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13C NMR and relaxation studies of the nanomagnet Mn,-acetate
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The nanomagngtMn,0;,(CH3C0OO0),4(H,0),]- 2CH;COOH: 4H,0, also known as Mp, has been syn-
thesized with'*C labeling at the CElgroups, and investigated BYC NMR at fields up to 23 T. Using oriented
samples, it is possible to resolve four distifé€ 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 of'*CH, groups in the M, lattice, based on a comparison with the crystal structure and point-dipole
and spin-density calculations. These results establish that the unpaired electron spin densitp-efléhe
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 °C nuclear-spin-lattice-relaxation tinig; 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 neaslined
relaxation mechanism responsible for the 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 nuni§er75.50.Xx, 76.60.Es

I. INTRODUCTION tween the possible 2+1 (i.e., 21 spin levels, without an
interpretation of th&'; minimum around 60 K, while théH
This paper reports on out’C NMR measurements on data indicated the presence of both molecular motion and
oriented samples of the molecular nanomagnespin fluctuation effects. Another important issue was that
[MN1,0,5(CHsCOO0),((H,0),]2CH,COOH4H,0, hereafter  both the*H and H NMR studies detected a stretched ex-
Mny,, which was first synthesized by LisThe primary rea- ponential recovery curve, i.e., with magnetization recovery
son for the focus on this compound is that it was the firstf the form
example of an assembly of well-oriented, isolated molecules _ (T
that behave like nanomagnets, with well-defined quantum M(t)=Mo(1—e (T, @D
jumps in their magnetization hysteresis lodelow 3 K.  Where Mg is the equilibrium magnetization and is the
The core of Mn, consists of two subsystems of Mn ions stretched exponent, in relaxati(_)n measurements at all tem-
with mixed valences. The outer subsystem comprises geratures. Thls was mter_preted in both cases as belng a result
crown of eight MA3 (S=2) ions, coupled ferromagneti- of _many different environments being present in the
- : = - - -« » lattice??8On the other hand, this stretched exponential be-
cally with a total spin ofS; =16, while the inner system is a ' p

tetrahedron of MA* (S=23/2) ions, also coupled ferromag- havior is also known to be a characteristic of spin-glass be-
netically with a total spin oszzé. The two subsystems havior in magnetic systentS.Thus the exact mechanism of

couple antiferromagnetically, to yield an overall spin of this phenomenon was not clear. Additionally, thel data

S,—S,=10. The Mn, cluster thus behaves as an entity with showed two minima ifl;,” - while only one minimum was

L : . observed in this study and thi&d study.
a ground state 0=10, exhibiting many interesting proper- " qne of the difficulties in previous studies was that the

ties, and has tggen the subject of extensive thgor%Ti‘@aind _ samples used were unoriented powders, which led to broad,
experimentdf~* work. The present investigation was moti- hoorly resolved NMR peaks. As a consequence, the observed
\iated zby several factors. First, earlier NMR studies, utilizingre|axation data were potentially a superposition of that from
H, “H, and uSR spin-lattice relaxation time T¢)  all the 72 different proton or deuteron sites with a distribu-
measurements;*"*indicated the presence of spin dynam- tion of orientations. In the present work we have attempted
ics possibly related to QTM, but the interpretations wereto clarify these issues bgg) making measurements on ori-
rather different. The"H and uSR T, relaxation mechanisms ented samples(b) utilizing the °C nucleus as a probe,
were interpreted as being due to thermal fluctuations bewhich is one bond closer to the Mn ions than protons or
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deuterons, and would thus be expected to be more sensitivependent maxima as reported in earlier wrkhe dc

to the Mn spin fluctuations; ang) utilizing Zeeman fields magnetic susceptibility was measured with a Quantum De-
up to 23 T, and temperatures down to 1.8 K in order to probe&ign superconducting quantum interference dey®@UID)
more thoroughly the nature of the spin fluctuations in themagnetometer, while a Quantum Design PPMS was utilized
Mny, lattice. We have successfully synthesizE€-labeled  for measuring the ac susceptibility. Oriented samples were
Mny,, and believe that the presently reportéiC results prepared by mixing the polycrystalline powder, which was
complement the earlier reported and “H data. We will  sjeved with a 120 mesh, with Stycast 1266 epoxy, and allow-
attempt to demonstrate th&iC NMR is a sensitive probe of ing it to set at room temperature in a 7-T magnetic field. The
the spin fluctuations in the Matype nanomagnetic lattices. sample alignment was confirmed by noting the anisotropy of
To our knowledge, this is the first:C NMR study on any the 13C NMR spectrum. Additionally, thé*C NMR spec-
compound in this class of materials with large electronic spin,;m of an unoriented 23C-enriched powder sample exhib-

in the ground state. ited two broad lines at room temperature, as compared to a
well-resolved quartet for the oriented sample, as shown in
Il. EXPERIMENTAL DETAILS Fig. 1.

