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55Mn nuclear magnetic resonan@éMR) measurements have been carried out in an oriented powder sample
of Mn12 acetate at low temperatufe4—3 K) in order to investigate locally the static and dynamic magnetic
properties of the molecule in its high-sp8 10 ground state. We report the observation of thi®én NMR
lines under zero external magnetic field. From the resonance frequency and the width of the lines we derive the
internal hyperfine field and the quadrupole coupling constant at each of the three nonequivalent Mn ion sites.
From the field dependence of the spectrum we obtain a direct confirmation of the standard picture, in which
spin moments of MH" ions (S=3/2) of the inner tetrahedron are polarized antiparallel to that ot'Mons
(S=2) of the outer ring with no measurable canting from the easy axis up to an applied field of 6 T. It is found
that the splitting of the®®Mn-NMR lines when a magnetic field is applied at low temperature allows one to
monitor the off-equilibrium population of the molecules in the different low lying magnetic states. The mea-
sured nuclear spin-lattice relaxation tiffig strongly depends on temperature and magnetic field. The behavior
could be fitted well by considering the local-field fluctuations at the nuct@dn site due to the thermal
reorientation of the toteb= 10 spin of the molecule. From the fit of the data one can derive the product of the
spin-phonon coupling constant times the mean-square value of the fluctuating hyperfine field. The two con-
stants could be estimated separately by making some assumptions. The comparison of the mean-square fluc-
tuation from relaxation with the static hyperfine field from the spectrum suggests that nonuniform ¢germs (
#0) are important in describing the spin dynamics of the local Mn moments in the ground state.
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I. INTRODUCTION model for the low-temperature ground state magnetic struc-
ture, although the values of the local magnetic moments
Recently much attention has been paid to molecular naalong the easy axis are estimated to-b2.34+0.13, 3.69
nomagnets because of the observation at low temperature af0.14, and 3.720.12ug (Bohr magnetons for Mn(1),
slow superparamagnetic relaxation of the magnetizatiodMn(2), and Mr(3), respectively, which is less than predicted
combined with quantum phenomena such as coherent arlyy the standard local spin assignment given above. This re-
phonon-assisted tunneling of the magnetization and becauskiction has been justified by first principle calculatiéiihe
of the consequent technological interegtmong the mag- total moment of the molecule is 20.5®.9 ug, which is
netic clusters,[ Mn;,0;5(CH;CO0O),4(H,0)4] (henceforth
abbreviated as Mn12is one of the most investigated mo-
lecular magnet and the first where quantum tunneling phe-
nomena have been reportedThe Mn12 cluster was first
prepared and characterized using x-ray measurements by
Lis.* Figure 1 shows the crystal structure of Mn12, where
three symmetry-inequivalent Mn sites are present: (IYIn
form a tetrahedron at the center of the cluster while(®n
and Mn(3) occupy sites on the outside. It is widely believed
that the inner four Mfl) ions are in MA™ ionic state with
S=23/2 while the Mi{2) and Mr(3) are in Mr** (S=2)
state. Magnetization measurements indicate that the mag-
netic ground state of the cluster is a total high-sBin 10
state where the four inner Mh spins S=3/2) are directed

antiparallel to the eight Mt spins §=2).° Recent polar- FIG. 1. Structure of Mn12 cluster and orientation of the Mn
ized neutron diffraction measureméhtsve confirmed this moments in the ground state according to the standard picture.
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close to the value for &= 10 total high spin. Thus th&
=10 description of the ground state is a good starting point -
even if refinements due to many-body effects may be [ Mn-NMR
necessar. A Y

The S=10 ground state is split into eleven sublevels by a
strong easy-axis anisotropy, neglecting transverse hexadect
polar effects. The remaining Kramers degeneracy is re-
moved by an external magnetic field yielding energy levels
for the 21 magnetic sublevets that can be expressed as

T T T T T
'_ Mn12-acetate

ty
T

Spin echo intens

E,=—Dm?—Bm*+hmcosé. (1)

