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The synthesis, crystal growth, magnetic susceptibility, and polarized optical absorption spectra in the visible and
near UV of (EiN)sFefFs are reported. From single-crystal magnetic susceptibility data and high-resolution
absorption spectra in the region of th&; — 4A; spin—flip transition, exchange splittings in the ground and
excited states are derived. Ferromagnetic ground and excited state exchange padageterd.55 cn! and

Jes = —0.53 cn1! are determined, respectively, and the relevant orbital contributions to the net exchange are
derived from the spectra. The results are compared with those reported earlier for the structurally and electronically
analogous [MpXg]>~ pairs in CsMgX:Mn2* (X = CI~, Br™), in which the splittings are antiferromagnetic. This
major difference is found to be due to the increased metal charge®ofdeepared to Mf", leading to orbital
contraction and thus to a strong decrease of the orbital overlaps and hence the antiferromagnetic interactions.

1. Introduction magnetic bistability at very low temperature. Similar behavior
has been reported for a number of clusters, also including the
oxygen-bridged F& clusters [Fg{OCHz)g(dpm)] (dpmH =
dipivaloylmethane}! [FesOx(OH)i(tacny]®™ (tacn = 1,4,7-
triazacyclo-nonanéf, and [FegNap-(O)s(OH)4(OCPh)o(chp)-
(H20)2(MeCO),] (chp = 6-chloro-2-pyridonato314
Understanding the magnetic properties of this wide variety
of compounds is still a challenging problem, since it requires a
detailed knowledge of the underlying exchange interactions
between nearest neighbors. In a dimer these can be investigated
without the complications arising from the presence of a
Tnultitude of interactions between paramagnetic ions in poly-
nuclear clusters. Therefore, investigations of dinuclear com-
plexes, especially those with ferromagnetic coupling, remain

The magnetic properties of a large number of compounds
containing high-spin Fe ions have been investigated. Many
of them exhibit extended interactions and behave as antiferro-
magnets at low temperatures, such as, e.g., the fluorideg'FeF
AFeF, (A = KT, Rb", Cs"),22% and KFeFs, the chlorides A-
[FeCE(H20)] (A = NH4T, K+, Cs"),56 the sulfides KFegand
CsFe$,” and FePQ@? or they behave as ferromagnets such as
FeCI[SCN(C;Hs)].° Currently very active research focuses on
the development of molecular-based ferromagnets, which might
offer some advantages compared to classical magnetic material
due to their chemical nature. A molecular material is easier to
modify, and the magnetic properties could be combined with

optical, mechanical, and electrical properties. Another very
active field of molecular magnetism deals with spin clusters
containing a finite number of paramagnetic ions. This has been
triggered by the observation of magnetic hysteresis and quantu
tunneling in the complex [MpO12(OAC)16(H20)4]-2HOAC:

4H,0.10 These clusters behave as nanomagnets and shovvb
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an important area of research. A number of'Fdimers with
oxo bridges were studiéd.In contrast, only two compounds
which contain isolated halido-bridged dimers were magnetically
investigated so far. For @BeCls'® an antiferromagnetic
interaction was reported, whereas inskEsFg it was found to

e ferromagnetié? For the latter, additional antiferromagnetic
interdimer exchange interactions were reported.

The various orbital contributions to the total exchange cannot
be obtained from an analysis of the ground state properties.
Optical spectroscopy of highly resolved transitions is an
appropriate technique to determine exchange splittings not only
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within the ground state but also within excited states, thus 1 mm thickngss and-35 mm Iength_were grown by ;Iow diffu_sio_n of
allowing one to elucidate the relevant orbital pathways of diethyl ether into a saturated solution of {H}sFeFs in DMF within
exchange and therefore the bonding properties between the5_ days, using a crystalllza_tlc_)n cell with a glass frit. The product was
paramagnetic ions. InSdsystems thefA; — 4A; spin—flip Elt.e:jed, (\j/vashed W|thlte} mlnlmhum amount ofdddry DMF (3 mL), alncti |
transition is of particular interest, since it often consists of sharp 2H¢ UNder vacuum. i is very iygroscopic and decomposes completely
. . . within minutes when exposed to air. The crystals were therefore stored
lines and can thus be very informative. Hence, a large number

