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Neutron spectroscopy within theSÄ5 ground multiplet and low-temperature heat capacity
in an Fe4 magnetic cluster
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The transitions within theS55 ground state of the tetrairon~III ! molecular cluster Fe4(OCH3)6(dpm)6

~Hdpm 5 dipivaloylmethane! have been measured by inelastic neutron scattering. The spectra have been
interpreted by means of an effective spin Hamiltonian for an isolatedS55 multiplet, taking into account the
presence of three different isomers in the compound. It has been shown that for the two dominant isomers the
symmetry of the zero-field splitting tensor is not purely axial, but a nonzero rhombic coefficientE is needed to
fit the neutron spectra. The results have been discussed in comparison with recent high-field electron paramag-
netic resonance data in single crystals. Heat-capacity measurements in the range 2 to 20 K have been per-
formed and shown to be compatible with the neutron results for the zero-field splitting.
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I. INTRODUCTION

The magnetic properties of metal ion clusters separate
shells of organic ligand molecules are drawing increas
attention, both for the physics involved and for the poten
applications they promise.1 At low temperatures, these mo
ecules act as individual, identical, quantum nanomagnets
abling to probe, at the macroscopic scale, the crossover
tween quantum and classical physics.2 Of fundamental
interest are the quantum-size effects on the thermodyna
properties3 and the situation of near degeneracy of two ma
netic levels, where quantum phenomena such as tunnelin
coherence can occur. These effects have been explored i
high-spin molecules Mn12 and Fe8,4,5 two systems character
ized by a peculiar steplike magnetic hysteresis cycle, an
very slow relaxation of the magnetization at low tempe
ture. The interesting behavior is associated with the ze
field splitting ~ZFS! of the spin ground state and with th
Ising-type energy barrier to be overcome for the reversa
the magnetic moment.

It has been recently shown that inelastic neutron sca
ing ~INS! can provide unique information on the ZFS
molecular clusters of magnetic transition-metal ions. T
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first application of INS to the determination of the anisotro
splitting of the ground state in a magnetic cluster was to
compound@Fe8O2(OH)12(tacn)6#Br8 ~briefly Fe8!, where
tacn is the organic ligand triazacyclononane.6 This system is
constituted by weakly interacting molecular clusters of eig
iron~III ! ions, characterized by an overallD2 symmetry and
by a magnetic ground state with an effective spinS510. The
INS experiment was performed on the time-of-flight spe
trometer IN5 at the Institute Laue-Langevin in Grenoble a
it allowed the accurate determination of the ZFS paramet
up to fourth order, of the anisotropic spin Hamiltonian of t
cluster from the analysis of the transitions within the grou
multiplet.

In the case of@Mn12O12(CH3COO)16(H2O)4# ~briefly
Mn12),

7,8 the symmetry is tetragonal and the spectrum
more simple than that of Fe8, which is characterized by con
siderable mixing of theuSM& components of theS510 mul-
tiplet, particularly foruM u<6.

It has been shown also that the role of higher-order
rameters may be crucial to determine some details of
neutron spectra related to transitions between strongly m
wave functions, which are populated at sufficiently high te
perature. In some cases, high-resolution experiments
needed in order to determine directly these ZFS parame
©2001 The American Physical Society03-1
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which by high-field electron paramagnetic resonance~HF-
EPR! can only be extrapolated from the asympto
magnetic-field region.9

We have performed the neutron spectroscopy study
tetrairon~III ! cluster of formula Fe4(OCH3)6(dpm)6 ~Hdpm
5 dipivaloylmethane!, which has anS55 ground state and
shows slow relaxation of the magnetization below 1 K.10 The
molecular structure of this cluster~briefly called Fe4), is
shown in Fig. 1. The four iron atoms lie exactly in a plan
the inner Fe atom being in the center of an isosceles trian
The molecule has a twofold symmetry due to the presenc
a crystallographicC2 axis passing through Fe1 and Fe2. T
intramolecular Fe••• Fe distances are 3.146~2! Å and
3.133~1! Å for the pairs Fe1-Fe2 and Fe1-Fe3, respective
The edges of the iron triangle take the values of 5.372~2! Å
~Fe2-Fe3 and Fe2-Fe38) and 5.550~2! Å ~Fe3-Fe38), while
21̂3 and 31ˆ 38 angles are 117.65(3)° and 124.70(6)°, re-
spectively.