NMR measurements were performed with the alignment

Samples were prepared witfiC labeling at the CHisites.  axis parallel as well as perpendicular to the Zeeman field up

This labeling was accomplished by carrying out the synthesigy 23 T, and at temperatures of 1.8—296 K. A water-cooled
as reported by Lis,but substituting acetic acid that was la- resistive magnet was used for the 23-T measurements, while
beled at the methyl carbon positiodiCH;COOH, hence- 3 superconducting magnet was used for all others. A Tecmag

forth 2-3C. The *CH;COOH was purchased from Aldrich  Aries/Libra spectrometer was used, with a home-built NMR

and used as received. It was not possible to grow singlgrobe. Due to the large width of the spectrum, ranging from

crystals large enough for the NMR studies. The crystallite400 kHz at 296 K to 3 MHz at 1.8 K, data were acquired by
obtained were about 0.1-mm-long needles, with an aspegjtepping the magnetic field. Hahn echo pulse sequences were
ratio of about 10, and with the long axis as the crystallo-used for these acquisitions. These spectra were then Fourier-
graphicc axis in the tetragonal (12d) system. The sample transformed, scaled, and summed using the technique re-

authenticity was verified by dc as well as ac magnetizatiorported earlie?’ Spin-lattice-relaxation timeT;) measure-
measurements, which showed the characteristic frequencyrents were performed on the highest-field-shifted peak in
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the 1®C NMR spectrum(peakd in Fig. 1, vide infra). This  d, from lowest field to highest field. The peaks were assigned
decision was arrived at because thpeak remained visible based on the known crystal structdrand the fact that only

to the lowest temperature of any of the shifted peaksthe CH; were labeled. A schematic of the structure of the
Nuclear magnetization recovery curves were acquired by aolecule is shown in Fig. 4, with emphasis placed on the
saturation recovery pulse sequence with Hahn echo inspegethyl carbons. The peak assignment is as follofysThe
tion. The recovery curves showed single exponential behavowest field peak, labeled, is assigned to the methyl car-

ior of the form bons on the acetate ligands bridging between the outer ring
Mn ions and oriented axiallymarkeda in Fig. 4]. The mag-
M(t)=Mo{l—exd —(t/T1)]} (2.)  netic moments of the outer ring Mn ions are oriented parallel

: to the magnetic field in the ground state, and would contrib-

2 - 7

fsrggrﬁgr?tg?/v\,\rlngrtg tlhoe l:éclzr(])\f:rnt?r?ct)\/tvoeéh]g:re?gﬁe:er;ec?nentuﬁe a magnetic field to these carbon nuclei that is parallel to
. y : P e applied field, causing a shift of resonance to a lower field.

behavior at all temperatures. Below 10 K the lines overlap;%

and the recovery showed stretched exponential behavior Nii) The b peak is assigned to the carbons of the methyl
very W eXp alt Vior. roups on the acetates bridging between the outer ring Mn
proton decoupling was employed, since the main source

X N ions and positioned close to the inner Mn ions. The dipolar
peak broadening was of electronic origin. field contributions of these will tend to cancel, providing a
shift that is smaller than tha carbons, moving thé peak
Il EXPERIMENTAL RESULTS AND INTERPRETATION closer to the unshifted center positidiii) The unshiftedc
peak can be attributed to the glgroups of the acetic acid

from a powder andb) from the oriented Mg, sample, with molecules solvated in the crystal lattice, which are expected
i to interact only weakly with the cluster, and to a minor con-

H parallel to thec axis. The better resolution afforded by the bution f h | abundandac lei in th
oriented sample is evident here. The magnetization recove%I ution from the natural abundanceC nuclei in the epoxy

Figure 1 shows two examples 6fC spectra obtaineth)

was found to be single exponential, examples of which i sed to align the sampl@s checked by measurements on a

shown in Fig. 2. Figure 3 compares spectra taken at 57.812nk epoxy sample The methyl carbon nuclei not co-

