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Proton spin-lattice relaxation induced by quantum tunneling of the magnetization
in the molecular nanomagnet Fg
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We report the observation of the effect of the quantum tunneling of the magnetization in the molecular
nanomagneiFe;(N3;CgH15) sO2(OH)15] - [ Brg- 9H,O] (in short, Fg) on the proton spin-lattice relaxation rates
(Tl’l) measured in single crystal fat 1.5 K. When the external field is applied parallel to the magnetic easy
axis of the molecular nanomagndt, * decreases monotonically, a behavior well explained in terms of the
magnetization fluctuations due to spin-phonon interaction. On the other hand, a peak isfobserved as a
function of transverse field for a value of H in the range 2.5-3.5 T. The position and shape of the peak depend
upon the orientation of the field in the hard plane and the peak disappears as soon as a small out-of-plane
magnetic-field component is introduced by misaligning the crystal. The experimental observations can be
explained by considering the effect of the transverse field on the tunneling splitting whereby the p’q&k of
is a direct consequence of the matching condition of the incoherent tunneling probability with the proton
Larmor frequency.
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[. INTRODUCTION where, for Fg, the axial anisotropyp and the in-plane an-
isotropy E constants are known to be~—0.292 K and
The study of quantum tunneling of the magnetizationE~0.047 K, respectively, from electron paramagnetic
(QTM) has received a new impulse following the discoveryresonance (EPR,”® neutron spectroscopy, optical
of this phenomenon in single molecule magnéM).'  spectroscop}’ and magnetization measuremetthe tun-
The two systems which have been most widely investigategeling splitting for pairwise degenerate levels with lower
are [Fey(N3CgH15)602(OH)12] - [Brg- 9H,O] which is the  js much bigger. Their calculated value is not shown in Fig. 1
target of the preﬁent mvestl'ga.tlon and will b;—:-Szeferred tOfor the sake of simplicity and since they do not play a rel-
hereafter as Fgez‘ and the similar cluster Mg.*>* QTM  ayant role in our low-temperature experiments. Somewhat
in Fe; is associated with the existence in the high-Spingiterent results are obtained by including higher-order terms
ground state $=10) of pairwise degeneratem magnetic 5o by changing the andE parameters in Eq1). How-
levels separated by an energy barfebout 24 K due 10 o0 these details are not relevant to our experiment as will

easy axis crystal-field anisotropy in taalirection?® ) . . . .
The occurrence of QTM in zero external magnetic field isbe perceived in the following. The important fact is that, as

related to the splitting of the magnetic levels by an amounf?” be seen in Fig. 1Ay for both Q|re(_:t|ons increases by
A+ which is due to off diagonal terms in the magnetic Hamil- about ten orders of magnitude with increasing transverse

tonian arising from anisotropy in they plane, intermolecular field thu_s _ma'g'”% big enough to be measure_d, eg. byac
dipolar interactions, and hyperfine interactions. Normally thesusc_epubnny} h|gh-frequen£:%g resonant expenme?ﬁapd
tunnel splittingA in the above clusters is much smaller than SPecific-heat measuremeﬁfs. ForH>1T, the relaxation
the level broadening so that measurementd pfs difficult. ~ (fluctuation of the magnetization driven by tunnelirigo-
However, by applying a magnetic field perpendicular to theherent and/or incoherertecomes so fast that it falls into the
easy axigtransverse field one can increas& of all levels ~ characteristic frequency domaiMHz) of nuclear magnetic
while leaving the symmetry of the double well potential in- resonance experiment.

tact. Figure 1 shows the calculated transverse field depen- Motivated by this idea we set up to measure the proton
dence of the tunnel splitting 1 for the ground-state sublev- NMR and relaxation in a single crystal of §as a function
elsm= =10 for the two orientations of the transverse field in Of external magnetic field and crystal orientation at 1.5 K.
the xy hard plane y-medium andx-hard axi3. The results ~We find that when the magnetic field is applied perpendicular

were obtained from the diagonalization of the model spinto the main easy axis (transverse fielda pronounced peak
Hamiltonian, in the proton spin-lattice relaxation rateT}/occurs at some

