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Proton spin relaxation induced by quantum tunneling in Fe8 molecular nanomagnet
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The spin-lattice relaxation rafél’l and NMR spectra ofH in single crystal of molecular magnets Fe8 have
been measured down to 15 mK. The relaxation fBfé shows a strong temperature dependence down to
400 mK. The relaxation is well explained in terms of the thermal transition of the iron state between the
discreet energy levels of the total s@Ba- 10. The relaxation timé&, becomes temperature independent below
300 mK and is longer than 100 s. In this temperature region stepwise recovery HftN&IR signal after
saturation was observed depending on the return field of the sweep field. This phenomenon is attributed to the
resonant quantum tunneling at the fields where levels cross and is discussed in terms of the Landau-Zener
transition.

DOI: 10.1103/PhysRevB.66.073309 PACS nuniber76.60—k, 75.45:+j

Recently, molecular nanomagnets have attracted mucfyr the experiments were aboutx2x1 mnt. The NMR
attention to study quantum mechanical phenomena iRpectrum and the spin-lattice relaxation ratg* of H in

the macroscopic system owing to their identical size,reg ere measured by the coherent pulsed NMR method in

the - well-defined structure and a well-characterizedgytornal magnetic fields up to 5.4 T. The spectra were ob-
energy structuré: The molecular magnet

. tained by measuring the spin-echo intensity with sweeping
[(CoH1sN3) 6F€30,(OH)12]Br7(H,0) Br- 8H,0, abbreviated o i1y at 4 fixed frequency. The relaxation rate was ob-
Fe8, is a representative compound in which quantum tunnet—

ing of magnetization(QTM) has been observed as the ained by measuring the recovery of the spin echo intensity

temperature-independent recovery of magnetization belof® & function of the time after saturation of thel spins
400 mK4-7 using comb pulses. The experimental temperature was low-

The molecular magnet Fe8 consists of eightFéons ~ €red down to 15 mK using éHe—“He dilution refrigerator.
with spins=5/2 in each molecule. The magnetic interactions | "€ Samples were sealed wifitle gas in a cell made of
between the spins in the molecule are antiferromagnetic andCTFE plastigpolychlorotrifiuoroethylene The cell was set
their magnitudes are 22—170%yhile the magnetic interac- N the mixing chamber of the dilution refrigerator.
tions between the molecules are negligibly small. The mag- The NMR spectrum at room temperature is narrow with
netic properties of this compound at low temperatures havéhe width smaller than 50 Oe, while the spectrum becomes
been described by a total spin & 10 for each molecule, in broader and shows structure at lower temperatures. The
which six spins are parallel to each other and the remainingtructure is caused by freezing of the iron magnetization and
two spins are antiparallel to the six spf&The spin Hamil-  the existence of manyH sites.

tonian in the fieldH is expressed by Figure 1 shows the temperature dependence of the relax-
2 P ation rateT; . The rateT; ' decreases steeply over six de-
H=DS; +E(S,~S))+gusSH, oy cades with lowering the temperature from 10 K to 400 mK,

where D and E are the easy axis and the in-plane aniso-and decreases with increasing field. Below 300 K" is
tropy, respectively. We have determined the values of almost temperature independent and has a strong site depen-
D=-0.276 K andE=—0.035 K by magnetization mea- dence, as is found in Fig. 1.
surement on a single crystaWhen there is no magnetic Figure 2 shows NMR spectra of the single crystal at
field, the anisotropy stabilizes the degenerate spin states 460 mK. The field was applied so as to make an amgté
m= *+10 at low temperatures. These states correspond to ojp0° from the easy axis and to be within thb plane. In this
posite directions of the magnetization in the classical sens@xperiment we first saturated théH spin system by the
The energy barrier caused by the anisotropy for reversal ofomb pulses at a fixed frequency, sweeping the field up and
the magnetization between= =+ 10 is reported to be 25 K.  down between 0.1 and 1.5 T for more than three times, until
Quantum tunneling of magnetization in Fe8 has been obthere was no observation of the echo signals. Then the field
served only by magnetization measureménfsin order to  was decreased to a certain figi} with a constant sweep
study the spin dynamics in Fe8 from a microscopic point ofrate dH/dt. Immediately after arriving aii, , the field was
view we performed NMR experiments and found a stepwiséncreased with the same sweep rate and the spectrum was
recovery of the'H spin echo signal due to resonant quantumtaken at a fixed repetition time. No signals were expected to
tunneling at the level crossing fields. be observed, because the returning duration after the satura-
We synthesized single crystals of Fe8, following thetion was planned to be enough shorter than the relaxation
method reported previousl{.The sizes of the crystals used time that is longer than 100 s. Indeed no signals except from
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FIG. 1. Temperature dependence of relaxation Taité for the 29 MHz ' i . o)
samples composed of plural single crystals and for a single crystal. 0 1|50 ImKI . %_. N
Lines denote calculated values.