The most recent determination of the parameters obtainec
from neutron scatteririg® yielded: D=0.55 K andB=1.2 [l ; .
x 102 K. We will neglect here the very small nondiagonal 225 250 275 300 325

transverse term detected in the recent experirtfeAssum- Frequency (MHz)
ing a gyromagnetic ratiog=2 one hash=gugH/kg
=1.3H . (K) fo_r H in tesla andg is the angle between the_ =0 andT=1.4 K. Solid lines and curves in the figure are the

easy axis ¢ axis of the cluster and the external magnetic results of simulations as described in the text. The inset shows the

field. Below liquid helium temperature' the 9|USters OCCUDYfig|q dependence of the resonance frequency for each peak mea-
mostly them= *+10 states and the reorientation of the mag-greq afr=1.4 K in thermal equilibrium state.

netization between these two states becomes extremely
long—about a couple of months at 2 K—due to the anisotwere prepared as described in Ref. 5. The powdered material
ropy barrier giving rise to a pronounced superparamagnetigias mixed with Stycast 1266 and allowed to set in a mag-
behavior* netic field of 9 T at 300 K for several hours in order to obtain
Nuclear magnetic resonand®MR) is a microscopic a sample with rigid orientation of the crystallites with their
probe suitable to investigate the internal magnetic structureasy axis ¢ axis) along the same directiofmagnetic field
of the cluster. The NMR spectrum gives us information ondirection. The extent of alignment of the powder can be
the hyperfine interactions of the nuclei with the local mag-estimated to be better than 90% from the NMR spectra dis-
netic moments while the nuclear spin lattice relaxation rateyssed below and from magnetization measurements. The
(Tl_l) is related to the power spectrum of the fluctuations of>Mn-NMR measurements were carried out utilizing a
the local moments. Previous NMR studies of the Mn12 clusphase-coherent spin-echo pulse spectrometer. The spectra
ter were done by using as probes prdfoor deuterof® nu-  were obtained by plotting the spin-echo intensity at different
clei. In view of the averaging effect over the many protonsresonance frequencies. The echo was obtained with two
present in each cluster and the weakness of the hyperfinsulses: /2, = in phase(Hahn echd with a typical pulse
coupling to the Mn moments the information obtained arelength for thew/2 pulse of~2 usec. The range of tempera-
indirect and difficult to be interpreted. The use of the man-ture explored, 1.4—3 K, was obtained by adiabatic evapora-
ganese nucleus as a probe of the local magnetic propertig®n of liquid “He with the sample immersed in the liquid.
should yield much more direct information. The measurements done in an external magnetic field were
In this paper, we report a comprehensive study of theyerformed in field-cooled conditions so that the system was
*>Mn NMR and relaxation in Mn12 cluster at low tempera- in thermal equilibrium conditions during the measurements,
ture (1.4-3 K that complements the measurements ofexcept for the spectrum measurements under magnetic fields
**Mn NMR first reported by Goto and coworkefsin Sec.  in off-equilibrium state.
[IIA, we present the results of the NMR spectrum and the

400

FIG. 2. 5Mn-NMR spectra in Mn12 cluster measured tat

field dependence of the resonance frequency for the three IIl. RESULTS AND DISCUSSIONS
different lines observed from which we derive information o
about the hyperfine interactions and the orientation of the A. *Mn-NMR spectra

magnetic moments associated to the different nonequivalent Figure 2 shows®®Mn-NMR spectra under zero magnetic
Mn ions in the cluster. In Sec. 1ll B we report the temperaturefield at T=1.5 K, where the observed spectra consists of
and magnetic-field dependence of the nuclear relaxation rai@ree distinct peaks, one sharp peak centered at 231 MHz
that we compare with the predictions of a simple model de{p1) and two relatively broad peaks centered at 277 MHz
scribing the fluctuation spectrum of the local Mn moments iN(P2) and 365 MHz(P3. The observation of*Mn-NMR sig-
terms of the lifetime of the magnetization in the ground statena| in zero external magnetic field clearly indicates that the
due to spin-phonon coupling and possible tunneling effectsgirection of Mn spin moment is frozen in the time scale of
the NMR experiment (10° sec), in agreement with the su-

