for these assignments was provided
an approximate calculation of the dipolar fields at the vario
13C sites. This was accomplished by employing a poi
dipole model, using the atomic positions as reported by L1

In this model, the dipole field at a single13C site is a sum of
the contributions of the fields from all of the individual M
ions, given by

v~ j !5(
i

3~m i3r i j 2m i ur i j u2!

r i j
5

, ~3.1!

wherem i is the point moment of each Mn ion, andr i j is the
vector from each Mn ion to the13C atom. A comparison of
these results with the experimental findings is listed in Ta
I. The experimental shifts agree in direction with the calc
lations, but only in the trend as regards magnitude, as ma
expected from a point-dipole calculation~i.e., the point-
dipole model will only qualitatively describe the system!.
This simulation, nevertheless, supports our peak ass
ments. An additional splitting of thed peak is predicted by
the point-dipole calculations. In fact, a splitting of thed peak
was observed at a higher field: 223 MHz. These two lin
may overlap and be indistinguishable at 151.7 MHz, b
separate at a higher field.

Further study has been carried out on the dependenc
the 13C spectrum on the orientation of thec axis of the
aligned sample with respect to the applied magnetic fie
This has shown that there are both isotropic and anisotro
contributions to the local magnetic field at the13C sites. The
anisotropic contribution follows a (3 cos2u21) dependence
which indicates that this is a dipolar field. The presence of
isotropic contribution to the magnetic field at the13C sites
shows that there is electron-spin delocalization presen
these sites. The unpaired electron-spin density at the t
shifted sites has been deduced from these measurements
fields present at the three different shifted sites are 140, 6
and 232.7 G, respectively for thea, b, and d peaks. This
corresponds to 0.105, 0.0488, and20.0244 fraction of an
electron on the sites, respectively. This is based on the
that a single electron present at a13C nucleus gives a shift o
1340 G.32

The above-discussed detection of unpaired electron
density on the13C sites complements a recent inelastic ne
tron scattering~INS! study.33 In the INS measurements, ther
was no spin density found on the oxygen atoms; howe
the spin density on the manganese atoms was less than
dicted. The spin density found on the carbon atoms in t
study may account for this deficiency.

B. Temperature dependence of the13C spectrum

Since a major goal was to probe the spin fluctuation
namics, we undertook detailed studies of the temperature
pendence of the peak positions, linewidth, and spin-lat
relaxation timeT1. Figure 5 shows the shift of the13C NMR
lines from the unshifted resonance field as a function of te
perature for an observation frequency of 151.7 MHz. T
shifts increase with lowering temperature. The dc susce
bility follows a Curie-Weiss behavior, which leads to in
creased magnetic broadening at lower temperature. Tha

l
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13C NMR AND RELAXATION STUDIES OF THE . . . PHYSICAL REVIEW B 64 064420
and b peaks thus become unobservable below about 10
due to excessive line broadening and consequently a
signal-to-noise ratio. Thed peak, being less shifted and le
broadened than thea andb peaks, can be followed down t
the lowest temperature measured. Figure 6 shows the sh
the peaks versus the measured overall dc magnetic susc
bility, x. The x data used were obtained on a SQUID ma
netometer as a function of temperature at a fixed field of
Oe on a single crystal of Mn12, with H parallel to thec axis.
The shift of the NMR peaks tracks linearly withx at higher
temperatures, above 100 K. If this trend is extrapolated
lower x, or higher temperature, these shifts converge to z
at a susceptibility value corresponding to a temperature
about 1000 K. Above this temperature, it appears that
coupling between the Mn ions within each cluster has b
overcome by thermal agitation. It should be noted that t
temperature value is much higher than the estimated
change energies in the Mn12 cluster, which are less than 20
K.34 The only remaining magnetic susceptibility is th
temperature-independent part,x0. At lower temperature, be
low about 100 K, the relationship between the NMR pe
shift and x begins to deviate from linearity, with the shi
becoming less dependent onx. This implies that the cou-
pling between the carbon nuclei and the Mn electrons
creases as the temperature is lowered below 100 K. Conc
ably, this could be caused by some type of subtle struct
distortion at the Mn sites. Additional information on th

TABLE I. Comparison of measured dipole fields and calcula
dipole fields.

Methyl carbon set
Experimental shift

at 296 K ~Oe!
Calculated shift

(Oe/mB)

a 261.3 448.1
b 146.4 68.2
c 0.7 282.6
d1 238.4 2120.6
d2 238.4 2144.9

FIG. 5. Plot of the shift of the lines in the13C NMR spectrum of
the oriented sample as a function of temperature.
06442
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magnetic coupling between the electronic and the nuc
spins was obtained fromT1 measurements, as summarized
Sec. III C.

C. Temperature and field dependence
of the spin-lattice- relaxation time, T1

Figure 7 shows the spin-lattice-relaxation rate,T1, as a
function of temperature, as measured on thed peak at a
frequency of 151.7 MHz. A minimum inT1 is observed
around 60 K. Magnetization recovery was observed a
single exponential at temperatures above 10 K. As mentio
above, Fig. 2 shows examples of relaxation curves for diff
ent temperatures and also for different peaks. The cur
were fit to Eq.~1!. Attempts to fit these to a strectched e
ponential,

M ~ t !5M0$12e@~2t/T1!a#%, ~3.2!

wherea is the stretched exponent, yieldsa51. This can be
contrasted with the earlier data on1H and 2H nuclei where
stretched exponential recovery was observed15,27 at all tem-

d

FIG. 6. Plot of the shift of the lines in the13C NMR spectrum of
the oriented sample as a function of the measured dc magn
susceptibility.

