
Decoherence Window and Electron-Nuclear Cross Relaxation in the Molecular Magnet V15

J. H. Shim,1,* S. Bertaina,2 S. Gambarelli,1 T. Mitra,3,† A. Müller,3 E. I. Baibekov,4 B. Z. Malkin,4

B. Tsukerblat,5 and B. Barbara1,6

1Laboratoire de Chimie Inorganique et Biologique (UMR-E3 CEA-UJF), INAC, CEA, Grenoble,
38054 Grenoble Cedex 9, France

2IM2NP, CNRS (UMR 7334), and Université Aix-Marseille, 13397 Marseille Cedex 20, France
3Fakultät für Chemie, Universität Bielefeld, Postfach 100131, D-33501 Bielefeld, Germany

4Kazan Federal University, Kazan, 420008, Russian Federation
5Ben-Gurion University of the Negev, 84105 P.O. Box 653, Beer-Sheva, Israel
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Rabi oscillations in the V15 single molecule magnet embedded in the surfactant ðCH3Þ2 �
½CH3ðCH2Þ16CH2�2Nþ have been studied at different microwave powers. An intense damping peak is

observed when the Rabi frequency �R falls in the vicinity of the Larmor frequency of protons !N . The

experiments are interpreted by a model showing that the damping (or Rabi) time �R is directly associated

with decoherence caused by electron-nuclear cross relaxation in the rotating reference frame. This

decoherence induces energy dissipation in the range !N � �e <�R < !N , where �e is the mean

superhyperfine field induced by protons at V15. Weaker decoherence without dissipation takes place

outside this window. Specific estimations suggest that this rapid cross relaxation in a resonant microwave

field, observed for the first time in V15, should also take place, e.g., in Fe8 and Mn12.

DOI: 10.1103/PhysRevLett.109.050401 PACS numbers: 03.65.Yz, 36.40.�c, 76.30.�v

Single molecule magnets (SMMs) are composed of a
lattice of molecules or clusters whose collective ground-
state spin S is associated with strong intramolecular inter-
actions. SMMs are considered as promising systems for
quantum information processing because they can be self-
organized in 2D or 3D networks, while their relatively
small size (� 1 nm) makes them good quantum objects
with weak self-decoherence (which is generally noncon-
trolled, as in, e.g., superconducting qubits). Predictions
announce phase coherence times �2 ¼ 100–500 �s in
V15 [1] and Fe8 [2], provided that the nuclear spin bath is
absent and the temperature and magnetic field are opti-
mized. However, this takes place in the absence of micro-
waves or under a short pulse sequence (as in the Hahn
spin-echo method). A continuous resonant microwave field
produces nutations of the spin magnetization (Rabi oscil-
lations [3]). The relaxation dynamics in this transient
regime changes drastically. For a dipolar-coupled system
of electronic spins, �R can become much shorter than �2
[4–6]. As opposed to common knowledge [7], under the
condition �R < �2, the utmost time of coherent spin ma-
nipulations in quantum computation will be limited by �R
rather than �2, and oscillations disappear if �R is less than
the oscillation period.

The first evidence of Rabi oscillations in a SMM was
obtained in the cluster ½VIV

15As
III
6 O42ðH2OÞ�6� (V15) em-

bedded in the surfactant ðCH3Þ2½CH3ðCH2Þ16CH2�2Nþ
(DODA) to reduce dipolar interactions [1,8]. In a later
study, Rabi oscillations were detected in an Fe4 SMM
[9]. In both cases, the coherence times �2 reached several

hundred nanoseconds. Similar �2 were obtained in
Cr7-based [10] and Fe8 [2] SMMs, but Rabi oscillations
could not be detected. In this Letter, we show that Rabi
oscillations of V15-DODA are subjected to a very efficient
and apparently general decoherence mechanism accompa-
nied by energy dissipation into the proton spin bath. In a
certain range of Rabi frequencies where this new phenome-
non takes place, the condition �R < 2�=�R is nearly
fulfilled and oscillations almost disappear.
The V15 cluster has a layer structure: three VIV form a

central triangle sandwiched by two smaller VIV
6 hexagons

[11,12] (Fig. 4 in [12]). The 15 spins 1=2 are coupled by
strong antiferromagnetic superexchange interactions in the
external hexagons and by a relatively weak exchange
through the bridges in the central triangle [11,13,14]. The
lowest energy levels are a pair of doublets (with a gap of
�1=2 ¼ 200 mK caused by the Dzyaloshinskii-Moriya in-