Il EXPERIMENT perparamagnetic behavior of the magnetizatitntal spin
Polycrystalline samples of for Mn12 clusters at low temperatute.
The position and the width of the three peaks in the NMR
[Mn1,0;5(CH3C0O0)14(H,0),] 2CH;COOH4H,0 spectrum in zero external magnetic field can be explained by
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the combination of a large internal hyperfine field and aanglesé for the different Mn sites is not totally unambigu-
small quadrupole interaction. The internal field determinesus. For the four Mfi", one can assumeé=0 (Z|H;,,) that
the resonance frequency of the lines. The quadrupole effe¢¢ads tovg~1 MHz. For the eight MA" ions one can as-
generates a field-independent first-order splitting of each lingume as the direction of the local symmetry axis the axis of
that, when combined with magnetic inhomogeneous broadelongation of the oxygen octahedron surrounding the Mn
ening, yields the observed line width. The nuclear spinion. In this case the angle between the EFG local principal
Hamiltonian can be expressed-as axis Z and the internal fiel@same as the easy akisan be
estimated to be&d,=11° for Mn(2) and #;=36° for Mn(3)
(see Fig. 1 This leads tovg~5.3 MHz and 10.4 MHz re-
spectively for the two different Mii sites without knowing
which one is which.

+(112) ”(|i+|g)]’ 2) The narrow line P1 with the small quadrupole coupling
where vQ=(3/2)e2qQ/I (21—1). The electric field gradient Cconstant is consistent with the symmetric octahedral coordi-

(EFG) tensor is defined in its principal axis systexy,Y, z, ~ nation of Mrf*. The difference by a factor of two of the
with the maximum component,, and the asymmetry pa- duadrupole coupling constant for the two different ¥n
rameterp=(Vyx— Vyy)/Vz,. The local EFG symmetry at SIt€s .Mr(2) anq Mr(3) (lines P2 and PRis consistent with
the 55Mn site is due to the oxygen coordination around thethe different distortion of the octahedron namefa ~1.11

Mn ion. For the MA™ site one has a slightly trigonally dis- andc/a~1.16, respectivel§.lt must also be recalled that in
torted octahedral coordination while for the Rinsite the the coordination polyhedron of one group of manga(iése
oxygen are in an elongated octahedral coordination due tf€re are two oxides and four oxygens of acetate ligands,

Jahn-Teller distortiofi.In both cases the asymmetry param-While in the other group of manganeBe) one of the ac-
eter is close to zerpy=0 in Eq.(2)]. In first order pertur- etates is replaced by a water molecule. The above assignment