5 y field value which depends on the orientation of the transverse
H=DS,+E(S—S)) +gusS-H, (1) field in the hardxy plane. The effect is well explained by

0163-1829/2004/69)/01440%5)/$22.50 69 014405-1 ©2004 The American Physical Society



Y. FURUKAWA et al.

PHYSICAL REVIEW B 69, 014405 (2004

10 T T T T T T T T T T 1000 T T T
1 r ) ;
0.1 ;— : 100 B H-NMR .
oor el e ] T=15K
X102 .- - E "~ 10k .
3 E o H//easy-axis
o medium axis 1 3 y
X 109 hard axis 1 = o1l 4
— X10°F 1 T .
< ok 3 ®  oriented powder Fe8
r X
109 01f @ single crystal Fe8
r 1 ;
1x10‘95 Fe8 1 theoretical curve (1/T)
3 E 0.01 1 1 1
1107p D=-0.292 K E=0.047 K+ 2 4 6
vaovt Ny b Parallel field (T)
00 05 10 15 20 25 30 35 40 45 50

Transverse field (T)

FIG. 3. Parallel field dependence ofT1/in single-crystal Fg
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FIG. 1. Calculated transverse field dependence of the tunnedured atT=1.5 K. The data for powder sampl®ef. 18 were
splitting A for two directions §-medium andx-hard axes The  rescaled for the different hyperfine coupling constant. The solid line
broken line shows the field dependence of the proton NMR Zeemarfs a calculated result based on the model in terms of spin-phonon
splitting. The dips in the curve for the hard axis correspond to thenteraction[Eq. (2)].
quenching of the tunneling splitting due to the Berry phase effect.

comes field independent indicating spin freezing in the time

considering that by increasing the transverse field the incogingow of the NMR experiment. By measuringTl/at any
herent tunneling probability becomes sufficiently high as toyqsition in the spectrum, one obtains information about the

match the proton Larmor frequency. In fact, the proton spinf,cyations of the magnetization of the moleculeT 1ivas
lattice relaxation measures the spectral density at the Larmof,aasured at a slightly shifted position in thie-NMR spec-
frequency of the fluctuations of the hyperfine field associateg (0.25 kOe from the proton Larmor fieldo exclude

with the change in orientation of the molecular magnetizay,,ssiple effects due to impurities which would be most rel-
tion. When the applied field goes through this condition the,

f ) fth - Hoctive in dri evant at the Lamor field. The recovery of the nuclear mag-
fluctuation rate of the magnetization is most effective in driv-petizationi (1) following a saturation sequence of radio fre-
ing the nuclear relaxation and a maximum appears .1/

quency pulses was found to be nonexponential, as typically

shown in Fig. 2. 1T, was extracted from the slope of the

initial part of the recovery curve representing the weighted

average of the relaxation rates of the different nonequivalent
gProtons in the SMM?®

Il. EXPERIMENTAL DETAILS

The single crystal Re[~3x2x1 (mnt)] used in this
study is synthesized following the method reporte
previously!’ The proton NMR in oriented powders and ori-
ented small single crystals of fehas been reported
previously® and we refer to that paper for details about the

experimental setup. We summarize here the main findings, OF the sake of comparison we show first in Fig. 3 the

Upon decreasing the temperature the NMR spectrum ber_esults of the proton relaxation rate in gFsingle crystal
hen the magnetic field is applied parallel to the easy axis.