HF-EPR spectroscopy on a powder sample revealed
the system has an essentially uniaxial magnetic anisotr
with D520.20 cm215224.8 meV. The sign ofD and the
unresolved rhombicity of the spectra are consistent with
expected single-ion anisotropies based on the angular o
lap model and with the estimated intramolecular dipo
dipole contributions, although the calculated absolute va
of D is only 30% of the experimental value. The theoretic
analysis in Ref. 10 also indicated that the unique axis of
D tensor is likely to be almost parallel to the pseudo-C3 axis
of the molecule~perpendicular to the plane of the four iro
atoms!.

The INS measurements herein reported are in line w
this hypothesis and provide the complete pattern of zero-fi
energy levels in Fe4. This depends sensitively on the rhomb
coefficientE in the anisotropy spin Hamiltonian describin
splitting of the ground state.

After our experiment was performed and during t
analysis of the data, single-crystal HF-EPR results beca

FIG. 1. Schematic molecular structure of the Fe4 cluster. Large
black and small gray circles are oxygen ions and carbon ato
respectively. The Fe~III ! ions are represented by small black circle
Hydrogen atoms are not shown for clarity. Arrows indicate the
magnetic moments.
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available,12 which will be compared with ours and discuss
below. The presence of three different structural variations
the compound, already found by x-ray analysis,10 was con-
firmed by the EPR measurements and will be taken into
count for the interpretation of the INS spectra. We will al
show that a nonzero value of the rhombic term in the s
Hamiltonian for both the dominant isomers is needed to
tain a good fitting of the neutron data.

Heat-capacity measurements in the temperature range
20 K will also be presented and discussed in the frame of
neutron results for the ZFS.

II. NEUTRON RESULTS

The INS experiment was performed with the high-ener
resolution multichopper time-of-flight spectrometer IN5,
the Institute Laue-Langevin, in Grenoble, France.

Due to the large number of hydrogen atoms in Fe4, a
98%-deuterated microcrystalline sample was used. The
thesis of d18-Hdpm ~98 atom% D! will be reported
elsewhere.11 Pure Fe4 was synthesized by following the
original procedure10 with only minor modifications to reduce
the volume of CD3OD employed~99.8 atom% D!. All op-
erations were carried out with strict exclusion of moistu
under a N2 atmosphere. A 5.4-M solution of NaOCD3 was
prepared by careful addition of metallic Na~1.24 g, 54
mmol! to CD3OD ~10 mL!. Resublimated FeCl3 ~0.812 g,
5.0 mmol! and d18-Hdpm ~1.012 g, 5.0 mmol! were dis-
solved in CD3OD ~30 mL!. NaOCD3 ~2.6 mL, 14.0 mmol!
was added dropwise to the resulting deep red solution to g
a yellow slurry, which was treated with an additional 20 m
of CD3OD and stirred for ten minutes. Freshly distilled d
ethylether~100 mL! was then added and the undissolv
NaCl was removed by centrifugation. Slow diffusion
CD3OD vapors into the clear orange-yellow solution a
forded yellow rodlike crystals of Fe4 in 1 week. The crystals
were isolated by filtration, washed with CD3OD, and dried
under vacuum~0.6 g, 45%-yield based ond18-Hdpm!. The
degree of deuteration was checked by mass spectroscopy
1H nuclear magnetic resonance. Single-crystal EPR spe
at 95 GHz were identical to those reported in Ref. 12.

