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Neutron spectroscopy within theS=5 ground multiplet and low-temperature heat capacity
in an Fe, magnetic cluster
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The transitions within theS=5 ground state of the tetrairdfl) molecular cluster FEOCH;)g(dpm)g
(Hdpm = dipivaloylmethang have been measured by inelastic neutron scattering. The spectra have been
interpreted by means of an effective spin Hamiltonian for an isol&§te8& 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 coefticismeeded 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.

DOI: 10.1103/PhysRevB.64.104403 PACS nunider75.50.Tt, 75.10.Jm, 75.40.Gb, 75.45.

[. INTRODUCTION first application of INS to the determination of the anisotropy

splitting of the ground state in a magnetic cluster was to the
The magnetic properties of metal ion clusters separated b§ompound[ Fe;O,(OH), (tacn)¢]Brg (briefly Fey), where
shells of organic ligand molecules are drawing increasing@cnis the organic ligand triazacyclononah@his system is

attention, both for the physics involved and for the potentialconstituted by weakly interacting molecular clusters of eight
applications they promiseAt low temperatures, these mol- ron(i1l) ions, characterized by an overall, symmetry and

abling to probe, at the macroscopic scale, the crossover be- . S
tween quantum and classical physic©f fundamental lrometer IN5 at the Institute Laue-Langevin in Grenoble and

interest are the quantum-size effects on the thermodynaml&allowed the accurate determination of the ZFS parameters,

ropertied and the situation of near degeneracy of two mag-SP to fourth order, of the anisotropic spin Hamiltonian of the
prop 9 y a0 |uster from the analysis of the transitions within the ground
netic levels, where quantum phenomena such as tunneling

. multiplet.
coherence can occur. These effects have been explored in twelnpthe case of[Mn;,0;5(CHsCOO)(H,0),] (briefly
high-spin molecules Mp and Fg,*® two systems character- Mny,),”8 the symmetry is tetragonal and the spectrum is

ized by a peculiar steplike magnetic hysteresis cycle, and gore simple than that of Eewhich is characterized by con-

very slow relaxation of the magnetization at low tempera-gigerable mixing of théSM) components of th&=10 mul-

ture. The interesting behavior is associated with the zeroip|et, particularly for|M|<6.

field splitting (ZFS) of the spin ground state and with the |t has been shown also that the role of higher-order pa-

Ising-type energy barrier to be overcome for the reversal ofameters may be crucial to determine some details of the

the magnetic moment. neutron spectra related to transitions between strongly mixed
It has been recently shown that inelastic neutron scatterwave functions, which are populated at sufficiently high tem-

ing (INS) can provide unique information on the ZFS in perature. In some cases, high-resolution experiments are

molecular clusters of magnetic transition-metal ions. Theneeded in order to determine directly these ZFS parameters,
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available!? which will be compared with ours and discussed
below. The presence of three different structural variations of
the compound, already found by x-ray analySisyas con-
firmed by the EPR measurements and will be taken into ac-
count for the interpretation of the INS spectra. We will also
show that a nonzero value of the rhombic term in the spin
Hamiltonian for both the dominant isomers is needed to ob-
tain a good fitting of the neutron data.

Heat-capacity measurements in the temperature range 2 to
20 K will also be presented and discussed in the frame of the
neutron results for the ZFS.

IIl. NEUTRON RESULTS

The INS experiment was performed with the high-energy
resolution multichopper time-of-flight spectrometer IN5, at

FIG. 1. Schematic molecular structure of the, Buster. Large  the Institute Laue-Langevin, in Grenoble, France.
black and small gray circles are oxygen ions and carbon atoms, Due to the large number of hydrogen atoms in,Fa
respectively. The R#l) ions are represented by small black circles. 98%-deuterated microcrystalline sample was used. The syn-
Hydrogen atoms are not shown for clarity. Arrows indicate the Fethesis of d;gHdpm (98 atom% D will be reported
magnetic moments. elsewheré! Pure Fe was synthesized by following the

original procedur¥ with only minor modifications to reduce
which by high-field electron paramagnetic resonafid€-  the volume of CROD employed(99.8 atom% D). All op-
EPR can only be extrapolated from the asymptoticerations were carried out with strict exclusion of moisture
magnetic-field regiofi. under a N atmosphere. A 5.4-M solution of NaOGDQvas