. . ic i . ) and handled in a drybox under a dry nitrogen atmosphere. The purity
of compounds with the isoelectronic Mnion were investigated of the bulk material was checked by powder X-ray diffraction and

by optical spectroscopy in the pd8t?? A detailed study of  comparison with the single-crystal structural data of the isomorphous

the optical spectra of th\; pair transitions in CsMg¥Mn2* (EtN)sCraFs compound® (EtN)sFeFs crystallizes in the hexagonal
(X = CI7, Br7) containing [MnXg]®>~ pairs was reportef. In space groupP6/m, with a = 13.304 A andc = 10.765 A, obtained
contrast, optical spectroscopic studies eftttransitions in F&" from a Rietveld analysis on powder X-ray diffraction data at room

compounds are still scarce in the literature. Antiferromagnetic temperaturé® The Fé* single ion and dimer point groups are exactly
ground state exchange splittings were derived from pair spectraCs and Can, respectively, with the 3-fold axis lying parallel to the

of Fé* in natural yellow sapphirééas well as in oxo-bridged ~ Nexagonal crystat axis. The Fe-Fe distance is 2.864 A.
Fe+ dimers25:26 2.2. Optical Absorption and Transmission MeasurementsPolar-

. . . ized crystal absorption spectra were measured in the spectral range
In this study we present the synthesis and single-crystal g30-220 nm in boths andx polarization, i.e., with the electric vector

growth of the compound (gl¥l)sFexF, 1, in which the [FeFo]3 of the light perpendicular and parallel to tkeaxis, respectively. A
dimer is composed of two face-sharing octahedra. This com- hexagonal needle with the dimensions 3.2 mmD.64 mm x 0.96
pound is especially suitable for optical spectroscopy due to its mm was used. Survey absorption spectra in the visible and UV were
high hexagonal symmetry. The hexagonal crystal axis coincidesrecorded on a double-beam spectrometer Cary 05e (Varian), and the
with the trigonal dimer axis. We report polarized optical Sample was cooled to 12 K using a closed-cycle helium refrigerator
absorption spectra of single crystals between 12 000 and 45 OOdA'trj er%d”‘:ts)- H'gh'r?SO'”“é)” tra_”er"'SS'O” spedi@ aro‘tmd 4}9%

1 f - : ‘hili an nm were periormed as single-beam experiments as T10llows:
I(;renrr(;rr?:g\r/]veetlilc aef(csrlgglgeecsrgﬁ:?:]grg?g r:ﬁgcgrsoltsncdemgtedsata. The light of a 100 W tungsten lamp was dispersed by a 0.85 m double

derived f hiah i b . ._monochromator (Spex 1402), polarized using a pair of Glan-Taylor
are derived from high-resolution absorption spectra at cryogenic prisms, focused on the sample, and detected by a cooled PM tube (RCA

temperatures. In contrast to the situation 'nSKE;F&N the 31034) in conjunction with a photon counting system (Stanford
dimers are well separated from each other in the title compoundResearch SR 400). Variable sample temperatures between 1.6 and 28
due to the bulky EfN* ions. Interdimer exchange interactions K were achieved using a liquid helium bath cryostat (Oxford Instru-
are therefore negligibly weak, which allows us to study the ments 20 mm Bath Cryostat). A glass filter absorbing in the visible
interactions in the [F—§9]3— complex in the absence of coopera- (Schott BK3) was mounted between the sample and the detector to
tive effects. The knowledge of the excited state splittings allows Suppress straylight. A mercury lamp was used for wavelength calibra-
us to elucidate the role of different orbital exchange pathways tion- A background spectruitg(4) was detected with removed sample.

in contributing to the observed net ferromagnetic splittings. The APSOPtion spectra were then obtained by calculating l6t(1(4)).

- 2.3. Magnetic MeasurementsVariable-temperature magnetic sus-
(rfsults are comé:)ared hto thgse r(;mp%gec)j( e_"’"g?f ;0%a7n§|090usceptibility measurements were carried out on a single crystal in the
imer compounds such as CsMgMn®" (X = , Br-3) temperature range 36@ K at a magnetic field of 0.1 T using a

containing [MnXe]>~ pairs?? CssFe;Clo 4,'° and (EiN)sCrzFo magnetometer (Quantum Design MPMS-XL-5) equipped with a SQUID
5.27In all of them the triply bridged dimers possess trigonal sensor. The crystal was sealed in a glass tube and oriented with its
symmetry. hexagonal axis parallel and perpendicular to the magnetic field. The

data were corrected for the diamagnetism of the atoms using Pascal’s
2. Experimental Section constants.