bation theory(valid for Hy>Hg) one has for the Zeeman is confirmed by the magnetic field dependence of the spec-
nuclear energy leveld £5/2) 15 trum as will be desc_:rlbed later. The observed spectrum is in
good agreement with the one reported by Getal,* in
N 1 which a same signal assignment has been done.
Em/h=— 5 Hinm—757q(3 cos 6 1)[3”12— Z}- The resonance frequency of the three signals in the spec-
3) trum (Fig. 2 was followed as a function of the external
magnetic field applied along the c easy axis. The results are
Thus the ®*Mn spectrum is composed of a central line atshown in the inset of Fig. 2. With increasing external mag-
vr=(yn/2m)Hy and two pairs of satellite lines abk  netic field Hqy, the peak coming from Mi ions shifts to
=(yn2m)Hine = (vof2) (3 cog6—1) and Vﬁz(yN/Zw)Him higher frequency while the other two peaks of ¥nions
(3 cog6—1), respectively, wheré is the angle between move to lower frequency. Since the resonance frequency is
the internal magnetic field and the local symmetry axis of theproportional to the vector sum of internal field and external
EFG tensor. In order to confirm the presence of first-ordefield, wg= yn(Hini T Hexd), this result indicates that the direc-
quadrupole splitting of the line we measured the spin-echdion of the internal field at the nucleus in Mhis opposite to
decay timeT, at different points of the line P&ee Fig. 2 that in Mrf* ions.
The value found at the center of the lin€,& 630 wsec at The internal fields at the Mn nucleus are proportional to
T=1.4 K) is shorter than at the tailT,=750 pusec) as the on-site electron-spin momentum, i.eHd;=ApS),
expected for irradiation of the central line and of the satellitewhereA; is a hyperfine coupling constant a{i) is the Mn
line, respectively, of a quadrupole split spectrum. local-ordered spin. The hyperfine constant at the Mn nuclear
From the frequency of the center of each of the threesite can in principle result from the sum of different contri-
peaks in Fig. 2 one derive$i;,,~|220 kOe for P1,H;,;  butions both on sitécore polarization, contact term, nuclear-
~|264 kOe for P2, andH;,~|347 kOe for P3. From the electron dipolar interaction, orbital contributjpand coming
width of each peak we get for the Iline P1 from neighboring magnetic ion&ipolar interaction, trans-
(Mn**) vo(3 cogé,—1)~2 MHz, while for the lines P2 ferred hyperfine interactiond®*’In practice, since the mag-
and P3 we getrg(3 cog,5—1)~10 MHz. The vertical neticd electrons are localized on the Mn ions the dominant
lines for each peak in the figure indicate the peak positions o¢ontribution is the core polarization teffhThe dipolar con-
quadrupole split lines for Mn-NMR signal using the abovetribution, which is proportional t¢r ~2) and depends on the
parameters in Eq.3) and the solid curves are the results of relative orientation of the nuclear polarization and the elec-
fits with an approximate broadening of 5 MHz or less fortronic one, can have some importance for(NMn. Since the
each line. The broadening of each line appears to be of infwo different groups of mangand#é) ions have different
homogeneous kind from the formation of Hahn echoes and iangles between elongation axis and easy axis it is possible
much bigger than expected from nuclear-nuclear dipolar inthat at least part of the difference in resonance frequency
teraction. It should probably be ascribed to a combination ofmay be a consequence of this factor. Measurements of hy-
the intramolecular dipolar fields generated by the Mn mo-perfine fields using electron-nuclear double resonance tech-
ments other than the one containing the given nucleus andique have yielded values ranging froffj;= —8.15 T/ug
intermolecular dipolar fields due to the total spin magnetizafor Mn?>* ions in CaO(Ref. 19 to Ay=—9.9 T/ug for
tion of the surrounding molecules. The assignment of thevin** in Al,O; (Ref. 20 where the minus sign is character-

1
H=Hy+Hg=— yhHip 1+ Shrg[312-1(1+1)
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[ T T T T T T T ] explained by considering the two clusters occupying rihe
| “Mn-NMR i =+ 10 states with opposite magnetization. At this low tem-
H=1.2T gsso perature the relaxation time of the magnetization is ex-
after ZFC 5 a0 11 tremely long so that clusters occupying the=10 excited
> 5 ] state cannot relax tmm= —10 that has lower energy in the
@ i g 20 ] external magnetic field. Thus the two split peaks correspond
L L . to >>Mn belonging to the two clusters in different magnetic
c 200 K . . .
S , sublevels. The observation of the split peaks is a direct con-
s [ o R ] firmation of the Kramers degeneracy & 10 sublevels due
C'C) i l ] to the crystal anisotropy. This circumstance allows one to
s | Y s N l investigate the local magnetic properties of the dlﬁerent sub-
“» L3 ’.& ﬁ/ 5‘ s levels and the long relaxation time of the magnetization of
r \Ip v e L \ T the molecule in a way similar to what was done by using