-1 -0.5 0
19 in the material of the sample cell ariile in the mixing Hr (T)

chamber were observed when the field was returned at FIG. 3. Return fieldH, dependence of echo intensity at field of
) g . 3. r
0.05 T, as shown in the lowest spectrum in Fig. 2. However @ 0.45 T, 6=50° and(b) 0.60 T, 6—0°. Broken lines show calcu-

signals were observed when the return fields were negauvé.lted level crossing fields. The echo intensity at 60 mK(dnis

normalized with that for 150 mK atl,=—2.0 T.
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FIG. 2. NMR spectra of single crystal Fe8, which were taken FIG. 4. Sweep ratalH/dt dependence of echo intensity at
with increasing the field froni, after the saturationT=150 mK,  0.60 T when(a) H,=—-0.1 T and(b) H,=—0.3 T. The field is
f=29 MHz, dH/dt=0.9 T/min, andd=50°. Broken lines show the applied parallel to the easy axis. The solid and broken lines show
level crossing fields. calculated values by Eq88) and (9), respectively.
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The intensities of the signals increased with decreasing re-
turn field.

Figures 3a) and 3b) show the return field dependence of
the echo intensity. Figure(8 was obtained in the case when
the field was applied witl®=50° within theab plane. Fig-
ure 3b) is the case when the field was parallel to the easy
axis (6= 0°). Theecho intensities were picked up at fields of
0.45 and 0.60 T for Figs.(8) and 3b), respectively. The
intensity increases sharply with steps at-00.31, —0.63,
and—1.00 T for Fig. 3a), while for Fig. 3b) the steps are at
+0.02 and—0.20 T. The increase in the intensity at the steps
cannot be explained by recovery due to the spin-lattice re- Magnetic Field (T)
laxation time shown in Fig. 1. Moreover the intensity is de-
pendent on the sweep rate of the field, but independent on FIG. 5. Schematic energy level diagram of the spin system and
temperature. Figure 4 shows the sweep rate dependence tbé transitions.
the intensity at a field of 0.60 T when the field was applied
parallel to the easy axis and the return fields wei®1 T  wherev is the phonon velocity ang is the specific mass.
and —0.3 T. The intensity is large when the sweep rate isThus the spin-lattice relaxation rate is obtained as
slow.

First we analyze the relaxation rate. The temperature de- 1 A X Tme Em/keT
pendent relaxation rates of a molecular magnet Mn12 were . 22
first discussed by Lascialfaet al* In general'l'l_1 is given
by the Fourier transform of the correlation function for fluc- \whereA= y2(Ah2).

tuating transverse local fields. (t) at nuclear sites, and is The relaxation rates calculated by using E8). with fit-

: (6

T Zm 10 l~|—ooETﬁ1

expressed as ting parametersA=4x 10 rad/¢ and C=5x10° Hz/K>
5 are shown for several fields in Fig. 1. The experimental re-
i: ﬂf <{ht(t)h:(o)}>eiw|_tdt' ) sults of the temperature and .field dependence _above 40Q mK
T, 2 are well reproduced over six decades by this calculation.

This means that relaxation above 400 mK is dominated by
thermal fluctuations resulting from the transitions of iron
%pins between neighboring states due to spin-phonon inter-
actions. The deviations at high temperatures must be caused
by the contribution from higher energy levels which are not

where yy is the nuclear gyromagnetic ratio ang is the
Larmor frequency. When the correlation is assumed to b
described by an exponential function with a lifetimg in
the m state, the correlation can be expressed as

+10 CE, /kgT described by the simplified spin model wisi+ 10.
{h.(Dh=(0OP= > (AhZ)e Um (3) The observed ; * below 300 mK deviates from the cal-
- N m=-10 - A culated values and becomes temperature independent. This

may be related to the temperature independent recovery of
magnetization that has been observed in SQUID below
400 mK at nonlevel crossing fieldsand may be attributed to
the quantum effect.

Next we discuss the stepwise behavior of the echo inten-
sity, shown in Fig. 3. Figure 5 shows schematically the field
dependence of the energy levels of the iron spin system de-
1 scribed by Eq(1) and the transitions of the states when the
—=p _.+p field is decreased. In the experiment, when the field is posi-
T m—m-—1 m—m+1 . . . _

m tive at low temperatures, all the spins are in the —10
state. When the field is decreased to zero, the level of the

where E,,, is the energy of the eigenstate and Z is the
partition function. The lifetimer,, for the m state is governed
by the spin-phonon interactioH, and is expressed by the
probabilitiesp,_,m_1 for the transition from them to the
m-—1 state ando,,_. 1 for that from them to the m+1
state, as follows?