Two grams of the sample were encapsulated in an alu
num can and put into a standard liquid-He cryostat. D
were collected at different temperatures between 1 and 1
with an incident neutron energy of 1.01 meV, giving a res
lution of 19meV at the elastic peak position. The usual da
treatment procedure was followed to correct the data for
sorption and detector efficiency; normalization runs we
collected on a vanadium standard and the background
determined from an empty-can run. A constant backgrou
was subtracted from the measured intensity before time
flight to energy conversion.

The spectra obtained at 1.7 and 6.5 K are shown in Fig
The main inelastic peak at the highest positive energy at
K corresponds~assuming a purely axial anisotropy! to the
transition between the grounduS55;M565& and the first
excited uS55;M564& states of the splitS55 multiplet.
Due to the quite small splitting between these two lev
~about 2.5 K!, at the temperature of the experiment the e
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cited states start to become populated and the transit
uM564&→uM563& and uM563&→uM562& are
clearly visible. At lowest energy the shoulder on the elas
peak is due to the transitionuM562&→uM561&. As we
will discuss in the following, the assumption of axial aniso
ropy is not adequate to interpret the neutron results; the
eigenstates are mixtures of the axialu6M & components and
the above description is only approximate. It must be no
that the full width at half maximum~FWHM! deduced from
the main peak is 33meV, hence larger than the resolutio
This is indicative of the intrinsic inhomogeneity of the com
pound, as described in Refs. 10 and 12.

In the spectrum recorded at 6.5 K, all the transitions
tween excited states are well developed. Because of the p
ence of different isomers, they are grouped together in w
separated peaks of width larger than the resolution.

III. THE SPIN HAMILTONIAN

The interpretation of the INS results is based on the
pothesis that the system can be described as an effectiS
55 multiplet in presence of a crystal-field-like potential gi
ing rise to the anisotropy. Since the overall splitting of t
ground multiplet is of the order of 7 K, the effect of th

FIG. 2. The experimental INS spectrum at 1.7 and 6.5 K. T
incident energy is 1.01 meV and the resolution 0.019 meV at
elastic peak. The empty-can signal has been subtracted.
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excited multiplets, which are 86-K higher in energy, can
neglected.

We assume a spin Hamiltonian up to fourth order of t
type

HS5(
n,m

Bn
mÔn

m , ~1!

with n52 and 4 (m52n, . . . ,n). Ôn
m are Stevens operato

equivalents13 defined in the space of theS55 multiplet.
In the hypothesis that the system has essentiallyC3 ~or

approximatelyD3) symmetry with the threefold axis identi
fied with the pseudo-C3 axis, the spin Hamiltonian would be
written

HS5B2
0Ô2

01B4
0Ô4

01B4
3Ô4

31B4
23Ô4

23 , ~2!

where the last term is zero forD3 symmetry, but in any case
can be suppressed by a suitable rotation of the refere
frame. The only nonvanishing second-order term in Eq.~2! is
B2

0Ô2
0, whereB2

05D/3.14 Thus, up to this order the Hamil
tonian is the same as that used for the simulation of
HF-EPR powder spectra in the purely axial assumption10

However, this hypothesis is too poor to account for both
EPR spectra in single crystals~at least as regards one of th
two dominant isomers!12 and for the INS results.

In fact, the simulation of the INS spectra can be improv
considerably if rhombic terms are added to the spin Ham
tonian. This assumption is compatible with both the hypo
eses:~a! the system has a dominant axial symmetry along
pseudo-C3 axis perpendicular to the iron plane and the rho
bic contribution in the plane is due to the lack of exact thre
fold symmetry, the iron triangle being not equilateral. In th
case aC1h ~i.e., sh) symmetry could be assumed to descri
the leading contributions to the crystal field;~b! the cluster
has aC2 ~or approximatelyC2v) symmetry, with the twofold
axis coincident with theC2 axis of the molecule~i.e., the line
from the vertex Fe2, perpendicular to the basis Fe3-Fe38 of
the isosceles triangle in Fig. 1!.