200 225 250 275 800 325 350 375 400 425 prcitc;n N“{'_R-le MR <ional inensity ¢ 10
nterestingly, signal intensity for exciteth=
Frequency (MHz) sublevels is larger than that of= —10 sublevels. Since the
FIG. 3. 5Mn-NMR spectra aH=1.2 T after zero-field cooling ~ Signal intensity is proportional to the number of Mn nuclei
to 1.4 K (off-equilibrium stat¢. The inset shows the field depen- Occupying the sublevels, this result suggests that energy level
dence of the resonance frequency for each split peak. of m=10 sublevel is a little bit lower than that ofi= —10
sublevel. Assuming the signal intensity ratio of
istic of core polarization fields. If we assume that the internall ,,,— 1o/l = _ 10~ 1.3, the difference in energy of the levels is
field at the ®*Mn sites in Mn12 is due to core polarization estimated to be-0.4 K, which corresponds to an external
only we derive from the positions of the NMR peaks in Fig. magnetic field of~150 Oe antiparallel to the easy axis. This
2. Ay=-8.46 Tlug for P1 (Mn*' iong Ay= small magnetic field could be due to dipolar field from the
—7.32 Tlug for P2, andAy=—9.65 Tlug for P3 (Mn3* neighboring clusters. This small hyperfine field is very rel-
ions) respectively, with the assumption of a spin moment ofevant for the problem of quantum tunneling of the magneti-
2.6ug for Mn** and 3.G.5 for Mn3*. Since these values are zation because it lifts the degeneracy of the=+10 and
close to the core polarization fields in Mn ions reportedm= — 10 levels in zero external field.
above we can conclude that the dominant hyperfine field at
the 5°Mn nuclear site in Mn12 is indeed due to core polar- B. 5Mn spin-lattice relaxation time
ization. ThusH;. is negative and the direction of the inter- . . . :
nal fields at nuclear sites is opposite to that of the Mn spinf Nuclear spin lattice r(.elaxatlon timer() was measured
moment. From the behavior of the resonance frequency as r each 'V'U site by m°”"°”F‘g the recovery of the nuclear-
function of external field in Fig. 2inse, one concludes that magnetli_)zsatmn after a saturating sequencefqmulges. In the
the spin direction of the MK ions is antiparallel to the case of “Mn (.IZS/Z)’ the nuclegr magnghzgﬂon recovery
external magnetic fieldi.e., easy axis while that of Mr#* law for saturation of the central line only is given?By

ions is parallel to the external field. This is a direct confir- [M(=)—M(t)] 1 t 8 6t
mation of the spin structure for inner magnetic structure of —_— = —exp( - =+ —= ex;{ - —)
the cluster shown in Fig. 1. M (=) 35 Ty 45 T
The slope of the field dependences of the resonance fre- 50 15t
guency is~|10.§ MHz/T for each peak, which is exactly + @ex;{ - T—l) (4)

the same as the gyromagnetic rajigl27 of >Mn nucleus.
This result suggests that each Mn spin moment aligns alonghereM (t) is the magnetization at a time t after the satura-
the Hey, direction without any appreciable deviation and thattion sequence. On the other hand, in the limit of saturation of
the spin moments on Mi ions do not develop any measur- both central line and satellite lines the recovery should be
able canting components up to 6 T. exponential, i.e., exp{t/T,).?? The experimental conditions
When the oriented sample is cooled down to 1.4 K in anin our case are somewhat intermediate because the line is too
external magnetic field applied along the easy axis, most dbroad to obtain complete saturation but at the same time the
the clusters occupy then=—10 sublevel. For this field- central line and satellite lines overlap so that one cannot
cooled condition the NMR spectrum is the one shown in Figachieve selective saturation of the central lisee Fig. 2
2. If we apply the magnetic field to the oriented sample afteiThus the recovery law departs from E¢) particularly at
cooling to 1.4 K whose condition is corresponding to anlong times. However, by limiting the fit to the initial part of
off-equilibrium state, the observed spectrum is quite differ-the recovery that is dominated by the third term in E).
ent. In zero-field cooling each peak splits into two peaks withone can extract the relaxation tirfig. The results as a func-
increasing magnetic field as shown in Fig. 3. One of the splition of temperature are shown in Fig. 4 and the ones as a
peaks moves the same way as shown in the inset of Fig. 2unction of field at 1.4 K are shown in Fig. 5.
while the other shifts in the opposite direction but with the Before analyzing the data we note that the temperature
same field-dependent slope as shown in an inset of Fig. 8ependence of ; is the same for the three NMR lines P1,
including the data shown in the inset of Fig. 2. This can beP2, P3 within experimental error. This is apparent from the
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10000 ¢ the magnetic ground state= —10 to excited states gives

rise to changes in the transverse local fidid,(t), at the
nuclear sites via the hyperfine interaction between the nuclei
and the local electronic spins. Accordingly, the resultant ex-