We have performed the neutron spectroscopy study of @repared by careful addition of metallic N&.24 g, 54
tetrairor(lll) cluster of formula F§OCH;z)g(dpm)s (HdPM  mmol) to CD;0D (10 mL). Resublimated Fegl(0.812 g,
= dipivaloylmethang which has ar5=5 ground state and 5.0 mmo) and d;g-Hdpm (1.012 g, 5.0 mmol were dis-
shows slow relaxation of the magnetization below °Rhe  solved in CROD (30 mL). NaOCD; (2.6 mL, 14.0 mmol
molecular structure of this clustebriefly called Fg), is  was added dropwise to the resulting deep red solution to give
shown in Fig. 1. The four iron atoms lie exactly in a plane, a yellow slurry, which was treated with an additional 20 mL
the inner Fe atom being in the center of an isosceles trianglgy CD;0D and stirred for ten minutes. Freshly distilled di-
The molecule has a twofold symmetry due to the presence aithylether (100 mL) was then added and the undissolved
a crystallographic, axis passing through Fel and Fe2. TheNaCl was removed by centrifugation. Slow diffusion of
intramolecular Fe--. Fe distances are 3.1 A and  cD,0D vapors into the clear orange-yellow solution af-
3.1331) A for the pairs Fel-Fe2 and Fel-Fe3, respectivelyjorded yellow rodlike crystals of Fen 1 week. The crystals
The edges of the iron triangle take the values of 5(2VA  were isolated by filtration, washed with GOD, and dried
(Fe2-Fe3 and Fe2-FéBand 5.55(@) A (Fe3-Fe3), while  ynder vacuun(0.6 g, 45%-yield based od,sHdpm. The
213 and 3B’ angles are 117.3)° and124.7q6)°, re-  degree of deuteration was checked by mass spectroscopy and
spectively. 'H nuclear magnetic resonance. Single-crystal EPR spectra

HF-EPR spectroscopy on a powder sample revealed thait 95 GHz were identical to those reported in Ref. 12.
the system has an essentially uniaxial magnetic anisotropy Two grams of the sample were encapsulated in an alumi-
with D=—0.20 cm '=—-24.8 ueV. The sign oD and the num can and put into a standard liquid-He cryostat. Data
unresolved rhombicity of the spectra are consistent with thevere collected at different temperatures between 1 and 10 K,
expected single-ion anisotropies based on the angular ovewith an incident neutron energy of 1.01 meV, giving a reso-
lap model and with the estimated intramolecular dipole-lution of 19 eV at the elastic peak position. The usual data
dipole contributions, although the calculated absolute valugreatment procedure was followed to correct the data for ab-
of D is only 30% of the experimental value. The theoreticalsorption and detector efficiency; normalization runs were
analysis in Ref. 10 also indicated that the unique axis of theollected on a vanadium standard and the background was
D tensor is likely to be almost parallel to the pseu@ipaxis  determined from an empty-can run. A constant background
of the molecule(perpendicular to the plane of the four iron was subtracted from the measured intensity before time-of-
atoms. flight to energy conversion.

The INS measurements herein reported are in line with The spectra obtained at 1.7 and 6.5 K are shown in Fig. 2.
this hypothesis and provide the complete pattern of zero-fieldhe main inelastic peak at the highest positive energy at 1.7
energy levels in Fg This depends sensitively on the rhombic K correspondgassuming a purely axial anisotropio the
coefficientE in the anisotropy spin Hamiltonian describing transition between the grounj&=5;M = *=5) and the first
splitting of the ground state. excited |S=5;M = +4) states of the spliS=5 multiplet.

After our experiment was performed and during theDue to the quite small splitting between these two levels
analysis of the data, single-crystal HF-EPR results becam@bout 2.5 K, at the temperature of the experiment the ex-
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%0 excited multiplets, which are 86-K higher in energy, can be
! ] neglected.
We assume a spin Hamiltonian up to fourth order of the
type

-

o

(=]

o
T

Hs=2> BROD, 6y

n,m

withn=2 and 4 n=—n, ... n). C)ﬂ" are Stevens operator
equivalent$® defined in the space of tt@=5 multiplet.

In the hypothesis that the system has essenti@jy(or
approximatelyD3) symmetry with the threefold axis identi-
fied with the pseud@; axis, the spin Hamiltonian would be
written

500 |

Intensity (arb. units)

.,
o

1500

Hs=B305+B703+B303+B,°0,7, @

where the last term is zero f@r; symmetry, but in any case
can be suppressed by a suitable rotation of the reference
frame. The only nonvanishing second-order term in(&jgis

B20Y, whereBS=D/31 Thus, up to this order the Hamil-
tonian is the same as that used for the simulation of the
HF-EPR powder spectra in the purely axial assumptfon.
However, this hypothesis is too poor to account for both the
EPR spectra in single crystalat least as regards one of the
two dominant isomeb$? and for the INS results.