teractions [11,14]) and a quartet (with small zero-field
splitting �3=2 ¼ 12 mK [1,11]) isolated from the above

quasicontinuous spectrum by a gap of � ¼ 250 K [11].
A series of V15-DODA samples with V15 concentration

c ¼ ð1–5Þc0 (c0 ¼ 4:3� 1017 cm�3) [15] was prepared
following Ref. [1]. Variations of both the phase and spin-
lattice relaxation times were measured vs c (Fig. 6 in [12]).
The observed linear slope of d�2=dc is apparently related
to the decoherence viaV15 intercluster dipolar interactions.
The phase coherence time measured at 4.2 K is of 0:5 �s
for c ¼ c0 and decreases down to 0:25 �s for c ¼ 4c0. The
spin-lattice relaxation can be neglected below 10 K, where
the spin-lattice relaxation time �1 > 10 �s [12].
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Rabi oscillations of V15-DODA were measured at 4.2 K
in the sample with c ¼ 4c0 by means of a pulsed EPR
Bruker E-580 X-band spectrometer operating at !=2� ¼
9:7 GHz. Symmetry-based selection rules and evaluations
of the intensities imply that transitions within the lowest
four Zeeman sublevels of the doublet states have much
smaller probabilities than those of the quartet
S ¼ 3=2 [1]. Rabi oscillations between S ¼ 3=2 states
were induced by a long microwave field pulse of length t
and subsequently recorded by spin echo, giving access to
the time evolution of the sample magnetization hMzðtÞi. In
both the t pulse and the �=2-� Hahn spin-echo sequence,
the same B1 values were used. Figures 1 and 2
show hMzðtÞi for B0 ¼ 0:354 T and B1 in the range
0.054–1.24 mT (or, equivalently, for Rabi frequen-
cies �R=2� ¼ 2:6–59:2 MHz; the ratio �R=2�B1 ¼
48 MHz=mT was determined experimentally). Each
hMzðtÞi corresponds to the superposition of the three
S ¼ 3=2 oscillations with slightly different Rabi frequen-
cies (see [12]). All curves show a fast decrease at short
times due to the dephasing of spin packets with different
resonance frequencies in an inhomogeneously broadened
EPR line, followed by a number nR of damped Rabi
oscillations. The damping time �R is very sensitive to
�R, particularly in the range 8–15 MHz where the fastest
decay (nR < 3) is observed. In order to extract the damping
time �R associated with each �R, each measured oscillat-

ing curve in Fig. 1 is fitted to j0ð�RtÞe�t=�R , where j0ðzÞ ¼R1
z J0ðzÞdz (J0 is the zero-order Bessel function) is asso-

ciated with the distribution of Larmor frequencies within
the EPR line [5], while the damping of oscillations related
to decoherence processes is given by a simple exponential

e�t=�R . The full evolution of the damping rate ��1
R vs�R is

shown as a set of symbols in Fig. 3. The broad peak in the
range 8 MHz<�R=2�< 15 MHz implies the existence
of a new decoherence mechanism extremely sensitive to

the microwave field amplitude. In that region, the oscilla-
tions do not obey a simple exponential law, which results in
large error bars in Fig. 3. The peak value �R ¼ 36 ns
obtained at �R=2� ¼ 8 MHz is nearly by an order of
magnitude shorter than �2 ¼ 250 ns measured at the
same conditions. The slow linear variation of ��1

R with
�R=2� in the range 20–60 MHz (slope �0:02) is a con-
sequence of the random distribution of the Landé factor of
V15 clusters in a frozen solution and intercluster dipolar
interactions (see [12]).
The decoherence peak around 8 MHz has a shoulder at

�R=2�� 15 MHz, close to the Larmor frequency of
protons of DODA in the resonant field B0 (!N=2� ¼
15:1 MHz for B0 ¼ 0:354 T). This suggests a decoherence
mechanism associated with resonant electron-nuclear cross
relaxation when the electronic Rabi frequency �R is close
to the average proton Larmor frequency !N . Such a
mechanism of polarization transfer from the electronic to
the nuclear spin bath is analogous to that in the nuclear spin

FIG. 1. Measured hMzðtÞi showing the evolution of Rabi os-
cillations as a function of the microwave field B1 (see text).