1000 pression for nuclear spin-lattice relaxation time is given

P1 by15,23
P2
100 | ] _:_ylz\lf <hi(t)hi(0)>eXﬁIth)dt
—~ 3 3 T, 2
o ]
I roexg — 2
= gy x A 20 Tm KeT
B - E =7 > ——5 )
E % ol ? I m=+10 1+ wyT,
i ** ] whereZ is a partition functions,,, is the average lifetime of
| E i the mth sublevels 0ofS=10, andwy is resonance frequency.
£ s E The lifetime 7, for each individuaimth state is determined
g 1f @ 1] by the probability of a transition froomto m=1 and tom
-+
1 T (K) 2.
1 10 1
T (K) T_m:Wmﬂm+l+Wmﬁmfl+Wmﬂm+2+Wmﬁm72- (6)

FIG. 4. Temperature dependencelgf* for each Mn site. Solid ~ BY assuming that the transition probabilities are due to spin-
curves are fitting curves according to E&) with the choice of ~phonon interaction one can express them in terms of the
parameters discussed in the text. The inset shows the temperatuggergy level differences He2®
dependence oTl’l for the three peaks renormalized at the same 3
value atT=1.4 K. W W..—Cs (Em+1—Em)

Mot T T e (Eqpe 1~ En) kg T1 -1
inset in Fig. 4 where the data for the three peaks have been

normalized to the same value at 1.4 K. We are led to con- (Em+2—Em)®

clude that the spin dynamics of the local Mn moments is Wm—m+2=W-,=1.0&Cs., E _EkTI—1'
e . X (Em+2—EmksT]

completely correlated as expected if it is driven by the fluc- 7)

tuations of the total spin mome®= 10 of the ground state

of the molecular cluster. where

In order to fit the data we will adopt a simple phenom-
enological model that proved to be successful in explaining
the «SR results in Mn122 In this model it is assumed that
the fluctuations of the total spi& = 10 due to changes from

S, =(s¥m)(stm+1)(2m+1)2,

Sio=(SFTm)(sEm+1)(sTm—1)(stm+2).

: : : (7)
b T=1.4K{ The parameteC in Eq. (7) is given by D '2/(12mpv°4%)
0 ’_¢$¢¢+ ____________________________ i with p the mass density and the sound velocity. The spin-
. **?ﬁa**ﬂ, ___________________________ ] phonon coupling constarid’ was shown to coincide with
[ h $‘+- the axial magnetic anisotrody [see Eq(1)] for the case of

Mn1224

In the narrow temperature rangé.4—3 K where the
NMR signal can be detected, only the ground state=(
+10) has significant occupation. Thus the expression for the
relaxation rate obtained from Eq&), (6), and (7) and by
] using the energy levels in Eql) can be greatly simplified.
p2 ] The formula valid within a few percent up to~34 K is
P3

' ' 1
00 0 0 18 — =AC2.2x10°exp —14.58M) wy > (rad/ses. (8)
H(T) T,

FIG. 5. Field dependence af, * for each Mn site measured at As seen from Eq(8) the two fitting parameters cannot be
T=1.4 K. The solid lines are theoretical curves predicted by usingdeétermined independently on this narrow temperature range.
the same parameters as in the temperature dependence fits in Figlae theoretical curves in Fig. 3 were obtained from ).

(see texx by choosing the following values: AC=6.4
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X 10* [(rad Hz)*/K®] for P1, 5.6<10% for P2, and 1.2 ligible), but rather to the field dependence of the energy
« 10" for P3. The value ofC=D'2/(127rpv5h4) can be spacing Eqg. (1)] that affects the spin-phonon transition prob-

estimated by takind®’=D=0.55 K, p=1.83 g/cni,* and ability [Eq. (7)].

