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Mixing of magnetic states in a Cr8 molecular ring
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Effects of mixing of magnetic states in a molecular Cr8 ring were investigated by torque magnetometry and
heat capacity measurements. Results are interpreted within the framework of the spin Hamiltonian approach
allowing us to fit the pattern of energy levels derived by neutron spectroscopy. The torque signal gives
evidence of mixing of states with the same parity while the Schottky anomaly vanishes atBc156.9 T and
Bc2514.0 T, the fields at which theS5u0,0& state crossesS5u1,21& and S5u1,21& crossesS5u2,22&,
respectively, showing no repulsion between states with different parity, in contrast to what was observed on
ferric wheels.
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I. INTRODUCTION

Molecular rings are a subclass of molecular magn
More specifically, they are collections of single-molecule a
tiferromagnets embedded—and perfectly oriented—withi
crystalline structure. A family of ferric wheels, short
named as Fe6 , Fe10, Fe12, and Fe18, have been intensively
studied in the last few years.1–4 These molecular rings com
prise an even number of Fe31 spin (s55/2) centers in a
cyclic structure with a dominant antiferromagnetic coupli
between the nearest neighbors and weaker axial anisotr
interactions. In zero field the ground state of the ring is
singlet while the series of characteristic excitations5,6 are ex-
pected to merge to those of an infinite chain as the numbe
spin centers increases. Molecular rings have been also
posed as candidates for the observation of the quantum
neling of the Ne´el vector through the anisotropy barrier7

although the conditions to be met in real samples are
matter of debate. Recently a new class of molecular C31

(s53/2) rings have been synthesized and characterized
magnetic and HF-EPR measurements8 and inelastic neutron
scattering~INS!9 and they look suitable for observation o
quantum phenomena. Specific investigations on possible
turbations with decoherence effects are, however, neces
and this was one motivation for the present work.

The essential spin Hamiltonian describing a magnetic r
is9
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where the first term is the dominant isotropic exchange
teraction, whereas the second and third terms describe
anisotropic local crystal-field and the intracluster dipo
dipole interaction.10 The intracluster dipole-dipole interac
tion Di j can be evaluated within the point-dipo
approximation.11 The last one is the Zeeman term in whic
according to the HF-EPR results,8 isotropicg factors can be
assumed. Concerning the local crystal field, it can be sim
described as

(
i

si•Di•si5D(
i

Fsz
2~ i !2

1

3
si~si11!G

1E(
i

@sx
2~ i !2sy

2~ i !#, ~2!

For an octanuclear Cr31 ring the total dimension of the Hil-
bert space is 65536. We already showed how theS-mixing
effects can be included in the calculation by using the tw
step procedure described in Ref. 9 which exploits a te
nique developed in Ref. 12. Therefore, by applying t
abovementioned procedure, the complete Hamiltonian~1!
can be diagonalized in the reduced subspace spanned b
lowest eleven multiplets and by the lowest manifold w
total spinS54.13 This method provided a very accurate d
scription of the INS data by takingJ51.46 meV with D
520.029 meV andE520.004 meV.9 In the present work,
the crystal-field parameterE has been assumed equal to ze
since its effect on the calculated quantities is negligible. T
energy levels of Cr8 are depicted in Fig. 1 as a function of a
external magnetic field. In zero field the ground state isS
50 and when an external magnetic field is applied it p
gressively switches toS51, S52, etc., at corresponding
critical valuesBcn . The analysis of INS data proved tha
mixing of states belonging to different spin multiplets
©2003 The American Physical Society03-1
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nonnegligible9 and in this work we search further effects
the S mixing on the thermodynamic properties of Cr8. Inter-
estingly, the effects of mixing of states are enhanced at
level anticrossings. According to results of the diagonali
tion of Eq.~1!, for instance, true level crossings are expec
at Bc1 andBc2, whenS5u0,0& crossesS5u1,21& and when
S5u1,21& crossesS5u2,22&, respectively~see Fig. 1!.
However, calculations also show that the introduction o
Dzyaloshinsky-Moriya~DM! interaction term may lead to
significant mixing between the lowest states of different p
ity in Cr8. In this eventuality, by applying a suitable ma
netic field we would induce anticrossings between the t
lowest lying levels instead of the crossings shown in Fig
These anticrossings will cause significant modifications
the thermodynamic properties of the system. These eff
are also expected for the ferric wheels.14 In Ref. 15 we
showed that combined techniques like torque magnetom
NMR and heat capacity measurements, provide a powe
tool to study the level crossing mechanism in molecular cl
ters. Surprisingly we found a strong level repulsion atBc1
andBc2 in Fe6:Li ferric wheel and different scenarios wer
proposed to explain those results.15 One purpose of this work
is to check this issue in a different cyclic system. Here
present results of high field torque magnetometry and h
capacity measurements on Cr8 single crystals and we directl
compare them with those obtained by the diagonalization
the spin Hamiltonian~1!.