In fact, the simulation of the INS spectra can be improved
considerably if rhombic terms are added to the spin Hamil-

1000 |

500 |

Intensity (arb. units)

0t="_
03 -0.

5 01 0 04 02 03 tonian. This assumption is compatible with both the hypoth-

Energy Transfer (meV) eses|a) the system has a dominant axial symmetry along the
pseudo€; axis perpendicular to the iron plane and the rhom-

FIG. 2. The experimental INS spectrum at 1.7 and 6.5 K. Thepjc contribution in the plane is due to the lack of exact three-
incident energy is 1.01 meV and the resolution 0.019 meV at thgq|g symmetry, the iron triangle being not equilateral. In this

elastic peak. The empty-can signal has been subtracted. case &y, (i.e., o) symmetry could be assumed to describe

the leading contributions to the crystal fieldy) the cluster
cited states start to become populated and the transitionsas aC, (or approximatelyC,,) symmetry, with the twofold
IM=+4)—|M=+3) and [M==%3)—|M=%2) are axis coincident with th€, axis of the moleculéi.e., the line
clearly visible. At lowest energy the shoulder on the elasticrom the vertex Fe2, perpendicular to the basis Fe3-Fe#3
peak is due to the transitioM = +2)—|M==1). As we the isosceles triangle in Fig).1
will discuss in the following, the assumption of axial anisot-  The spin Hamiltonian would be in both cases
ropy is not adequate to interpret the neutron results; the true

eigenstates are mixtures of the axialM) components and Hs=B503+B202+BJ0J+B202+B305+B, %0, 2
the above description is only approximate. It must be noted
that the full width at half maximuntFWHM) deduced from +B, 40, . (3)

the main peak is 3%eV, hence larger than the resolution.

pound, as described in Refs. 10 and 12. - always eliminated by a reference frame rotation. Note that
In the spectrum recorded at 6.5 K, all the transitions beBg coincides withE in the usual notation for the ZFS

tween exgited stqtes are well developed. Because of t'he PréSscond-order tens62In the hypothesigb), which however
ence of different isomers, they are grouped together in wellggems 1o be excluded by single-crystal EPR results, we
separated peaks of width larger than the resolution. would expect that the contribution of tme<0 terms to the
ZFS are negligible, since they are exactly zero in the as-
. THE SPIN HAMILTONIAN sumption ofC,, symmetry.

The interpretation of the INS results is based on the hy-
pothesis that the system can be described as an effestive
=5 multiplet in presence of a crystal-field-like potential giv-
ing rise to the anisotropy. Since the overall splitting of the The simulation of the INS spectra was performed by cal-
ground multiplet is of the order of 7 K, the effect of the culating, for each isomer, the transition energies for a given

IV. INTERPRETATION OF THE NEUTRON RESULTS
AND DISCUSSION
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TABLE I. The ZFS parameterén ueV) used to simulate the
neutron spectrédNS) for the three different isomers of ;ewhose
populations are fixed to the values given in parentheses. For conve-
nience, the parameters given in Ref. (BPR), in eV units and

1600
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T=17K

with the notation of Eq(1), are listed too.

Isomers AA (49% AB (42% BB (9%
INS
BY —-8.43 +0.06 —7.87 *0.06 —7.23
B3 -25 *0.2 -11 =*0.2
1°B -15 =03 -1.2 +03 -2.0
EPR
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FIG. 3. Comparison between the experimeisguaresand the
simulated INS spectrunidash-dotted lingat 1.7 and 6.5 K, ob-
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FIG. 4. Best fit of the experimental INS spectrysyuares at
1.7 and 6.5 K. The simulated spectruisiash-dotted lingis ob-
tained using the parameters given in TablgNS).

set of B parameters. To each transition we associated a
Gaussian line shape with a height proportional to the transi-
tion probability and a width fixed to a value close to the
instrument resolution of 1&eV. A FWHM of 21 weV was
shown to give the best results. We assumed for the popula-
tions of the three isomerg\A, AB andBB, whose structural
differences were discussed in Ref. 12, the expected values
49%, 42% and 9%, respectively. The elastic peak and a
guasielastic contribution, together with a sloping back-
ground, obtained by the best fit of the experimental spec-
trum, were added to the calculated inelastic contribution,
properly normalized.

