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Proton spin-lattice relaxation induced by quantum tunneling of the magnetization
in the molecular nanomagnet Fe8
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We report the observation of the effect of the quantum tunneling of the magnetization in the molecular
nanomagnet@Fe8(N3C6H15)6O2(OH)12#•@Br8•9H2O# ~in short, Fe8) on the proton spin-lattice relaxation rates
(T1

21) measured in single crystal Fe8 at 1.5 K. When the external field is applied parallel to the magnetic easy
axis of the molecular nanomagnet,T1

21 decreases monotonically, a behavior well explained in terms of the
magnetization fluctuations due to spin-phonon interaction. On the other hand, a peak ofT1

21 is observed 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 peak ofT1

21

is a direct consequence of the matching condition of the incoherent tunneling probability with the proton
Larmor frequency.

DOI: 10.1103/PhysRevB.69.014405 PACS number~s!: 76.60.2k, 75.45.1j, 75.50.Xx
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I. INTRODUCTION

The study of quantum tunneling of the magnetizati
~QTM! has received a new impulse following the discove
of this phenomenon in single molecule magnets~SMM!.1

The two systems which have been most widely investiga
are @Fe8(N3C6H15)6O2(OH)12#•@Br8•9H2O# which is the
target of the present investigation and will be referred
hereafter as Fe8,2–4 and the similar cluster Mn12.2,5,6 QTM
in Fe8 is associated with the existence in the high-s
ground state (S510) of pairwise degenerate6m magnetic
levels separated by an energy barrier~about 24 K! due to
easy axis crystal-field anisotropy in thez direction.3

The occurrence of QTM in zero external magnetic field
related to the splitting of the magnetic levels by an amo
DT which is due to off diagonal terms in the magnetic Ham
tonian arising from anisotropy in thexy plane, intermolecular
dipolar interactions, and hyperfine interactions. Normally
tunnel splittingDT in the above clusters is much smaller th
the level broadening so that measurements ofDT is difficult.
However, by applying a magnetic field perpendicular to
easy axis~transverse field!, one can increaseDT of all levels
while leaving the symmetry of the double well potential i
tact. Figure 1 shows the calculated transverse field dep
dence of the tunnel splittingDT for the ground-state sublev
elsm5610 for the two orientations of the transverse field
the xy hard plane (y-medium andx-hard axis!. The results
were obtained from the diagonalization of the model s
Hamiltonian,

H5DSz
21E~Sx

22Sy
2!1gmBS•H, ~1!
0163-1829/2004/69~1!/014405~5!/$22.50 69 0144
d

o

t

e

e

n-

n

where, for Fe8, the axial anisotropyD and the in-plane an-
isotropy E constants are known to beD;20.292 K and
E;0.047 K, respectively, from electron paramagne
resonance ~EPR!,7,8 neutron spectroscopy,9 optical
spectroscopy,10 and magnetization measurements.11 The tun-
neling splitting for pairwise degenerate levels with lowerm
is much bigger. Their calculated value is not shown in Fig
for the sake of simplicity and since they do not play a r
evant role in our low-temperature experiments. Somew
different results are obtained by including higher-order ter
and/or by changing theD andE parameters in Eq.~1!. How-
ever, these details are not relevant to our experiment as
be perceived in the following. The important fact is that,
can be seen in Fig. 1,DT for both directions increases b
about ten orders of magnitude with increasing transve
field thus makingDT big enough to be measured, e.g., by
susceptibility,12 high-frequency resonant experiments,13 and
specific-heat measurements.14–16For H.1 T, the relaxation
~fluctuation! of the magnetization driven by tunneling~co-
herent and/or incoherent! becomes so fast that it falls into th
characteristic frequency domain~MHz! of nuclear magnetic
resonance experiment.

Motivated by this idea we set up to measure the pro
NMR and relaxation in a single crystal of Fe8 as a function
of external magnetic field and crystal orientation at 1.5
We find that when the magnetic field is applied perpendicu
to the main easy axisz ~transverse field! a pronounced peak
in the proton spin-lattice relaxation rate 1/T1 occurs at some
field value which depends on the orientation of the transve
field in the hardxy plane. The effect is well explained b
©2004 The American Physical Society05-1
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considering that by increasing the transverse field the in
herent tunneling probability becomes sufficiently high as
match the proton Larmor frequency. In fact, the proton sp
lattice relaxation measures the spectral density at the Lar
frequency of the fluctuations of the hyperfine field associa
with the change in orientation of the molecular magneti
tion. When the applied field goes through this condition
fluctuation rate of the magnetization is most effective in dr
ing the nuclear relaxation and a maximum appears in 1/T1.