151.7, and 223 MHz. An additional splitting of the highest- valently bonded to the molecules are farthest from the Mn
field d peak is evident at 223 MHz. which is not yet under- electronic moments, and therefore would be least affected by

stood them.(iv) The highest-field peak is assigned to four of the
' methyl carbons on the radially oriented acetate ligands and
the four methyl carbons on acetate ligands bridging between
inner and outer Mn ionfmarked ad in Fig. 4]. The latter
Figure 1b) depicts the'3C NMR spectrum of the aligned methyl carbons have magnetic-field contributions with the
sample at 296 K and 151.7 MHz for H parallel to thexis.  inner Mn ions dominating, leading to a shift to resonance at
The observed signal was generally a quartet, as can be notéijher field. For the positions on the perimeter of the cluster,
from the figure. The peaks have been labededb, ¢, and the contribution to the dipolar field is mainly from the Mn

A. Peak assignment
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[ Additional support for these assignments was provided by

8000000 - 57.5 MHz, 100 K f\ an approximate calculation of the dipolar fields at the various
I | \l 13C sites. This was accomplished by employing a point-
5000000 - / | dipole model, using the atomic positions as reported by Lis.
J ‘\ In this model, the dipole field at a singléC site is a sum of
IO [ the contributions of the fields from all of the individual Mn
2000000 |- AW’// \w\/v\\ ions, given by . ) |2)
of S N o(j) =3 =E (3.1
. i i i ; i ; ij
e e s sar s 8w wherey; is the point moment of each Mn ion, ang is the
vector from each Mn ion to thé3C atom. A comparison of
4000000 - 150.7 Wklz, 128 K ﬂ these results with the experimental findings is listed in Table
/! I. The experimental shifts agree in direction with the calcu-
3000000 - }.‘ || lations, but only in the trend as regards magnitude, as may be
2000000 | / \‘ expected from a point—dipqle .calculatidm_e., the point-
I /A dipole model will only qualitatively describe the system
1000000 | . / ) This simulation, nevertheless, supports our peak assign-
/\J \\\// \ ments. An additional splitting of thd peak is predicted by
0 pomr’ the point-dipole calculations. In fact, a splitting of th@eak

14050 14075 14100 14125 14150 14175 14200 14225 was observed at a higher field: 223 MHz. These two lines
may overlap and be indistinguishable at 151.7 MHz, but
soooo|. 223 MHz, 125 K a separate at a higher field. .

- : i \ Further study has been carried out on the dependence of
60000 |- I the 13C spectrum on the orientation of theaxis of the
ool \ /o ~ aligned sample with respect to the.applield magnet_ic fielq.

/ / \/\/ \ This has shown that there are both isotropic and anisotropic
20000 | [N \ contributions to the local magnetic field at tfhC sites. The
/\\\ \ anisotropic contribution follows a (3 c&%-1) dependence,
/ '"‘/ A which indicates that this is a dipolar field. The presence of an
isotropic contribution to the magnetic field at tHéC sites
) shows that there is electron-spin delocalization present at
Field (T) these sites. The unpaired electron-spin density at the three
. shifted sites has been deduced from these measurements. The
andFIZC;.:M'_C'Zompanson of thé*C spectrum at 57.5, 151.7 MHz, fields present at the three different shifted sites are 140, 65.4,
' and —32.7 G, respectively for the, b, andd peaks. This
corresponds to 0.105, 0.0488, and).0244 fraction of an
ions on the outer crown of eight. The dipolar field at theelectron on the sites, respectively. This is based on the fact
perimeter positions due to these Mn ions will be opposed tahat a single electron present at3C nucleus gives a shift of
the applied magnetic field, because the magnetic moments 4840 G*
the outer Mn ions align with the magnetic field in the ground The above-discussed detection of unpaired electron spin
state, and these carbon nuclei are positioned on a line peeiensity on the'*C sites complements a recent inelastic neu-
pendicular to the moments. This also leads to a shift to 4ron scatteringINS) study® In the INS measurements, there
higher resonance field. was no spin density found on the oxygen atoms; however,
the spin density on the manganese atoms was less than pre-
dicted. The spin density found on the carbon atoms in this
study may account for this deficiency.

Intensity (arb. units)

oL

s L " 1 I )
2125 21.30 21.35 21.40 21.45 21.50

D D
B. Temperature dependence of the'3C spectrum

B
D I')\\ B 5
'|nr A *";ﬂ% Since a major goal was to probe the spin fluctuation dy-
{Mnié M“\Mn Mn namics, we undertook detailed studies of the temperature de-
A Mn
A M.q/
|

& pendence of the peak positions, linewidth, and spin-lattice
er_': ‘&v...
D A ¥

relaxation timeT ;. Figure 5 shows the shift of thE'C NMR
lines from the unshifted resonance field as a function of tem-