FIG. 2 (color online). Rabi oscillations in V15-DODA re-
corded at (a) Rabi frequencies �R=2� ¼ 30 MHz and
(b) �R=2� ¼ 10 MHz. Experimental and computed values of
hMzðtÞi are represented by circles and thick lines, respectively.
As the inhomogeneous EPR line half-width �=2�� 700 MHz
by far exceeds �R, the mean z component of magnetization is
expected to follow the law hMzðtÞi � j0ð�RtÞe�t=�R , where
j0ðz � 1Þ � ð2=�zÞ1=2 cosðzþ �=4Þ [5]. This form of hMzðtÞi
was used to extract the experimental values of �R [110 and 48 ns
for (a) and (b), respectively]. The curves computed from Eq. (4)
show a phase shift ��=4 relative to experimental points during
the first period of oscillations, which is due to the selective
nature of spin-echo registration. Only a part of the spin packets
close to resonance contributes to the measured signal, thus
reducing the half-width �. However, this phase discrepancy
does not affect the signal at a longer scale (�Rt > 2�), as
well as Rabi times �R.
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orientation via the electron spin locking technique of dy-
namic nuclear polarization under a resonant microwave
field [16,17] and with the electronic spin nutation fre-
quency tuned to !N (the Hartmann-Hahn condition [18]).
Here, we are not interested in a high degree of polarization
of the nuclear spin bath requiring a special sequence of
pulses, but in the relatively low degrees of depolarization
of the electronic spin bath after a single Rabi pulse. Such a
depolarization leads to the strong decoherence mechanism
in V15 which is investigated here for the first time.

As the S ¼ 3=2 zero-field splitting is �3=2 >�R, only

one of three possible transitions in a given cluster is actually
induced by the microwave field and we can use an effective
S ¼ 1=2 ‘‘central spin’’ (CS) Hamiltonian [19]:

H ¼ !eSz þ 2�RSx cos!tþX
j

!jI
j
z þ

X
j;�¼x;y;z

Aj
z�SzI

j
�;

(1)

where !e and �R are the Larmor precession frequency
and the Rabi frequency of the CS, and !j are the pre-

cession frequencies of the proton spins I ¼ 1=2 distrib-
uted around !N with half-width �N (the average local
field produced by the CS at the neighboring nuclear spin).
The last term in Eq. (1) represents the superhyperfine
interaction between the CS and nuclear spins (the non-
diagonal terms �Sx; Sy are omitted). In the rotating ref-

erence frame, we obtain the following effective
Hamiltonian [12]:

H0 ¼ �~Sx þ VðtÞ;
VðtÞ ¼ 1

2�
ð�R

~Sz þ "~SxÞ
X
j

f½ðAj
zx � iAj

zyÞei!jtIjþ þ c:c:�

þ 2Aj
zzI

j
zg; (2)

where � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2 þ�2

R

q
is the nutation frequency of the

CS (where " ¼ !e �!). The following notations are

used: Ij� ¼ Ijx � iIjy, ~Sx ¼ ð�RSx þ "SzÞ=�, ~Sy ¼ Sy,

and ~Sz ¼ ð�RSz � "SxÞ=�; �~Sx stands for the residual
interaction of the CS with the external field in the rotating

reference frame. The perturbation VðtÞ ¼ ~!xðtÞ~Sx þ
~!zðtÞ~Sz involves random local fields induced by the nu-
clei at the CS site. These fields have two components:
(i) ~!xðtÞ aligned in the direction of the CS quantization

axis ~x. The corresponding terms ~SxI
j
þð�Þ and ~SxI

j
z of (2)

result mainly in spin dephasing. They are relevant for
spins far from resonance ("��R). (ii) the transverse

component ~!zðtÞ that comes from ~SzI
j
z and ~SzI

j
þð�Þ terms

in (2). The term ~SzI
j
z describes the second-order process

of dephasing, and the corresponding damping rate of Rabi
oscillations is limited by the rate of the nuclear bath
internal dynamics [20]. The cross-relaxation terms
~SzI

j
þð�Þ are responsible for the mutual flips of the elec-

tronic and nuclear spins, leading to energy dissipation.
These resonant processes occur only when VðtÞ has spec-
tral components close to the CS nutation frequency, i.e.,
for !j ��. As opposed to spin dephasing, electron-

nuclear cross relaxation takes place even for slow nuclear
spin baths, provided !j ��.