The spin Hamiltonian would be in both cases

HS5B2
0Ô2

01B2
2Ô2

21B4
0Ô4

01B4
2Ô4

21B4
4Ô4

41B4
22Ô4

22

1B4
24Ô4

24 . ~3!

A term B2
22Ô2

22 could be present in principle, but can b
always eliminated by a reference frame rotation. Note t
B2

2 coincides with E in the usual notation for the ZFS
second-order tensor.6,10 In the hypothesis~b!, which however
seems to be excluded by single-crystal EPR results,
would expect that the contribution of them,0 terms to the
ZFS are negligible, since they are exactly zero in the
sumption ofC2v symmetry.

IV. INTERPRETATION OF THE NEUTRON RESULTS
AND DISCUSSION

The simulation of the INS spectra was performed by c
culating, for each isomer, the transition energies for a giv

e
e
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FIG. 3. Comparison between the experimental~squares! and the
simulated INS spectrum~dash-dotted line! at 1.7 and 6.5 K, ob-
tained by using the ZFS parameters from HF-EPR in single crys
~Ref. 12!.

TABLE I. The ZFS parameters~in meV) used to simulate the
neutron spectra~INS! for the three different isomers of Fe4, whose
populations are fixed to the values given in parentheses. For co
nience, the parameters given in Ref. 12~EPR!, in meV units and
with the notation of Eq.~1!, are listed too.

Isomers AA ~49%! AB ~42%! BB ~9%!

INS

B2
0 28.43 60.06 27.87 60.06 27.23

B2
2 22.5 60.2 21.1 60.2

103 B4
0 21.5 60.3 21.2 60.3 22.0

EPR

B2
0 28.52 60.04 27.85 60.07 27.23 60.07

B2
2 21.2 60.4

103 B4
0 21.4 60.25 22.0 60.25 22.0 60.25

102 B4
2 21.0 60.4

103 B4
4 25.0 64.0
10440
set of Bn
m parameters. To each transition we associate

Gaussian line shape with a height proportional to the tra
tion probability and a width fixed to a value close to th
instrument resolution of 19meV. A FWHM of 21 meV was
shown to give the best results. We assumed for the pop
tions of the three isomers,AA, AB andBB, whose structural
differences were discussed in Ref. 12, the expected va
49%, 42% and 9%, respectively. The elastic peak an
quasielastic contribution, together with a sloping bac
ground, obtained by the best fit of the experimental sp
trum, were added to the calculated inelastic contributi
properly normalized.

As a first attempt, we used the parameters determined
HF-EPR in the single crystals, which for convenience a
reported in Table I.~EPR!, with the notation of Eq.~1!. The
simulated spectra are shown in Fig. 3 for the two tempe
tures of 1.7 and 6.5 K. Although qualitatively good, the fi
ting is not satisfactory. Clearly, it is better at 1.7 than at 6
K, where the effect of the population of the excited states
more important and the spectrum more complex. In orde
improve the agreement, we first varied the second-order
rameters and the diagonal fourth-order parameterB4

0, allow-
ing for a nonzeroB2

2 coefficient even for theAB isomer.
Since theBB isomer is minor, its contribution is less critica
ls

FIG. 4. Best fit of the experimental INS spectrum~squares! at
1.7 and 6.5 K. The simulated spectrum~dash-dotted line! is ob-
tained using the parameters given in Table I~INS!.
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NEUTRON SPECTROSCOPY WITHIN THES55 GROUND . . . PHYSICAL REVIEW B 64 104403
For simplicity we assumed for it the same spin Hamilton
parameters as in Ref. 12. It was immediately seen thatB2

2,
i.e., E, for the AB isomer, must not be zero in order to si
nificantly improve the fitting. In particular, if we try to var
all the parameters within the error bars given in Ref. 12
satisfactory fitting is obtained with a value ofE for the sec-
ond isomer (AB) of about half that of the first one (AA).