I ﬁBJ ‘ A D perature for an observation frequency of 151.7 MHz. The

D D shifts increase with lowering temperature. The dc suscepti-
FIG. 4. A schematic of the structure of the molecule with methyl bility follows a Curie-Weiss behavior, which leads to in-
carbon sites labeled according to their peak assignment. creased magnetic broadening at lower temperature. arhe
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TABLE I. Comparison of measured dipole fields and calculated 1.5
dipole fields.
Experimental shift ~ Calculated shift 0
Methyl carbon set at 296 K(Oe) (Oelug)
a 261.3 448.1 %
b 146.4 68.2 <
c 0.7 -82.6 & oo
dl —38.4 —120.6
d2 —38.4 —144.9
-05
and b peaks thus become unobservable below about 100 K -6~ ‘ ” ' o ' o6
due to excessive line broadening and consequently a low % (emu/mol.Oe)

signal-to-noise ratio. The peak, being less shifted and less  FIG. 6. Plot of the shift of the lines in thEC NMR spectrum of
broadened than the andb peaks, can be followed down to the oriented sample as a function of the measured dc magnetic
the lowest temperature measured. Figure 6 shows the shift sfisceptibility.

the peaks versus the measured overall dc magnetic suscepti-

bility, x. The y data used were obtained on a SQUID mag-magnetic coupling between the electronic and the nuclear
netometer as a function of temperature at a fixed field of 108pins was obtained frofi; measurements, as summarized in
Oe on a single crystal of Mg, with H parallel to thec axis. ~ Sec. llI C.

The shift of the NMR peaks tracks linearly wighat higher

temperatures, above 100 K. If this trend is extrapolated to C. Temperature and field dependence

lower y, or higher temperature, these shifts converge to zero of the spin-lattice- relaxation time, T

at a susceptibility value corresponding to a temperature of _. . . .
about 1000 K. Above this temperature, it appears that al F|gure 7 shows the spin-lattice-relaxation ralg, as a
coupling between the Mn ions within each cluster has bee}unCtIon of temperature, as measured on theeak at a

overcome by thermal agitation. It should be noted that thidreduency of 151.7 MHz. A minimum ifl, is observed

temperature value is much higher than the estimated e)ground 60 K. Magnetization recovery was observed as a
change energies in the Nincluster, which are less than 200 single exponential at temperatures above 10 K. As mentioned

K.3 The only remaining magnetic susceptibility is the above, Fig. 2 shows examples of relaxation curves for differ-

temperature-independent _At lower temperature, be- ent temperatures and also for different peaks. The curves
low Ffabout 100 K!Dthe relaligr?ship between r::he NMR Ioeakwere m to Eq.(1). Attempts to fit these to a strectched ex-
shift and y begins to deviate from linearity, with the shift ponential,

bgcoming less dependent an This implies that the cou- M(t)=Mo{1—e[(—t/T)T}, (3.2
pling between the carbon nuclei and the Mn electrons de- . . _
creases as the temperature is lowered below 100 K. Conceifherea is the stretched exponent, yields=1. This can be

ably, this could be caused by some type of subtle structursgontrasted with the_earlier data dil and ?H nuclei where
distortion at the Mn sites. Additional information on the Stretched exponential recovery was obset¥étiat all tem-

1.5 ’-
- 1000
L]

1.0 |- b e ® g

05| ) o I
_ e " . 100
o\o C . [ ] Y L) n 8
~ L 4 ° (2]
£ 00 ww ¥V vwyY v v v ¥V b4 b4 S
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Fo r¥ x
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FIG. 5. Plot of the shift of the lines in thEC NMR spectrum of FIG. 7. Plot of the spin-lattice-relaxation tinTg, as measured
the oriented sample as a function of temperature. on thed peak, as a function of temperature.
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where 7, is the inverse of the attempt frequency for the
relaxation modeg is the base of the natural logarithi®,; is
the activation energy for the relaxation modg, is Boltz-
mann’s constant, andis the absolute temperature. The fitted
activation energye,/kg on the high-temperature side of the
minimum is 183 K, while on the low-temperature side it is
64 K. At temperatures above the minimumr, the main
relaxation mechanism appears to be hindered methyl group
rotation. The activation energy for the mode, 183 K or 1.53
kd/mol, compares to that for a low-hindered methyl
rotor®®~4° Relaxation due to electronic spin fluctuations
dominates on the low-temperature side, with an activation
energy, of 64 K, in excellent agreement with the value for the
) , . , . , . , barrier for electronic spin reorientation, 64 K, as measured
0.00 0.05 0.10 0.15 by ac susceptibility’ This agreement of the value of the
1T (K") relaxation barrier on the low-temperature side of the mini-
mum with the value of the anisotropy barrier may just be
fortuitous. But this agrees with th&H work in that the re-
laxation mechanism in this temperature range was attributed

peratures. In those studies, relaxation measurements WeH% electronic spin fiuctuations.