II. EXPERIMENTAL DETAILS

The single crystal Fe8 @;33231 (mm3)# used in this
study is synthesized following the method report
previously.17 The proton NMR in oriented powders and or
ented small single crystals of Fe8 has been reported
previously18 and we refer to that paper for details about t
experimental setup. We summarize here the main findin
Upon decreasing the temperature the NMR spectrum
comes broad and with a structure which reflects the differ
local fields at the different proton sites in the molecule. B
low 4.2 K the separation of the peaks in the structure

FIG. 1. Calculated transverse field dependence of the tu
splitting DT for two directions (y-medium andx-hard axes!. The
broken line shows the field dependence of the proton NMR Zee
splitting. The dips in the curve for the hard axis correspond to
quenching of the tunneling splitting due to the Berry phase effe

FIG. 2. Typical experimental recovery curves of1H magnetiza-
tion measured atH52.275 T ~open circles!, H52.575 T ~closed
circles!, andH55.075 T~closed squares! where external magnetic
field is applied parallel to the medium axis.
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comes field independent indicating spin freezing in the ti
window of the NMR experiment. By measuring 1/T1 at any
position in the spectrum, one obtains information about
fluctuations of the magnetization of the molecule. 1/T1 was
measured at a slightly shifted position in the1H-NMR spec-
trum ~0.25 kOe from the proton Larmor field! to exclude
possible effects due to impurities which would be most r
evant at the Lamor field. The recovery of the nuclear m
netizationM (t) following a saturation sequence of radio fr
quency pulses was found to be nonexponential, as typic
shown in Fig. 2. 1/T1 was extracted from the slope of th
initial part of the recovery curve representing the weigh
average of the relaxation rates of the different nonequiva
protons in the SMM.19

III. RESULTS AND DISCUSSION

For the sake of comparison we show first in Fig. 3 t
results of the proton relaxation rate in Fe8 single crystal
when the magnetic field is applied parallel to the easy a
Some measurements obtained previously18 in the oriented
powder sample are also shown in the figure. Under para
field the tunneling rate is negligibly small and it does n
influence 1/T1 as can also be evidenced by the abse
of anomalies at the critical fieldsHC;0.223n T (n
51,2,3. . . ) corresponding to level crossings~see low-field
results in Ref. 18!. It was shown18 that for an external field
along the easy axisz, the results can be explained in terms
a simple model19 which describes the fluctuations of magn
tization among the different quantum numberm substates of
the S510 ground state in terms of spin-phonon interactio
The monotonic decrease of 1/T1 at 1.5 K, shown in Fig. 3,
can be fitted very well with the expression for 1/T1 in Ref.
18,

S 1

T1
D

s-ph

5
A

Z (
m5110

210 ~tm!s-phexpS 2
Em

kBTD
11vL

2~tm!s-ph
2

, ~2!
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n
e
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FIG. 3. Parallel field dependence of 1/T1 in single-crystal Fe8
~closed circles! and oriented powder sample~closed squares! mea-
sured atT51.5 K. The data for powder sample~Ref. 18! were
rescaled for the different hyperfine coupling constant. The solid
is a calculated result based on the model in terms of spin-pho
interaction@Eq. ~2!#.
5-2
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whereA is the square average fluctuating hyperfine field,Z is
the partition function, and (tm)s-ph is the lifetime of themth
sublevels due to the spin-phonon interaction. The solid lin
a calculated result with the same spin-phonon coupling c
stant reported in Ref. 18 and almost the same the hype
coupling constantA50.731012 (rad Hz)2. Thus we may
conclude that forH//z no effects of quantum tunneling ca
be observed on 1/T1 as expected since the tunneling dyna
ics is too slow for longitudinal applied fields and most
clusters occupies the ground-state sublevel which does
cross the other magnetic sublevels.

On the other hand, a dramatic enhancement ofT1
21 is

observed centered aroundH52.6 T when the magnetic field
is applied in the hardxy plane along the medium axi
y(H//y) as shown in Fig. 4. The peak disappears whe
parallel field component is introduced in addition the tra
verse field, by tilting the single crystal about 5° in theyz
plane ~see Fig. 4!. Since the parallel field component re
moves the degeneracy of the6m magnetic states and con
sequently the possibility of tunneling it is clear that the pe
of 1/T1 must be related to a contribution to the nuclear
laxation rate from the tunneling dynamics.