However, a further significant improvement is achiev
by using the parameters given in Table I.~INS!. Within the

FIG. 5. The contributions of the different isomers to the sim
lated spectrum giving the best fit~dash-dotted line! of the experi-
mental spectrum~squares! at 6.5 K: AA isomer, continuous line;
AB, dotted line;BB, dashed line.

FIG. 6. Zero-field splitting of theS55 ground-state multiplet
and allowed transitions for the two dominant isomers of Fe4: ~a! AA
isomer;~b! AB isomers. Thicker horizontal lines correspond to do
bly degenerate levels~within 4 meV). The main transitions in the
dipole approximation are indicated by arrows, positioned at the
responding energy transfer along the horizontal axis. The trans
probabilities are also given close to each arrow.
10440
a

error bars,B2
0 and B4

0 have practically the same values d
duced by fitting the EPR spectra. On the contrary,B2

2 is twice
the EPR value forAA, while for AB it is nonzero and abou
half the value of the first isomer.

The results are shown in Fig. 4 for low and high tempe
ture. The fitting is good, particularly in the neutron energ
loss part of the spectrum (\v.0). As a general criterion for
the fitting, we chose to weigh more the energy loss w
respect to the energy-gain region of the spectrum, wh
some extra intensity is probably due to spurious signals.
error bars in Table I were estimated by considering simu
neous variations of all the parameters which do not aff
appreciably the quality of the fitting.

As regards the off-diagonal fourth-order terms in Ham
tonian ~3!, the sensitivity of the present INS experiment
not sufficient to determine reliable values for their coef
cients. This is due to the presence of the three different
mers, whose separate contributions to the simulated s
trum at 6.5 K are shown in Fig. 5.

Information on the higher-order parameters may be
tained from the analysis of details of the spectra, particula
at low exchanged energy. In fact, they contribute to mix
different uSM& components in the eigenfunctions, principal
for uM u<3, and give rise also to slight shifts of the levels. A
a consequence, they affect the positions and the intensitie
the numerous transitions between excited states appearin
the energy region below;0.130 meV~see Fig. 6!. Even in
the case of a single isomer, these transitions may be v
close to one another and grouped together to give appare
a single peak~as in the case of the peaks at about 0.11 a
0.05 meV!, or also isolated and embedded in the elastic p
~corresponding to single transitions between very close
els!. Therefore, very high resolution and/or very low-ener
transfer is needed to assess more precise values for t
parameters.9

To check the effect of the off-diagonal parameters on
calculated spectra, we have varied them~with various com-
bination of the signs! around the values given in Ref. 12 fo
B4

2 and B4
4, in the case of theAA isomer~see Table I!. We

-

-

r-
n

FIG. 7. Molar specific heat of Fe4 measured in the temperatur
range 2 to 20 K and normalized to the gas constantR ~circles!. The
continuous line represents the best fit as described in the text.
dashed line is the extrapolation of this curve to low temperatur
3-5
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have found that the simulated spectra are affected by th
parameters~particularly as regards the shape of the lowe
energy peak! only for values greater than about 1022 meV.
However, the fitting tends to become worse and canno
improved by further increasing the absolute values of
parameters. The negativem coefficients have in general
smaller effect than them.0 ones. Based on the actual IN
data, we can therefore only indicate the above value as
upper limit for the off-diagonal terms.