: 3 ; 1 2
performed on the unshifted peak in the spectrum, to which Cor_’npanson of thel.c Tl data with that for"H and H.
signals from a distribution of many nuclear sites contribute establishes the followingi) The temperature corresponding

A plot of T, vs temperaturd, with a minimum at a cer- to the T, minimum, about 60 K, is largely independent of

tain T, generally indicates that the correlation time for Somefrequency. This is evident from th&®C data at 151.7 and

5 e
local fluctuation falls in the range of the Larmor frequency >/ > MHz, and from the'H datd® at 87 and 200 MHz(ii)

w, . A simple model that may be applied here is the classic;rhe magnitude off, is generally independent of frequency,

Bloembergen, Purcell, and Pout8PP model®® whereT, especially at temperatures above the minimuiin) At a
is given by th,e relatioh ' given temperature, the measurgd for 13C is shorter than

that for 2H, and longer than that fotH. One would gener-

1 T ally expect the relaxation fof3C to be faster than that for
T, 11a22 (3.3 H within a methyl group, but this may be explained by the

! LT fact that the'H T, values were estimat&from the initial,
where 7 is the characteristic correlation time for the relax- fastest part of the recovery curves. This comparison is also
ation mode, ana, is the Larmor frequency. At points lower complicated by the fact that both tHéd and ?H measure-
in temperature than the minimum, i.e., the “slow motion” ments were taken on the peak that was unshifted with respect
regime,wErz>1, and the log of the relaxation time is linear to the position of the corresponding diamagnetic peaks, and
in T. Similarly, at points higher in temperature than the mini-as mentioned earlier contains signal from a variety of sites.
mum, in the so-called “fast motion” regimay?7°<1, and
the log of T, is again linear ifl. Figure 8 shows a plot of the
measuredr; as a function of inverse temperature. The lin-
earity on either side of the minimum i, indicates From this work we have concluded the followir(g: The
Arrhenius-type activation, and invites a fit to the BPP m0de|.paramagnetic spin density of the Mrcluster is delocalized
However, the slopes are different on the two sides of thever the entire molecule, since the NMR peaks of all the
minimum, suggesting that there are at least two differenmethyl-carbon sites in the molecule are strongly shifted from
relaxation mechanisms. An attempt was made to fit the dateheir normal positions in the C}£OO ligands in diamag-
to a BPP model with two different modes of relaxation. Thenetic compounds. In addition, a significant part of this shift is
solid line in Fig. 8 is a fit to the model. The fitting equation jsotropic in nature, while the remaining portion of the shift

100 |

10

T, (msec)

FIG. 8. Semilog plot ofT; as a function of I, overlaid with a
fit to the BPP mode(continuous ling

IV. CONCLUSIONS

IS shows orientation dependence in accordance with a dipolar
field. This result is important in that there is no long-range

1 7 T ordering in this compound down to the lowest measured tem-

T_1:A1+ wfri +B 1+w'f7-§’ (3.4 perature, 20 mK. The lack of ordering is thus not due to the

lack of delocalization of the spin density. Other theoretical
where 7, and 7, are the correlation times for the two relax- explanations for this phenomenon are requiféd The para-
ation modesw, is the Larmor frequency, and andB are ~ magnetic shifts are strongly temperature dependent. The tem-
weighting coefficients for each mode. The correlation timegperature dependence scales vyitat temperatures above 100
were fit with Arrhenius-type activation according to K, with all the plots converging to zero shift atyavalue of
0.028 emu/mol, as extrapolated from a Curie-Weiss fit. This
(3.5 value of the susceptibility would correspond to a temperature
' ' of about 1000 K. At this temperature and above, the suscep-

Eai

kT

Ti= Tio€
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tibility is just the temperature-independent paramagnetic susa single exponential model at temperatures above 10 K. This
ceptibility, xo, and all couplings between the Mn ions areis in contrast to the earlier data ol and ?H. The differ-
broken. The measured shifts are in only qualitative agreeence is ascribed to focusing on a single type-it site and
ment with those calculated by a simple point-dipole modelusing an oriented sample. Thus the Mrattice does not
(iii) The measured; exhibits a well-defined minimum at behave like a spin-glass system.

about 60 K, at both 57.5 and 151.7 MHz. The temperature of
the minimum inT, is in agreement with the earlier reported
T, data for deuterons and for protons, except for deuterons a
second minimum was seen at 10 () The nuclear magne- We would like to thank the National Science Foundation
tization recovery curves were found to be well-described byfor partial support of this work.
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