FIG. 7. Plot of the spin-lattice-relaxation timeT1, as measured
on thed peak, as a function of temperature.
0-5
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peratures. In those studies, relaxation measurements
performed on the unshifted peak in the spectrum, to wh
signals from a distribution of many nuclear sites contribu

A plot of T1 vs temperatureT, with a minimum at a cer-
tain T, generally indicates that the correlation time for som
local fluctuation falls in the range of the Larmor frequen
vL . A simple model that may be applied here is the clas
Bloembergen, Purcell, and Pound~BPP! model,35 whereT1
is given by the relation

1

T1
5

t

11vL
2t2

, ~3.3!

wheret is the characteristic correlation time for the rela
ation mode, andvL is the Larmor frequency. At points lowe
in temperature than the minimum, i.e., the ‘‘slow motion
regime,vL

2t2@1, and the log of the relaxation time is linea
in T. Similarly, at points higher in temperature than the mi
mum, in the so-called ‘‘fast motion’’ regime,vL

2t2!1, and
the log ofT1 is again linear inT. Figure 8 shows a plot of the
measuredT1 as a function of inverse temperature. The li
earity on either side of the minimum inT1 indicates
Arrhenius-type activation, and invites a fit to the BPP mod
However, the slopes are different on the two sides of
minimum, suggesting that there are at least two differ
relaxation mechanisms. An attempt was made to fit the d
to a BPP model with two different modes of relaxation. T
solid line in Fig. 8 is a fit to the model. The fitting equatio
is

1

T1
5A

t1

11vL
2t1

2
1B

t2

11vL
2t2

2
, ~3.4!

wheret1 andt2 are the correlation times for the two rela
ation modes,vL is the Larmor frequency, andA and B are
weighting coefficients for each mode. The correlation tim
were fit with Arrhenius-type activation according to

t i5t i0eS Eai

kBTD , ~3.5!

FIG. 8. Semilog plot ofT1 as a function of 1/T, overlaid with a
fit to the BPP model~continuous line!.
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where t i0 is the inverse of the attempt frequency for th
relaxation mode,e is the base of the natural logarithm,Eai is
the activation energy for the relaxation mode,kB is Boltz-
mann’s constant, andT is the absolute temperature. The fitte
activation energyEa /kB on the high-temperature side of th
minimum is 183 K, while on the low-temperature side it
64 K. At temperatures above the minimum inT1, the main
relaxation mechanism appears to be hindered methyl gr
rotation. The activation energy for the mode, 183 K or 1.
kJ/mol, compares to that for a low-hindered meth
rotor.36–40 Relaxation due to electronic spin fluctuation
dominates on the low-temperature side, with an activat
energy, of 64 K, in excellent agreement with the value for
barrier for electronic spin reorientation, 64 K, as measu
by ac susceptibility.17 This agreement of the value of th
relaxation barrier on the low-temperature side of the mi
mum with the value of the anisotropy barrier may just
fortuitous. But this agrees with the2H work in that the re-
laxation mechanism in this temperature range was attribu
to electronic spin fluctuations.

Comparison of the13C T1 data with that for1H and 2H
establishes the following:~i! The temperature correspondin
to the T1 minimum, about 60 K, is largely independent
frequency. This is evident from the13C data at 151.7 and
57.5 MHz, and from the1H data15 at 87 and 200 MHz.~ii !
The magnitude ofT1 is generally independent of frequenc
especially at temperatures above the minimum.~iii ! At a
given temperature, the measuredT1 for 13C is shorter than
that for 2H, and longer than that for1H. One would gener-
ally expect the relaxation for13C to be faster than that fo
1H within a methyl group, but this may be explained by t
fact that the1H T1 values were estimated15 from the initial,
fastest part of the recovery curves. This comparison is a
complicated by the fact that both the1H and 2H measure-
ments were taken on the peak that was unshifted with res
to the position of the corresponding diamagnetic peaks,
as mentioned earlier contains signal from a variety of sit

IV. CONCLUSIONS

From this work we have concluded the following:~i! The
paramagnetic spin density of the Mn12 cluster is delocalized
over the entire molecule, since the NMR peaks of all t
methyl-carbon sites in the molecule are strongly shifted fr
their normal positions in the CH3COO2 ligands in diamag-
netic compounds. In addition, a significant part of this shift
isotropic in nature, while the remaining portion of the sh
shows orientation dependence in accordance with a dip
field. This result is important in that there is no long-ran
ordering in this compound down to the lowest measured te
perature, 20 mK. The lack of ordering is thus not due to
lack of delocalization of the spin density. Other theoretic
explanations for this phenomenon are required.~ii ! The para-
magnetic shifts are strongly temperature dependent. The
perature dependence scales withx at temperatures above 10
K, with all the plots converging to zero shift at ax value of
0.028 emu/mol, as extrapolated from a Curie-Weiss fit. T
value of the susceptibility would correspond to a temperat
of about 1000 K. At this temperature and above, the susc
0-6
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tibility is just the temperature-independent paramagnetic s
ceptibility, x0, and all couplings between the Mn ions a
broken. The measured shifts are in only qualitative agr
ment with those calculated by a simple point-dipole mod
~iii ! The measuredT1 exhibits a well-defined minimum a
about 60 K, at both 57.5 and 151.7 MHz. The temperature
the minimum inT1 is in agreement with the earlier reporte
T1 data for deuterons and for protons, except for deuteron
second minimum was seen at 10 K.~iv! The nuclear magne
tization recovery curves were found to be well-described
e
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a single exponential model at temperatures above 10 K. T
is in contrast to the earlier data on1H and 2H. The differ-
ence is ascribed to focusing on a single type of13C site and
using an oriented sample. Thus the Mn12 lattice does not
behave like a spin-glass system.
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