comes broad and with a structure which reflects the differen . . .
ome measurements obtained previotfsip the oriented

local fields at the different proton sites in the molecule. Be- ! .
low 4.2 K the separation of the peaks in the structure bepowder sample_ are also_ showr_l n the figure. U'?der parallel
field the tunneling rate is negligibly small and it does not

influence 1T, as can also be evidenced by the absence

Ill. RESULTS AND DISCUSSION

" . T=1.5K of anomalies at the critical fieldsHs~0.22<n T (n
* . Himedum axis =1,2,3...) corresponding to level crossingsee low-field
1Y e, results in Ref. 18 It was showr® that for an external field
=N along the easy axig the results can be explained in terms of
= s a simple modéP which describes the fluctuations of magne-
~ s ° o ° H=2275T tization among the different quantum numimesubstates of
% ° s H=2575T the S=10 ground state in terms of spin-phonon interaction.
\e ° o, " nesorET The monotonic decrease ofTh/at 1.5 K, shown in Fig. 3,
oql e can be fitted very well with the expression foiT1/in Ref.
"0 1 2 3 4 5 6 7 8 9 10 18,
t (msec)

FIG. 2. Typical experimental recovery curves’®i magnetiza-
tion measured aH=2.275 T (open circleg H=2.575 T (closed
circles, andH=5.075 T(closed squargsvhere external magnetic

field is applied parallel to the medium axis.
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FIG. 5. Transverse field dependence ofllat T=1.5K in
FIG. 4. Transverse field dependence oflimeasured afl oriented powder Rgesample measured at P1 position present in
=1.5 K in single-crystal Rgas a function of the field along the NMR spectrum. The two set of data refer to measurements done on
y-medium axis(closed circles Open squares are the results ob- different delay timet between two radio frequency pulséspen
tained when the single crystal is tilted so that the applied field is 5°circles were reported previously in Ref.)20
off the xy plane. Solid and broken lines are calculated curves ac-
cording to Eqgs(3)—(5) with the set of parameters discussed in the the single-crystal data is most likely due to the distribution of
text. field orientation in the haray plane present in the oriented
powder in gransverse field. In fact in the previous
the partition function, and#(,)s.pp is the lifetime of themth mterpretatlpﬁ we assumed that the. measured,1Was n-
sublevels due to the spin-phonon interaction. The solid line igeed a Wel_ghted average of relaxa_tl_on rates for the different
crystal grains. However, from additional measurements we

a calculated result with the same spin-phonon coupling con=. .
pin-p ping %|scovered that the measured 1/depends on the distance

in Ref. 1 | h he h fi ,
igahn;”rnegpocr;ic'ist:nme: 0 gxafglza(?;gs;;)ze ??:3: tW(; n)"lngir Inbetween the two radio frequency pulses used to read the echo
: ' intensity after the saturation pulse, as shown in Fig. 5. This

conclude that foH//z no effects of quantum tunneling can . .
q g indicates that the measuredi'l/in oriented powder may not

be observed on T/ as expected since the tunneling dynam- . :
ics is too slow for longitudinal applied fields and most of b? qttnbute_d to a weighted average from the aI_I the clusters
stributed in the haraty plane, since one can miss the con-

clusters occupies the ground-state sublevel which does n ) : ; : :
b 9 ribution from grains for which the relaxation rate is very

r h her magneti levels. . )
cross the other magnetic suble es 3. short. Having argued that the much more reliable data are the
On the other hand, a dramatic enhancemenf pt is A C
observed centered arouht=2 6 T when the maanetic field present ones in single crystal which is actually one of the
' 9 reasons why we have carried out the experiments in the

is applied in the hardky plane along the medium axis single crystal, we can conclude that the peak in Fig. 4 cannot

y(H/ly) as shown in Fig. 4. The peak disappears when %e due to a simple cross-relaxation effect. Careful measure-

parallell field component |s_|ntroduced in addlthI: 'Fhe trans- o ois were performed around the figi=1.6 T to make
verse field, by tilting the single crystal about 5° in the

. . ) sure that another peak is not present at the matching condi-
plane (see Fig. 4. Since the parallel field component re- P P g