In order to simulate the recorded Rabi oscillations, we
have considered an ensemble of CSs with different " that
comprise the inhomogeneously broadened EPR line and
have obtained the following expression for the probability
of a transition of the CS determined by cross-relaxation
processes [12]

Pð�; tÞ ¼ �2
e�

2
R

�2

Z
d!�ð!Þ

�
sin2½ð��!Þt=2�

ð��!Þ2

þ sin2½ð�þ!Þt=2�
ð�þ!Þ2

�
(3)

[here, �ð!Þ is the distribution density of nuclear frequen-
cies] that depends on the average local field �e produced
by the neighboring nuclear spins at the site of the CS. At
the moment t, the fraction of spins in the spin packet that
are still coherently driven by the resonant microwave pulse

is e�Pð�;tÞ. Averaging over this ensemble of spin packets
leads to the following evolution of the recorded z projec-
tion of magnetization:

hMzðtÞi �
Z

d"gð"Þ "
2 þ�2

R cos�t

�2
e�Pð�;tÞ; (4)

where gð"Þ is the spectral density of electronic spin states.
At short times, Pð�; tÞ � 0, and the time-dependent term

in expression (4) is roughly proportional to ð�RtÞ�1=2,
explaining the fast initial decrease of hMzðtÞi in terms of
the dephasing of different spin packets (see the caption of
Fig. 2). At longer times, the damping of oscillations comes

FIG. 3 (color online). Decay rate of Rabi oscillations 1=�R vs
�R=2�. Measured and calculated data are represented as squares
and a solid line, respectively. The dashed line represents the
linear dependence 0:02�R þ 4:5� 106 s�1 (see text).
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from the cross-relaxation factor e�Pð�;tÞ. Equation (4) was
used for simulations of oscillation decays and Rabi times
associated with each B1 (thick solid red curves in Figs. 2
and 3). Correct estimation of the parameters �e and �N

requires precise calculation of the local fields produced by
the dipolar interactions at the vanadium and proton sites.
Taking into account magnetic dipolar interactions between
the VIV centers and the nearest neighbor protons, we
obtained the following rough estimates: �e=2� �
8 MHz and �N=2� � 2 MHz. The damping factor

e�ð��Rþ�2Þt (dashed line in Fig. 3) was added in front of
the cosine in Eq. (4) in order to account for (i) the
microwave-independent decoherence (�2 ¼ 4:5 �s�1, at-
tributed to the 51V nuclear spin bath [1]), (ii) the dispersion
of the g factors in the disordered sample, and (iii) the
intercluster dipolar interactions. Both (ii) and (iii) result
in the linear dependence of ��1

R upon �R with the coeffi-
cient � � 0:02 (see [12]). Note that the coherence time
1=�2 ¼ 220 ns is close to the phase coherence time
�2 ¼ 250 ns independently measured at the same condi-
tions and that molecular vibrations become important only
at T � 4 K when the spin-lattice relaxation time �1 is
comparable with the Rabi time �R.

The distinct features of the observed ��1
R ð�RÞ (a peak at

8 MHz and a shoulder at 15 MHz; see Fig. 3) are repro-
duced by the above derived model. Since for a given spin
packet with " � 0 its nutation frequency �>�R, the
Hartmann-Hahn condition � ¼ !N yields the condition
�R < !N . The Pð�; tÞ expression (3) gives the peak po-
sition at �R �!N � �e, explaining the shift from 15.1 to
8 MHz [12]. The shoulder at �R=2� ¼ 15 MHz comes
from those V15 spins that are close to resonance (� ¼ �R)
and are responsible for Rabi oscillations at�Rt � 1 when
less coherent spin packets (�>�R) are dephased
sufficiently.

In conclusion, this first study of the decoherence of Rabi
oscillations vs the variable microwave field B1 in the
V15-DODA systems shows two distinct types of behavior:
(i) a linear increase of Rabi decay rate ��1

R with�R=2�>
15 MHz associated with the dispersion of the g factors of
the V15 clusters and with intercluster dipolar interactions
and (ii) a broad peak in the range 8<�R=2�< 15 MHz
with a maximum near 8 MHz and a shoulder near 15 MHz.
While (i) is rather well understood, (ii) gives evidence for a
new decoherence mechanism in the presence of a micro-
wave field. It generates polarization transfer between the
electronic and nuclear subsystems accompanied with en-
ergy dissipation from electronic to nuclear spin baths. This
mechanism is very general since it is observed for a rather
wide range of �R, originating from the inhomogeneous
distribution of V15 Larmor frequencies. The damping time
�R of oscillations reaches values 10 times shorter than the
phase coherence time �2 at the same temperature. The
contribution from other nuclear spins (75As, 14N, and
51V) to the decoherence is negligible for �R > 5 MHz