First we discuss the possibility that the peak ofT1
21 is due

to a cross relaxation between the nuclear Zeeman rese
and the tunneling reservoir. For cross relaxation to occur
Zeeman splitting of the nuclear states must be equal to
tunneling splitting of the Fe8 magnetic ground statem
5610. This is indeed the interpretation that we gave to
preliminary data obtained in oriented powder where a p
of 1/T1 is observed around 3.5 T as shown in Fig. 5.20 How-
ever, in the present single-crystal data~Fig. 4! the peak oc-
curs atH;2.6 T while the matching condition,n5DT , in
Fig. 1 takes place atH;1.6 T. The discrepancy is too larg
to be ascribed to the uncertainty in the parametersD andE or
to the neglect of higher-order terms in Hamiltonian Eq.~1!.

The discrepancy between the oriented powder data

FIG. 4. Transverse field dependence of 1/T1 measured atT
51.5 K in single-crystal Fe8 as a function of the field along th
y-medium axis~closed circles!. Open squares are the results o
tained when the single crystal is tilted so that the applied field is
off the xy plane. Solid and broken lines are calculated curves
cording to Eqs.~3!–~5! with the set of parameters discussed in t
text.
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the single-crystal data is most likely due to the distribution
field orientation in the hardxy plane present in the oriente
powder in transverse field. In fact in the previou
interpretation20 we assumed that the measured 1/T1 was in-
deed a weighted average of relaxation rates for the diffe
crystal grains. However, from additional measurements
discovered that the measured 1/T1 depends on the distanc
between the two radio frequency pulses used to read the
intensity after the saturation pulse, as shown in Fig. 5. T
indicates that the measured 1/T1 in oriented powder may no
be attributed to a weighted average from the all the clus
distributed in the hardxy plane, since one can miss the co
tribution from grains for which the relaxation rate is ve
short. Having argued that the much more reliable data are
present ones in single crystal which is actually one of
reasons why we have carried out the experiments in
single crystal, we can conclude that the peak in Fig. 4 can
be due to a simple cross-relaxation effect. Careful meas
ments were performed around the fieldH51.6 T to make
sure that another peak is not present at the matching co
tion in Fig. 4 and none was found as seen in Fig. 4.

An alternative explanation can be envisaged to interp
the peak of 1/T1 observed in Fig. 4. In fact, the large tunne
ing splitting in transverse field can generate fluctuations
the magnetization at frequencies close to the proton Lar
frequency that can induce enhanced spin-lattice relaxat
We assume that, besides the contribution from thermal fl
tuations due to spin-phonon interactions discussed ab
i.e., (T1

21)s-ph, there exists a second contribution to nucle
relaxation, (T1

21)T , arising from the fluctuations of the hy
perfine field resulting from the tunneling transitions betwe
m5610 and between smallerm states higher in energy,

S 1

T1
D5S 1

T1
D

s-ph

1S 1

T1
D

T

. ~3!

We further assume for the tunneling contribution an expr
sion similar to Eq.~2! whereby the random change of hype

°
-

FIG. 5. Transverse field dependence of 1/T1 at T51.5 K in
oriented powder Fe8 sample measured at P1 position present
NMR spectrum. The two set of data refer to measurements don
different delay timet between two radio frequency pulses~open
circles were reported previously in Ref. 20!.
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fine field results now from the total reversal of the magne
zation between6m states:

S 1

T1
D

T

5
B

Z (
m5110

210 ~tm!TexpS 2
Em

kBTD
11vL

2~tm!T
2

, ~4!

where B is the square average fluctuating hyperfine fi
originated from the tunneling transition. For the tunneli
rate @(tm)T

21# between 6m levels we assume th
expression21

S 1

tm
D

T

5
~DT!m

2 Gm

Gm
2 1@~Em2E2m!/\#2

, ~5!

whereGm is a level broadening parameter and (Em2E2m) is
the energy-level mismatch due to any longitudinal com
nent of the bias field.

The theoretical curve obtained from Eqs.~3!–~5! and by
using the tunneling splitting values calculated in Fig. 1
shown in Fig. 4. The experimental data are fitted reas
ably well by setting B51.331013 (Hz rad)2, G1052
3108 (Hz rad), and (Em2E2m)/\54.231010 (Hz rad).
For a negligible single-crystal misalignment the above m
match (Em2E2m) must correspond to a longitudinal loca
field component of the bias field independent from the
plied field arising from intermolecular dipolar interaction
and/or hyperfine interactions.2 The value of the bias field is
roughly estimated to beHz;120 Oe with a simple assump
tion of m510. It is noted that this estimate must be regard
just as an order of magnitude since quantum numbem
510 for the ground-state magnetic sublevel is not a go
quantum number under application of the strong transve
field.22

Furthermore, as seen in Fig. 4, the disappearance of
peak due to a misalignment of 5° between the applied fi
and thexy plane is also well reproduced by the theoretic
model@Eqs.~3!–~5!#, by taking into consideration the effec
of the additional longitudinal field component as (Em
2E2m)/\5gmB@m2(2m)#@Hz1H sin(5)#.