. tion in Fig. 4 and none was found as seen in Fig. 4.
moves the degeneracy of them magnetic states and con- 9 g

S LIS An alternative explanation can be envisaged to interpret
sequently the possibility of tunneling it is clear that the peakthe peak of 1T, observed in Fig. 4. In fact, the large tunnel-
of 1/T; must be related to a contribution to the nuclear re- ’

. . : ing splitting in transverse field can generate fluctuations of
laxation rate from the tunneling dynamics. g Spiting 9

. di h ibility that th kot is d the magnetization at frequencies close to the proton Larmor
First we discuss the possibility that the peakif” is due frequency that can induce enhanced spin-lattice relaxation.

to a cross relaxation between the nuclear Zeeman reserVvgje assume that, besides the contribution from thermal fluc-

and the tunneling reservoir. For cross relaxation to occur th?uations due to spin-phonon interactions discussed above
Zeeman splitting of the nuclear states must be equal to th@e_' (Tl_l)s-ph- there exists a second contribution to nuclear

tunneling splitting of the Rg magnetic ground staten ; -1 o i .
==*10. This is indeed the interpretation that we gave to therelaxatlon, Ty )7, arising from the fluctuations of the hy

preliminary data obtained in oriented powder where a peaLE)erfine field resulting from the tunneling trans_itions between

of 1T, is observed around 3.5 T as shown in Fig%%ow- " — 10 and between smallen states higher in energy,

ever, in the present single-crystal ddkg. 4) the peak oc-

curs atH~2.6 T while the matching conditiory=A+, in (i) :(i i) 3)

Fig. 1 takes place ai~1.6 T. The discrepancy is too large T \Ty T/

to be ascribed to the uncertainty in the paramebeasdE or

to the neglect of higher-order terms in Hamiltonian EL. We further assume for the tunneling contribution an expres-
The discrepancy between the oriented powder data ansion similar to Eq(2) whereby the random change of hyper-

whereA is the square average fluctuating hyperfine figlgs

+
s-ph
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fine field results now from the total reversal of the magneti- N T " T " T " ]
zation between-m states: 10000 [ () 0=0 T
p( B _m) g o H//medium axis|
-10 (7m)7eX e
Tl 2o 1tol(rf S ]
where B is the square average fluctuating hyperfine field y . -
originated from the tunneling transition. For the tunneling 1250 i ' ' ' ]
rate [(rm)T_l] between =m levels we assume the — 10000 ]
expressioft I
\99)/ 7500 -
2
i) - (Apilm . ) & 5000 _
™/t 'yt [(En—E_pn/fh] ™ 2500 .
wherel’,, is a level broadening parameter arig},(— E_ ) is 0
the energy-level mismatch due to any longitudinal compo- 1000 90 }
nent of the bias field. = 70 o= ]
The theoretical curve obtained from Eq8)—(5) and by g H//hard axis
using the tunneling splitting values calculated in Fig. 1 is L g0 b 4
shown in Fig. 4. The experimental data are fitted reason- | - L
ably well by setting B=1.3x10" (Hzradf, I';p=2 = 250 | .
x10® (Hzrad), and E,—E_.)/A=4.2x10% (Hzrad). -
For a negligible single-crystal misalignment the above mis- 0 5 4 6 8I
match E,,—E_,) must correspond to a longitudinal local- H (T)

field component of the bias field independent from the ap-

pllz(/j f'ild ar;;mg_ from |_ntgsrmholecullar d]lp(r)]larb!nte][_a?élqns FIG. 6. Transverse field dependence of;limeasured afl
and/or hyperfine interactiorisThe value of the bias field is =1.5 K in single-crystal Rewith different orientations of the mag-

roughly estimated to bel,~120 Oe with a simple assump- patic field with respect to thg axis in thexy plane: (@) ¢=0°
tion of m=10. It is noted that this estimate must be regardeqy_medium axi§, (b) ¢~20°, (c) ¢~90° (x-hard axis. Open
just as an order of magnitude since quantum number squares in(c) are the results obtained when the single crystal is
=10 for the ground-state magnetic sublevel is not a goodilted by 5° off thexy plane. Solid lines are calculated curves ac-
?ulatljnztgm number under application of the strong transverseording to Eqs(3)—(5) with the set of parameters discussed in the
ield. text.