cA Eﬁ] n ca Ers;wl (for m>0) m= — 10 state crosses with that of tihe=10 state, and the
@AEm/kgT 11— @ AEm+1/ksT ' spins in them= — 10 state would change to tme= 10 state
= B N by quantum tunneling with a probabilitf _ 14 1. Further
CAE, CAEM 1 (for m<0) decrease of the field causes the energy levels to cross again

+ " . e >
1—e AEm/kgT  @AEmi1/kgT_q and the transition to occur again. The transition at the point
where the levels cross has been calculated by Landau and

4 Zener, and the probability from tha state to them’ state in

whereAE,=|E,_1— En|. The paramete€ is given by this case is express€d*®as
2
3 TAL
C=————|(m|Hsy/m=1)|?, 5 Pmm=1—exp — : @
27Tp05ﬁ4|< [Hsplm==1) ® mm p( 2fgue/m—m’|dH/dt
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whereA, v is the tunneling gap at the level crossing. Theseperimental values is reasonably good and these values for
transitions would induce fluctuations of the local field atA_;,;pandA_;qgare close to those reported from magne-
proton sites and cause extra relaxation of the nuclear spingization measuremenfs’

After quantum tunneling, the spin state rapidly relaxes As is found in Fig. 8b), the echo intensities foH,<
to the lower energy levels, following the Boltzmann distri- — .25 T at a sweep rate of 0.9 T/min remain constant and
bution. The lifetimer, below 300 mK estimated is to be smaller than those faitH/dt=0.08 T/min. The stepwise re-
less than 107 sec from the measured relaxation time andcoyery was not observed for the lower crossing fields. An
Eq. (6). It should be noted that these thermal transitions Cafhtensity of the signals which were measured at the slow
occur only between states with the same sigmfwhile 001 rate of 0.08 T/min withi, less than—0.6 T corre-

quantum tunneling occurs between states with opposite Sig§bonds to the intensity of the signal which recovered com-

of m. o ) .
The measured period of the stepwise behaviorgfeb0° glgt?l!yr'n;hl')sy Isr]\}veelsp%gvﬁz ;i)eblt(?lzsda;zlr oltg\?vnf?rS\:ereatt?mgfs
was 0.32 T, while that fow=0° was 0.22 T. The period of between—0.1 and —0.6 T. However, the intensity after

Iiz\ga/lgzroscilggagglgse I\;Q’aﬁégr:rsesgdsfgﬁéoglg]la}reg*?go sweeping up and down three times at lower fields between
8 ' ) —0.6 and—1.0 T with dH/dt=0.9 T/min remained small.

and 0°, respectively. The values coincide fairly well with the _* ) X
experimental results. These results clearly indicate that th&hiS Suggests that tunneling does not occur at fields lower
sudden recovery of th&H spins is caused by resonant quan-than —0.6 T, though the reason is not cle_alr.
tum tunneling of the iron magnetization at the level crossing N conclusion, the proton relaxation rafe ~ of Fe8 above
fields. 400 mK is dominated by the thermal fluctuation of the iron
When the iron spin state in a certain molecule change§1agnetization with spis=10. The transition of magnetiza-
through tunneling, the'H spins in the molecule would be tion between the states split ByS is caused by the spin-
rapidly relaxed. The iron spins which have tunneled in zergohonon interaction, and induces the fluctuation at nuclear
or negative fields arrive at them=10 state and have possi- sites. The rate becomes temperature independent below
bility to tunnel again in the zero or positive fields. If it is 300 mK. In this temperature region the stepwise recovery of
assumed that the iron spins which have experienced tunneihe echo intensity caused by quantum tunneling at the level

ing once at least contribute to the proton relaxation, the echerossing fields was observed in thE-NMR spectrum. This
intensities!; at the monitoring field after the field returning indicates that the internal field at proton sites fluctuates due

would be expressed as to the resonant quantum tunneling of iron spins, which is
described by the Landau-Zener transition. The temperature
l1=lof{1—(1-P_1010%}, (8  independent relaxation rates themselves measured below 300

mK are governed by the temperature independent correlation
times possibly related to the quantum effect, however, this
lo=lo{1—(1—P_1010%(1—P_199°}, (9) quantum process is another one than the resonant quantum
' ’ tunneling.

for H_199<H,<0, and

for H_1p0g<H,<H_159, whereH, , is the crossing field

of the statesnandm’. The measured sweep rate dependence We would like to thank Prof. S. Miyashita and Dr. K.

of echo intensities was fitted to Eq8) and(9) with Eq. (7), Saito for valuable discussions. We also thank Dr. H. Mi-
A_10173.52¢<10 " K and A_;,4=9.66x10 'K, as yasaka and Dr. H. -C. Chang for their helpful advice on
shown in Fig. 4. The agreement between calculated and esynthesis of the samples.
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