— H —_ 3
v=2X10° cm/sec that yleldsC—O.§ Hz/K°. The above IV. SUMMARY AND CONCLUSIONS
value for the sound velocity was estimated from the value of . _
Debye temperatur®,=38 K (Ref. 26 using a relation of We have carried ouP®Mn NMR at low temperature in

kg®p=7vkp with k3D=6772/V0 where V, is the unit cell order to investigate the internal structure of the magnetic

volume of 3716 &. Then the hyperfine coupling constant at 9round state of Mn12 cluster. From the analysis of the NMR
the 55Mn nuclei are spectrum and its field dependence we could confirm the stan-

dard picture for the internal magnetic structure of the core, in
which the local-spin moments of M# ions (S=3/2) of the
A=1.1x10% (rad H2? for P1 (Mn*"), inner tetrahedron are polarized antiparallel to that ofMn
ions (S=2) for the outer ring with both set of moments
aligned along the easy axis without appreciable canting up to
A=9.3x10" (rad H2? for P2 (Mn®"), 6 T. The internal field at th€Mn nuclear site is determined
and shown to be dominated by a negative core polarization
hyperfine interaction due to thedZ®lectrons localized on the
A=2.0x10"" (rad H2? for P3 (Mn®"). ©) Myrf) ions. The quadrupole coupling constant at the different
Mn sites is determined and it is found to be a parameter very
In the simple case where uniform fluctuations with sensitive to the degree of distortion of the octahedral con-
~0 (g: wave vectoy dominate the nuclear relaxation, one figuration of the oxygens coordinated around the Mn central
would expect that the coupling constamisfor each peak ion. The nuclear spin-lattice relaxation tinfg is found to
should be proportional to square of the internal static field aslepend strongly on temperatuté.4—-3 K and magnetic
derived from the spectrum in Fig. 2, i.eP1:P2:P3  field (0—1.5 T). The behavior can be fitted well by using a
=1:1.4:2.5. The ratios obtained from the values in ). Simple model based on the assumption that the local field
are insteadP1:P2:P3=1:8.5:18.1. This discrepancy sug- fluctuation at the nuclear site is due to the fluctuation of the
gests that nonuniform# 0 components may be important in orientation of the totat= 10 spin of the molecule. The fluc-
describing the fluctuations of the local-Mn moments that detuation appears to be explained almost entirely in terms of
termine the fluctuation of the total magnetization in its Spin-phonon coupling. It is found that when the sample is
ground state. prepared in off-equilibrium conditions, with half of the clus-

In order to investigate the possible role of quantum tuniers with the magnetization parallel to the external field and
neling on the fluctuations of the magnetization we measurefialf antiparallel to it, each NMR line split into two compo-
the field dependence &f, in thermal equilibrium state. Fig- nents that can be investigated separately. This effect appears
ure 5 showsH dependence of; for each Mn site measured t0 be most promising for further studies, particularly in con-
at T=1.4 K. With the increasing of the external magnetic Nection with the problem of quantum tunneling of the mag-
field H,, that is applied along the easy axis of the clusternetization.
T, ! for all Mn sites decreases. The solid lines in Fig. 5 are
the curves obtained from Eqg&), (6), and(7), and the en-
ergy levels in Eq(1) with the same values of the parameters  We are grateful to T. Goto, A. Lascialfari, Z. H. Jang, V.
used to fit the temperature dependence in Fig. 4. The fielhobrovitski, P. Kogerler, and A. Kawamoto for useful dis-
dependence appears to be well described by the thermatussions and suggestions. Ames Laboratory is operated for
fluctuation model and without any anomaly due to the effecty. s, Department of Energy by lowa State University under
of quantum tunneling of the magnetization around the leveContract No. W-7405-Eng-82. This work at Ames Labora-
crossing fields 0.45, 0.9, and 1.35 T. Further measurements ®ry was supported by the Director for Energy Research,
different temperatures and in off-equilibrium state are needetffice of Basic Energy Sciences. The present work was sup-
to investigate quantum tunneling. It is noted that the overalported in part by a Grant-in-Aid for Scientific Research on
decrease off; ! on increasing magnetic field is not trivial Priority Areas from the Ministry of Education, Science,
due to the change aby= yyH in Eq. (5) (the effect is neg- Sports, and Culture of Japan.

ACKNOWLEDGMENTS

1See contributions iQuantum Tunneling of Magnetizatioadited Chem.36, 2042(1980.
by L. Gunther and B. Barbar&luwer, Dordrecht, 1996 SR. R. Sessoli, H. L. Tsai, A. R. Schake, S. Wang, J. B. Vincent, K.