II. EXPERIMENTAL RESULTS

The synthesis and the characterization of@Cr8F8Piv16#
(Piv5pivalic acid, trimethyl acetic acid! single crystals, Cr8
in short, are reported in detail in Ref. 8. The heat capacity
small single crystals~1–2 mg! was first measured as a fun
tion of temperature~down to 1.9 K! by means of a Quantum
Design PPMS-7T system. Combined torque and heat ca
ity measurements were then performed down to 0.7 K at

FIG. 1. Energy levels of Cr8 calculated by the spin Hamiltonia
~1! with parameters obtained by results of inelastic neutron sca
ing ~Ref. 9!. The angle between the magnetic field and the uniq
axis of the Cr8 ring is u565°.
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Grenoble High Magnetic Field Laboratoryas described in
Ref. 15.

In Fig. 2 the specific heatC of a Cr8 single crystal is
reported as a function of temperature. In zero field
Schottky anomaly with a maximum at;2.9 K is easily vis-
ible and theC(T) curve reproduces quite well data obtain
on powders.9 TheC(T) curve becomes flat as a 7 T magne
field, lying close to the ring plane, is applied. This is a co
sequence of the fact that the energy separation between
S50 and theS51 state gets small and consequently t
Schottky anomaly moves to very low temperatures w
small contribution at 2 K. In Fig. 2 the theoretical curv
C5Cm1Clatt are also reported, where the magnetic con
bution Cm /Rb2 (b215kBT) was calculated as

S ie i
2exp~2be i !S iexp~2be i !2@S ie iexp~2be i !#

2

@S iexp~2be i !#
2

~3!

with energy levelse i obtained by the spin Hamiltonian~1!
containing the microscopic parameters evaluated by inela
neutron scattering.9 The lattice contribution is well ac-
counted by

Clatt /R5
234rT3

~QD1dT2!3
, ~4!

where r is the number of atoms per molecule~215 in our
case!, QD5(154610) K, andd50.367 K21 are determined
by least-squares best fitting procedure. It is worth stress
that theC(T,H) data are well fitted by the theoretical curve
with no need to change the spin Hamiltonian paramet
Since theC(T,H) is rather smooth, the effects ofS mixing
are not relevant here.

Figure 3 shows the torque signal measured on a Cr8 single
crystal atT50.9 K as a function of an external magnet
field. The two steps of the torque signal evidence the m
netic fieldsBc156.9 T andBc2514.0 T at which the system
switches fromS5u0,0& to S5u1,21& and fromS5u1,21&
to S5u2,22& state, respectively. The crossing fieldsBc1 and

r-
e

FIG. 2. Specific heat, normalized to the gas constantR, of a Cr8
single crystal measured in zero field and with a 7 T magnetic fi
lying close to the ring plane. Lines are calculated as explained
the text.
3-2
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Bc2 correspond to an angleu;65° between the unique axi
and the magnetic field direction whereas the sign of
torque signal indicates that the uniquez axis of the ring is a
hard magnetic axis.8 It is worth noting that between two
crossing fields the torque signal is not flat. This feature w
also observed on ferric wheels.14 This is an interesting char
acteristic that will be discussed below.

The heat capacity, measured simultaneously to the tor
signal on the same single crystal, is plotted in Fig. 4. AtT
50.9 K, the lattice contribution is very small~see Fig. 2!,
and the magnetic contributionCm is essentially determined
by the two lowest levels. Hence, for system with two lev
separated by an energy gapD(B), Cm is simply
(D/kBT)2exp(D/kBT)@11exp(D/kBT)#22 that is expected to
reach a maximum whenD(B).2.5kBT while it must vanish
at Bcn if the two levels are degenerate, i.e.,D50. Figure 4
shows that deep minima occur atBc1 and Bc2. These main
features of theC(B) curve are well reproducible by slightl
changing temperature~from 0.7 to 1.2 K!, excitation fre-
quency~from 0.4 to 1.0 Hz! and orientation (u530°). The
solid line is calculated by considering the energy separa
between the ground and the first excited state, for an ang
;65° atT50.9 K. The experimental data nicely fit theore
ical predictions and clearly show that the repulsion betw
the S5u0,0& and S5u1,21& states and that between theS
5u1,21& and S5u2,22& ones is vanishingly small in Cr8,
thus confirming the theoretical prediction for the true cro
ing of these levels.