Furthermore, as seen in Fig. 4, the disappearance of the
peak due to a misalignment of 5° between the applied fieldixis and the external field in they plane, the peak position
and thexy plane is also well reproduced by the theoreticalshifts to higher field, as expected from the behavior of the
model[Egs.(3)-(5)], by taking into consideration the effect tunneling splitting and thus of the tunneling probabiligee
of the additional longitudinal field component a€{ Fig. 1). The solid lines in the figure are calculated results

—E_)/A=gug[m—(—m)][H,+H sin(5). utilizing Egs. (3)—(5) with the same value of the bias field
It is noted that at the temperature of our measurementéE,,— E_,)/A=4.2X10'° (Hzrad). For the case of¢p
(T=1.5K), the dominant contribution in Eq4) comes ~20°, the experimental results are well fitted with the pa-

from the ground-state terrm=10 although all levels have rametersB=1.3x 10" (Hzrady andI';;=2x1C® (Hzrad)
been included in the theoretical fit. We are aware that in Refwhich are identical as fosp=0°. On the other hand, for the
2, the expression for the tunneling probability is differentcase of ¢~90° (H//hard axis), the peak is smaller
from the one adopted hefé&q. (5)], since the former in- and broader and the fit is not good even with a different
cludes a term 4+)2 in the denominator. Although the more choice of parametersB=1.3x 10*? (Hzradf and I';;=5
general expression should be used to describe thermally ac<10° (Hzrad).
tivated tunneling near the top of the barrier, it yields the In order to check whether the peak for the caséHdfx
wrong fit in our case particularly at high fields. We arguestill comes from the effects of tunneling dynamics, we intro-
that, when the tunneling splitting is made large by the transduced a longitudinal field component by tilting the crystal in
verse field and the dominant contribution in E4) comes the xz plane about 5° as in the case of tpenedium axis.
from the ground-state terrm=10 at the temperature of our The fact that the peak of T{ does disappear seems to indi-
measurementsT(= 1.5 K) one should use E@5) from Ref.  cate that the same is still originating from the tunneling dy-
21 to describe the tunneling probability. namics. It is noted that the transverse field at which the peak
Finally, we report in Fig. 6 the transverse field depen-of 1/T; occurs in Fig. 6 is smaller than the anisotropy field at
dence of 1T, for different orientations of the field in hardy  which the classical energy barrier vanish@stimated at
plane. With increasing the angl¢ between the mediungy H~3.3T and H~4.7T for ¢~0° and ¢~90°,
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respectively’). The experimental peak positions até phenomenological model of nuclear relaxation due to quan-
~2.6 TandH~3.5 T for ¢~0° and¢~90°, respectively, tum fluctuations of the magnetization. A good fit of the data
where the barriers’ height is still abb@ K and first excited was obtained in all cases except when the direction of the
sublevels are close to the top of the barrier for each casdransverse field was along the hardxis. The interest of the
Although most of molecules(about 90% occupy the present results resides in the fact that it was shown that in
ground-state sublevel at the temperature of 1.5 K for bottparticular circumstances the nuclear Zeeman reservoir and
cases, it is conceivable that the lack of quantitative agreethe tunneling reservoir are strongly coupled. It is thus natural
ment for the¢~90° case in Fig. 6 is due to the breakdown to think about double resonance experiments to further ex-
of the simple model based on the incoherent tunneling of thelore the issue.

ground staten= *+10.
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