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

tained by using the ZFS parameters from HF-EPR in single crystaling for a nonzeroB3 coefficient even for theAB isomer.

(Ref. 12.

Since theBB isomer is minor, its contribution is less critical.
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FIG. 5. The contributions of the different isomers to the simu- Temperature )

lated spectrum giving the best fidash-dotted lineof the experi-
mental spectrumsquarey at 6.5 K: AA isomer, continuous line;
AB, dotted line;BB, dashed line.

FIG. 7. Molar specific heat of Feneasured in the temperature
range 2 to 20 K and normalized to the gas consRftircles. The
continuous line represents the best fit as described in the text. The
dashed line is the extrapolation of this curve to low temperature.
For simplicity we assumed for it the same spin Hamiltonian
parameters as in Ref. 12. It was immediately seen Bjat error bars,BJ and B} have practically the same values de-
i.e., E, for the AB isomer, must not be zero in order to sig- duced by fitting the EPR spectra. On the contrBgjis twice
nificantly improve the fitting. In particular, if we try to vary the EPR value foAA, while for AB it is nonzero and about
all the parameters within the error bars given in Ref. 12, @alf the value of the first isomer.
satisfactory fitting is obtained with a value Bffor the sec- The results are shown in Fig. 4 for low and high tempera-
ond isomer AB) of about half that of the first oneA@). ture. The fitting is good, particularly in the neutron energy-

However, a further significant improvement is achievedloss part of the spectruni(w>0). As a general criterion for
by using the parameters given in TablgINS). Within the  the fitting, we chose to weigh more the energy loss with
respect to the energy-gain region of the spectrum, where

07 . : , . some extra intensity is probably due to spurious signals. The
060 T ] error bars in Table | were estimated by considering simulta-
PR N - . X neous variations of all the parameters which do not affect
05 oo ] appreciably the quality of the fitting.
0.4+ 052 04 7 As regards the off-diagonal fourth-order terms in Hamil-
0.34 ) tonian (3), the sensitivity of the present INS experiment is
o 5 3 not sufficient to determine reliable values for their coeffi-
cients. This is due to the presence of the three different iso-
011 g i mers, whose separate contributions to the simulated spec-
0.0 ) trum at 6.5 K are shown in Fig. 5.

Information on the higher-order parameters may be ob-
tained from the analysis of details of the spectra, particularly
06 et at low exchanged energy. In fact, Fhey cont_ribute to rr_lix the
0544 different|SM) components in the eigenfunctions, principally
for [M|<3, and give rise also to slight shifts of the levels. As

07 T T T T

Energy (meV)

013 027 036021 0.11 I

o 050; 1048 a consequence, they affect the positions and the intensities of
9] ) the numerous transitions between excited states appearing in
021 100 ] the energy region below 0.130 meV(see Fig. 6 Even in

01 ) . the case of a single isomer, these transitions may be very
00 close to one another and grouped together to give apparently

0.83

a single peaKas in the case of the peaks at about 0.11 and
0.05 meV, or also isolated and embedded in the elastic peak
(corresponding to single transitions between very close lev-
FIG. 6. Zero-field splitting of thes=5 ground-state multiplet €!S- Therefore, very high resolution and/or very low-energy
and allowed transitions for the two dominant isomers of Fa AA  transfer is needed to assess more precise values for these
isomer;(b) AB isomers. Thicker horizontal lines correspond to dou- parameters.
bly degenerate levelgwithin 4 xeV). The main transitions in the To check the effect of the off-diagonal parameters on the
dipole approximation are indicated by arrows, positioned at the corcalculated spectra, we have varied thewith various com-
responding energy transfer along the horizontal axis. The transitiohination of the signsaround the values given in Ref. 12 for
probabilities are also given close to each arrow. Bi and Bﬁ, in the case of thé\ A isomer(see Table )l We