III. DISCUSSION

Hereafter, we compare experimental with theoretical
sults in detail. First, it should be stressed that the Ham

FIG. 3. Torque signal measured as a function of magnetic fi
at 0.9 K ~circles!. The magnetic field direction forms an angleu
;65° with respect to the unique axis of the Cr8 ring. Simulations
are calculated as described in the text and one~solid line! includes
S mixing, for the other one~broken line! S mixing is neglected.
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tonian parameters were previously obtained by inelastic n
tron scattering results and only few free parameters w
introduced to fit thermodynamic data. The agreement
tween the experimental results and calculations is excel
and this confirms that the parameters of the spin Hamilton
~1! were determined with high precision.

The newest results of this work come from the torque a
the C(B) curves shown in Figs. 3 and 4, respectively. T
torqueT acting on a ring can be computed once the Ham
tonian ~1! has been diagonalized. Setting the magnetic fi
in the xz plane~the ring lies in thexy plane!, we have only
the Ty component, hence differentiating the Zeeman term
Eq. ~1! with respect tou ~Ref. 14!:

Ty52gmBB~^Sx&cosu2^Sz&sinu!. ~5!

In Fig. 3 we report two simulations of the torque signa
one obtained by the diagonalization of the full Hamiltoni
in the reduced Hilbert space~solid line! and the other one
calculated by neglectingS mixing ~broken line!. The aniso-
tropic interactions, such as the crystal field and the dipo
dipole coupling, being described by nonzero-rank tensor
erators, mix states belonging to different spin multiplets.
particular, the mixing between theS50 state and the lowes
S52 manifolds, and between the lowestS51 and S53
multiplets cannot be neglected. Moreover, to correctly
count for the high-field region~above;15 T) of the torque
measurements, the lowestS54 manifold, that was neglecte
in our previous work,9 has to be included in the calculation
The inclusion of theS54 multiplet enhances the absolu
value of the torque signal by about 3–4 % for fields high
than ;15 T and it accounts for the slope of the plate
above 15 T. On the other hand, states which belong to
ferent irreducible representation of the symmetry group

ld FIG. 4. Heat capacity, in arbitrary units, as a function of ma
netic field at 0.9 K. The magnetic field direction forms an angle
u;65° with respect to the unique axis of the Cr8 ring. The solid
line represents a two level Schottky anomaly with the energy
D(B) calculated by the Hamiltonian~1! ~see Fig. 1!.
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the Hamiltonian do not mix and can cross by applying
magnetic field. This is the case, for example, for the le
crossings between theS50 andS51 states and between th
S51 and S52 states atBc1 and Bc2, respectively. TheS
mixing effects are clearly visible in Fig. 1, where seve
anticrossings between states of the same parity are pre
Simulations indicate that the torque signal between t
crossing fieldBcn is flat if no mixing is considered but it get
a slope as soon as a mixing between states is taken
account. Experimental data clearly show that torque is
flat between two crossing fields and we may conclude
this is a clear signature of the mixing of states with the sa
parity.

The study of the heat capacity allows us to monitor
evolution of the energy gapD(B) between the lowest-lying
states and in particular possible level repulsion atBcn . The
presence of the two deep minima ofC(B) at the crossing
fields Bc156.9 T andBc2514.0 T clearly shows that the
level repulsion is vanishing small, thus confirming a tr
level crossing. We just mention that NMR experiments p
formed on Cr8 single crystals show a very sharp peak of t
proton relaxation rate atBcn ~Ref. 16! consistently with what
we report here. These results contrasts what we foun
Fe6:Li single crystals.15 As we discussed in our previou
work,15 the origin of a finite nonvanishing minimum atBcn
can be intrinsic~i.e., due to a level repulsion! or extrinsic,
due to sample quality. Crystal mosaicity or a dispersion
the coupling constants among different rings may actu
give rise to broadening of the spin flip transition. The hi
quality of the Cr8 crystals certainly limits these extrinsic fac
tors. In a previous work14 we discussed a possible intrins
origin of level repulsion and in particular we showed ho
R

W
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m
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Dzyaloshinsky-Moriya interactions,17,18 not included in the
Hamiltonian~1!, can actually mix states with different parity
Yet, the heat capacity data reported in this work prove t
antisymmetric interactions do not give rise to repulsion b
tween the two lowest-lying states in Cr8 and therefore we
conclude that the spin Hamiltonian~1! contains all the essen
tial terms to describe the Cr8 molecular ring. This is probably
not true for Fe6:Li.

In conclusion, we have studied in detail the effects
mixing of magnetic states on the thermodynamic proper
of a molecular Cr8 ring. The anisotropic terms contained
the spin Hamiltonian~1! mix states with the same parity
such asS50 and S52 and so on, but not states with
different parity, such asS50 andS51 and so on. The mix-
ing of states with the same parity have effects in the torq
signal, but very little in the heat capacity. For Cr8 a clear
signature of the absence of repulsion between states
different parity is given by the heat capacity that vanishes
the crossing fields.
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