23. R. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo, Phys. Folting, D. Gatteschi, G. Christou, and D. N. Hendrickson, J.
Rev. Lett.76, 3830(1996. Am. Chem. Soc115 1804(1993.

3L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and B. ®R. A. Robinson, P. J. Brown, D. N. Argyriou, D. N. Hendrickson,
Barbara, NaturéLondon 383 145 (1996. and S. M. J. Aubin, J. Phys.: Condens. Matt@r 2805(2000.

4T. Lis, Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. 'M. R. Pederson and S. N. Khanna, Phys. Re%0B9566(1999.

104401-6



MAGNETIC STRUCTURE AND SPIN DYNAMICS OF THE. .. PHYSICAL REVIEW B4 104401

8M. I. Katsnelson, V. V. Dobrovitski, and B. N. Harmon, Phys. Progress in Nuclear Magnetic Resonance Spectros&ip\89
Rev. B59, 6919(1999. (2000.

%Y. Zhong, M. P. Sarachik, J. R. Friedman, R. A. Robinson, T. M.1’M. Zheng and G. C. Dismukes, Inorg. Che@%, 3307 (1996.
Kelly, H. Nakotte, C. Christianson, F. Trouw, S. M. J. Aubin, 18R E. Watson and A. J. Freeman Htyperfine Interactionsedited

and D. N. Hendrickson, J. Appl. Phy85, 5636(1999. by A. J. Freeman and R. B. Frank@lcademic Press, New York,
101 Mirebeau, M. Hennion, H. Casalta, H. Andres, H. U. Gudel, A. 1967, p. 53.
V. Irodova, and A. Caneschi, Phys. Rev. L&8, 628(1999. 1w, B. Mims, G. E. Devlin, S. Geschwind, and V. Jaccarino, Phys.

'R, Sessoli, D. Gatteschi, A. Caneschi, and M. A. Novak, Nature | ot A 24 481 (1967,

(London 365, 141(1993. 205 Geschwind, iHyperfine Interactionsedited by A. J. Freeman

12 H
Y. Furukawa, K. Watanabe, K. Kumagai, Z. H. Jang, and A. Las- and R. B. FrankelAcademic Press, New York, 1957

cialfari, F. Borsa, and D. Gatteschi, Phys. Rev6B 14 246 215 Jang, A. Lascialfari, F. Borsa, and D. Gatteschi, Phys. Rev.
(2000; see also, A. Lascialfari, D. Gatteschi, F. Borsa, A. Shas- Lett. 84, 2977(2000: see also Furukawet al. (Ref. 12

tri, Z. H. Jang, and P. Carrettéid. 57, 514 (1998. 22
13p. Arcon, J. Dolinsek, T. Apih, and R. Blinc, Phys. Rev.5B, E(.lzégndrew and D. P. Tunstall, Proc. Phys. Soc. Lond8ni

R2941(1998. 23 _ . )
14T Goto, T. Kubo, T. Koshiba, J. Arai, Y. Fujii, A. Oyamada, K. A. Lascialfari, Z. H. Jang, F. Borsa, P. Carretta, and D. Gatteschi,
Takeda, and K. Awaga, Physica B\msterdam 284B-288B " Phys. Rev. Lett81, 3773(1998.
1227(2000. M. N. Leuenberger and D. Loss, Phys. Rev6B 1286 (2000.
157, Abragam,Principles of Nuclear MagnetisifClarendon Press, 253, Villain, F. Hartmann-Boutron, R. Sessoli, and A. Rettori, Euro-
Oxford, 1961. phys. Lett.27, 537 (1994); see also, F. Hartmann-Boutron, P.
186G, C. Carter, L. H. Bennett, and D. J. Kahavietallic Shifts in Politi, and J. Villain, Int. J. Mod. Physl0, 2577(1996.

NMR, Progress in Material Science Vol. 2@ergamon Press, “°A. M. Gomes, M. A. Novak, R. Sessoli, A. Caneschi, and D.
New York, 1977; see also J. J. Van der Klink and H. B. Brom,  Gatteschi, Phys. Rev. B7, 5021(1998.

104401-7