0.00 005 0.10 015 020 025
Energy Transfer (meV)
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have found that the simulated spectra are affected by these,,q,/R. Fitting data below 10 K we obtain the continuous
parametergparticularly as regards the shape of the lowest-curve in Fig. 7 with® ,=175+10 K. It must be noted that
energy peakonly for values greater than about 70 ueV.  the magnetic contribution to the specific heat is dominated
However, the fitting tends to become worse and cannot bby the axial parametedd, while the effect ofE (at least for
improved by further increasing the absolute values of thehe values quoted in Tablg is negligible. In fact, by assum-
parameters. The negativa coefficients have in general a ing purely axial symmetry, the zero-field energy levels of the
smaller effect than then>0 ones. Based on the actual INS S=5 ground state are given b&izD[Miz—S(SJr 1)/3],
data, we can therefore only indicate the above value as apith M;=0,+1,+2,=3,+4,+5. If D is left as a free param-

upper limit for the off-diagonal terms. eter, the best fit is obtained witB/kg=—0.28+0.01 K,
ie., Bgz —8.0+0.3 ueV. This value is in good agreement
V. HEAT-CAPACITY MEASUREMENTS with both neutron-scattering and EPR results, which lead to

Nondeuterated microcrystals of fesynthesized as re- an average value of 8.1 ueV for the second-order axial
ported in Ref. 10, were gressed V\;ith)(;ut any additive inparameter. The larger error bar of the specific heat value is a

order to obtain a 6.6-mg compact specimen. Low-consequence of the lower sensitivity to ZFS details of this

: ulk techni i ies.
temperature heat capacity measurements were performed by hnique with respect to spectroscopies

using the relaxation method in a 7-T physical property mea-

surement system of anntum Design. The molar specific VI. CONCLUSIONS
heatC of Fg, measured in the temperature range 2 to 20 K
and normalized to the gas constddis reported in Fig. 7. From the above analysis we come to the following con-

Due to the large number of atoms per molecule, the specificlusions. The INS spectrum is consistent with the assumption
heat is dominated by a phonon contribution above 10 K, yebf anS=5 ground state with ZFS of dominant axial symme-
in the case of Fgthe magnetic Schottky anomaly turns out try along the pseud@,; axis perpendicular to the iron

to be evident below 4 K. The continuous line in Fig. 7 is theplane!®'?A good fitting can be found by taking into account
fitting curve of data between 2 and 10 K. The dashed line ighe intrinsic inhomogeneity of the compound, in which three
the extrapolation of this curve to low temperature, showingisomers with different populations are present. The width of
the expected behavior of the Schottky peak. For the datthe INS transitions within the ground state, for each single
fitting we consider two contributions to the specific heat: isomer, is very close to the instrument resolution. For both
=Cpunt+ Cragn- We consider a lattice contributid@y, (in R the dominant isomers, a nonzero value of the second-order

units) of the form rhombic parametek (i.e., Bg) is needed to interpret the INS
results. The value oE obtained for theAA isomer is twice
234T?3 that obtained by HF-EPR in single crystals. TBED ratios

(Op+eT?)3’ 4 are 0.098 and 0.047 for theA and theAB isomers, respec-

tively. They are compatible with powder results in Ref. 10.
wherer is the number of atoms per molecule andccounts  The origin of the discrepancy between INS and HF-EPR
for the temperature dependence@." The magnetic term  results could be related to the fact that at the high-field val-
Cmagn/RB? (With B~ 1=kgT) of a system having a set of ues used by the last technique, the Zeeman splitting is large

energy levelsE; can be expressed as enough that the mixing of the ground and the first excited
5 ) multiplet cannot be neglected. Due principally to the pres-
2B exp(— BE)) X exp( — BE;) —[ZE; exp( - BE))] ence of different isomers, the sensitivity of the present INS

experiment is not sufficient to determine the off-diagonal
(5) fourth-order contributions to the spin Hamiltonian, and
therefore also to decide on the influence of negativeoef-

For a magnetic system like fF¢he ZFS pattern of th&  ficients in the spin Hamiltoniag3). Higher-resolution and
=5 ground state due to the anisotropy is described by(#q. lower-energy transfer INS experiments should be needed to
with the parameters given in Table I. ThuS,,,,,is easily  definitively assess this problem. Heat-capacity measurements
obtained from the calculated energy levels, taking into acin the low-temperature range from 2 to 10 K have been
count the contributions of the three isomers. An additionashown to be compatible with the ZFS pattern obtained by
factor can be introduced to best fit the experimental magniboth EPR and neutron spectroscopy. Lower-temperature ex-
tude of theCp,4n/R contribution: factors slightly smaller periments should give better evidence for the Schottky
than unity account for a partial contribution of the sample toanomaly in this compound.

[S; exp(— BE;)]?
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