It is noted that at the temperature of our measureme
(T51.5 K), the dominant contribution in Eq.~4! comes
from the ground-state termm510 although all levels have
been included in the theoretical fit. We are aware that in R
2, the expression for the tunneling probability is differe
from the one adopted here@Eq. ~5!#, since the former in-
cludes a term (DT)m

2 in the denominator. Although the mor
general expression should be used to describe thermally
tivated tunneling near the top of the barrier, it yields t
wrong fit in our case particularly at high fields. We arg
that, when the tunneling splitting is made large by the tra
verse field and the dominant contribution in Eq.~4! comes
from the ground-state termm510 at the temperature of ou
measurements (T51.5 K) one should use Eq.~5! from Ref.
21 to describe the tunneling probability.

Finally, we report in Fig. 6 the transverse field depe
dence of 1/T1 for different orientations of the field in hardxy
plane. With increasing the anglef between the mediumy
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axis and the external field in thexy plane, the peak position
shifts to higher field, as expected from the behavior of
tunneling splitting and thus of the tunneling probability~see
Fig. 1!. The solid lines in the figure are calculated resu
utilizing Eqs. ~3!–~5! with the same value of the bias fiel
(Em2E2m)/\54.231010 (Hz rad). For the case off
;20°, the experimental results are well fitted with the p
rametersB51.331013 (Hz rad)2 andG10523108 (Hz rad)
which are identical as forf50°. On the other hand, for the
case of f;90° (H//hard axis), the peak is smalle
and broader and the fit is not good even with a differe
choice of parameters:B51.331012 (Hz rad)2 and G1055
3109 (Hz rad).

In order to check whether the peak for the case ofH//x
still comes from the effects of tunneling dynamics, we intr
duced a longitudinal field component by tilting the crystal
the xz plane about 5° as in the case of they-medium axis.
The fact that the peak of 1/T1 does disappear seems to ind
cate that the same is still originating from the tunneling d
namics. It is noted that the transverse field at which the p
of 1/T1 occurs in Fig. 6 is smaller than the anisotropy field
which the classical energy barrier vanishes~estimated at
H;3.3 T and H;4.7 T for f;0° and f;90°,

FIG. 6. Transverse field dependence of 1/T1 measured atT
51.5 K in single-crystal Fe8 with different orientations of the mag
netic field with respect to they axis in thexy plane: ~a! f50°
(y-medium axis!, ~b! f;20°, ~c! f;90° (x-hard axis!. Open
squares in~c! are the results obtained when the single crysta
tilted by 5° off thexy plane. Solid lines are calculated curves a
cording to Eqs.~3!–~5! with the set of parameters discussed in t
text.
5-4
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respectively12!. The experimental peak positions areH
;2.6 T andH;3.5 T for f;0° andf;90°, respectively,
where the barriers’ height is still about 3 K and first excited
sublevels are close to the top of the barrier for each c
Although most of molecules~about 90%! occupy the
ground-state sublevel at the temperature of 1.5 K for b
cases, it is conceivable that the lack of quantitative agr
ment for thef;90° case in Fig. 6 is due to the breakdow
of the simple model based on the incoherent tunneling of
ground statem5610.

IV. SUMMARY AND CONCLUSIONS

We have shown that the proton 1/T1 in single-crystal Fe8
is strongly affected by the tunneling dynamics when
magnetic field is applied perpendicular to the easyz axis.
The peak that one would have expected in the field dep
dence of 1/T1 due to cross relaxation at the matching con
tions nL5DT was not observed. This could be due to t
excessive broadening of the magnetic levels. It would
interesting to search for the cross-relaxation effects at a t
perature much lower than 1.5 K. On the other hand a
peak was detected at a higher field corresponding to the
dition that the Larmor frequencynL equals the incoheren
tunneling transition probability in agreement with a simp
ou
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phenomenological model of nuclear relaxation due to qu
tum fluctuations of the magnetization. A good fit of the da
was obtained in all cases except when the direction of
transverse field was along the hardx axis. The interest of the
present results resides in the fact that it was shown tha
particular circumstances the nuclear Zeeman reservoir
the tunneling reservoir are strongly coupled. It is thus natu
to think about double resonance experiments to further
plore the issue.
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