V. HEAT-CAPACITY MEASUREMENTS

Nondeuterated microcrystals of Fe4, synthesized as re
ported in Ref. 10, were pressed, without any additive,
order to obtain a 6.6-mg compact specimen. Lo
temperature heat capacity measurements were performe
using the relaxation method in a 7-T physical property m
surement system of Quantum Design. The molar spec
heatC of Fe4 measured in the temperature range 2 to 20
and normalized to the gas constantR is reported in Fig. 7.
Due to the large number of atoms per molecule, the spe
heat is dominated by a phonon contribution above 10 K,
in the case of Fe4 the magnetic Schottky anomaly turns o
to be evident below 4 K. The continuous line in Fig. 7 is t
fitting curve of data between 2 and 10 K. The dashed lin
the extrapolation of this curve to low temperature, show
the expected behavior of the Schottky peak. For the d
fitting we consider two contributions to the specific heat:C
5Cph1Cmagn. We consider a lattice contributionCph ~in R
units! of the form

234rT3

~QD1eT2!3
, ~4!

wherer is the number of atoms per molecule ande accounts
for the temperature dependence ofQD.15 The magnetic term
Cmagn/Rb2 ~with b215kBT) of a system having a set o
energy levelsEi can be expressed as

S iEi
2 exp~2bEi !S i exp~2bEi !2@S iEi exp~2bEi !#

2

@S i exp~2bEi !#
2

.

~5!

For a magnetic system like Fe4 the ZFS pattern of theS
55 ground state due to the anisotropy is described by Eq~3!
with the parameters given in Table I. Thus,Cmagn is easily
obtained from the calculated energy levels, taking into
count the contributions of the three isomers. An additio
factor can be introduced to best fit the experimental mag
tude of theCmagn/R contribution: factors slightly smalle
than unity account for a partial contribution of the sample
f-
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Cmagn/R. Fitting data below 10 K we obtain the continuou
curve in Fig. 7 withQD5175610 K. It must be noted tha
the magnetic contribution to the specific heat is domina
by the axial parameterD, while the effect ofE ~at least for
the values quoted in Table I! is negligible. In fact, by assum
ing purely axial symmetry, the zero-field energy levels of t
S55 ground state are given byEi5D@Mi

22S(S11)/3#,
with Mi50,61,62,63,64,65. If D is left as a free param
eter, the best fit is obtained withD/kB520.2860.01 K,
i.e., B2

0528.060.3 meV. This value is in good agreemen
with both neutron-scattering and EPR results, which lead
an average value of28.1 meV for the second-order axia
parameter. The larger error bar of the specific heat value
consequence of the lower sensitivity to ZFS details of t
bulk technique with respect to spectroscopies.

VI. CONCLUSIONS

From the above analysis we come to the following co
clusions. The INS spectrum is consistent with the assump
of anS55 ground state with ZFS of dominant axial symm
try along the pseudo-C3 axis perpendicular to the iron
plane.10,12A good fitting can be found by taking into accou
the intrinsic inhomogeneity of the compound, in which thr
isomers with different populations are present. The width
the INS transitions within the ground state, for each sin
isomer, is very close to the instrument resolution. For b
the dominant isomers, a nonzero value of the second-o
rhombic parameterE ~i.e., B2

2) is needed to interpret the INS
results. The value ofE obtained for theAA isomer is twice
that obtained by HF-EPR in single crystals. TheE/D ratios
are 0.098 and 0.047 for theAA and theAB isomers, respec-
tively. They are compatible with powder results in Ref. 1
The origin of the discrepancy between INS and HF-E
results could be related to the fact that at the high-field v
ues used by the last technique, the Zeeman splitting is la
enough that the mixing of the ground and the first exci
multiplet cannot be neglected. Due principally to the pre
ence of different isomers, the sensitivity of the present I
experiment is not sufficient to determine the off-diagon
fourth-order contributions to the spin Hamiltonian, an
therefore also to decide on the influence of negativem coef-
ficients in the spin Hamiltonian~3!. Higher-resolution and
lower-energy transfer INS experiments should be neede
definitively assess this problem. Heat-capacity measurem
in the low-temperature range from 2 to 10 K have be
shown to be compatible with the ZFS pattern obtained
both EPR and neutron spectroscopy. Lower-temperature
periments should give better evidence for the Schot
anomaly in this compound.
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