but can be important when �R ! 0, i.e., in the absence
of a microwave pulse, as in �2 measurements [1]. The
decoherence with the dissipation window revealed in this
Letter should also be relevant for other SMMs containing
protons likeMn12 and Fe8. Each Fe8 cluster contains more
than 100 protons, for which the experimental data on
proton-induced superhyperfine fields [21] and proton
NMR [22] suggest �e=2�� 7 MHz and �N=2��
2 MHz, i.e., a broad dissipation window of �9 MHz. In
the SMM Mn12, �N=2�� 2 MHz [23], and rough esti-
mates provide us with �e=2�� 30 MHz, so a very broad
(� 32 MHz) decoherence peak is expected here. A proper
choice of B0 and B1 fields could bring �R outside the
window ½!N � �e;!N�, which would elongate consider-
ably the coherence times of the above SMMs in the pres-
ence of microwaves and could therefore avoid painstaking
deuteration procedures.
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Ibanez Group, Néel Institute) for helping with processing
samples in an oxygen-free glove box. S. B. thanks the City
of Marseille for financial support. B. T. thanks the Israel
Science Foundation for financial support (ISF Grant
No. 168/09). A.M. thanks the Deutsche Forschungs-
gemeinschaft for continuous support.

*Present address: Fakultät Physik, Technische Universität
Dortmund, Dortmund 44221, Germany.
†Present address: Donnan and Robert Robinson
Laboratories, University of Liverpool, Crown Street, L69
7ZD, UK.

[1] S. Bertaina, S. Gambarelli, T. Mitra, B. Tsukerblat, A.
Müller, and B. Barbara, Nature (London) 453, 203 (2008);
466, 1006 (2010).

[2] S. Takahashi, I. S. Tupitsyn, J. van Tol, C. C. Beedle, D.N.
Hendrickson, and P. C. E. Stamp, Nature (London) 476, 76
(2011).

[3] I. I. Rabi, Phys. Rev. 51, 652 (1937).
[4] R. Boscaino, F.M. Gelardi, and J. P. Korb, Phys. Rev. B

48, 7077 (1993); R. N. Shakhmuratov, F.M. Gelardi, and
M. Cannas, Phys. Rev. Lett. 79, 2963 (1997).

[5] E. I. Baibekov, JETP Lett. 93, 292 (2011).
[6] S. Bertaina, S. Gambarelli, A. Tkachuk, I. N. Kurkin, B.

Malkin, A. Stepanov, and B. Barbara, Nature Nanotech. 2,
39 (2007).

[7] M.A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, England, 2000), p. 280.

[8] N. Prokof’ev and P. Stamp, J. Low Temp. Phys. 104, 143
(1996).

[9] C. Schlegel, J. van Slageren, M. Manoli, E. K. Brechin,
and M. Dressel, Phys. Rev. Lett. 101, 147203 (2008).

[10] A. Ardavan, O. Rival, J. J. L. Morton, S. J. Blundell, A.M.
Tyryshkin, G. A. Timco, and R. E. P. Winpenny, Phys. Rev.
Lett. 98, 057201 (2007).

PRL 109, 050401 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

3 AUGUST 2012

050401-4

http://dx.doi.org/10.1038/nature06962
http://dx.doi.org/10.1038/nature09362
http://dx.doi.org/10.1038/nature10314
http://dx.doi.org/10.1038/nature10314
http://dx.doi.org/10.1103/PhysRev.51.652
http://dx.doi.org/10.1103/PhysRevB.48.7077
http://dx.doi.org/10.1103/PhysRevB.48.7077
http://dx.doi.org/10.1103/PhysRevLett.79.2963
http://dx.doi.org/10.1134/S002136401105002X
http://dx.doi.org/10.1038/nnano.2006.174
http://dx.doi.org/10.1038/nnano.2006.174
http://dx.doi.org/10.1007/BF00754094
http://dx.doi.org/10.1007/BF00754094
http://dx.doi.org/10.1103/PhysRevLett.101.147203
http://dx.doi.org/10.1103/PhysRevLett.98.057201
http://dx.doi.org/10.1103/PhysRevLett.98.057201


[11] A. Tarantul, B. Tsukerblat, and A. Müller, Inorg. Chem. 46,
161 (2007); A. Tarantul and B. Tsukerblat, Inorg. Chim. Acta
363, 4361 (2010); B. S. Tsukerblat and A. Tarantul, in
Molecular Cluster Magnets, edited by R.E. P. Winpenny
(WorldScientific,Singapore, tobepublished),Chap. 3, p. 106.

[12] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.109.050401 for more
details about the structure and relaxation rates in V15 and
the theoretical approach.

[13] D. Gatteschi, L. Pardi, A. L. Barra, A. Müller, and
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