2.1. Synthesis and Crystal Structure All the chemicals used for 3. Results

the present study were at least of reagent grade. Being extremely Figure 1 shows the temperature dependence between 1.8 and
hygroscopic, the title compound was synthesized using Schlenk ’

techniques throughout. A total of 325 mg (2 mmol) of Fe@erac, 50 K O_f _the prquCtXT’ where X is the _m0|ar . magnetic
99.8%) was dissolved in 30 mL of dry DMF. After heating to 8D, su;cepublllty, of single crystals 9r|ented with their hexagonal
7.2 mL (9 mmol) of a 1.25 M dry ethanolic solution of J8F axis parallel H || ¢) and perpendicularH [Jc) to a magnetic
(preparation described previously in ref 27) was added. The solution field of 0.1 T. Above 50 K,y T remains constant at about 10
lost its yellow color almost completely, indicating the formation of c¢m? K mol~1 for bothH || ¢ andH O ¢ (not shown). Below 40
the [FeFo]®~ complex. After concentrating to 12 mL, the solution was K, 4T is increasing with decreasing temperature. Hdf ¢, T
allowed to cool slowly from 130C to room temperature within 48 h.  steadily increases, whereas b ¢ it goes through a maximum
The product with formula (BN)sFeFs crystallized in small, completely around 5 K.

colorless needles up to 0.5 mm in length. Larger crystals with typically Overview absorption spectra in(upper trace) and (lower
trace) polarizations between 13 000 and 45 000cat 15 K

o glergggon, J.; Guggenheim, H. J.; Tanabe].¥2hys. Soc. Jpr.966 are shown in Figure 2. The assignment of the principal bands

(19) Day, P.. Dubicki, LJ. Chem. Soc., Faraday Trans1973 69, 363. is straightforward from a comparison with ®fnd—d spectr&3 _

(20) Ferguson, J.; Glel, H. U.; Krausz, E. R.; Guggenheim, H.Mol. Octahedral labels are used although the actual symmetry is
Phys.1974 28, 893. _ trigonal. The inset shows the enlargédy(G) band inx

gg ggtlﬁi'kG'CMI':' ,Pc‘:‘(t)'l‘('ak'ec';': :g:: g Hggig gﬂgmig;g ig g%g polarization. It shows indications of two Frane€ondon

(23) McCarthy, P. J.; Gdel, H. U.Inorg. Chem.1984 23, 880. ' progressions in a 325 crhfrequency mode built on origins at

(24) Ferguson, J.; Fielding, P. Bust. J. Chem1972 25, 1371. 13 450 and 13 630 cm.

(25) ir%hucgr?gmH'sjdaggzsgnfnz'egé R.; Barraclough, C. G Gray, B. B. . Figure 3 shows ther (upper graph) and (bottom graph)

(26) Brown, C. A.: Remar, G. J.- Musselman, R. L.: Solomon, Enorg. polarized spectra in the region of th&;, “E(G) bands at 1.6 K
Chem.1995 35, 688.
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40, 1482. Gudel, H. U.Z. Anorg. Allg. Chem.in press.
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Figure 1. Temperature dependence of the magnetic susceptibility AR RN AR RRRLE LR LN LN L
plotted as the produgtT of a single crystal of (EBN)sFeFs in the
range 1.8-50 K (circles). The crystal was oriented with itsaxis
parallel {H || c) and perpendicula{ [ ¢) to the magnetic field of 0.1
T. The solid line is a fit with the parametedss = —1.55 cn?, D =
—0.15 cn1?, andg fixed at 2.00.
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Figure 3. z (upper graph) and (bottom graph) polarized absorption
spectra in the region of tH&; — A, “E transitions at 1.6 (solid lines)
and 14.4 K (dotted lines). Sidebands are denoted with their energy
separations from the strong origin lines.

9

cm~1, which is essentially temperature independent. At 1.6 K,
there is an additional, very weak and broad band between 24 882
and 24 890 cm?. A hot band rises at 24 881 crh and at 14.4

) . ) ) K there is an indication of a shoulder on the high-energy side
Figure 2. Polarized single-crystal survey absorption spectra ot of the cold band at about 24 877 cinTable 1 lists the energies,

FeFs at 15 K. The bands are denoted @ symmetry, with the |arizati int it dt ¢ f the band
corresponding free-ion terms in parentheses. The inset shows thePolarizalions, intensities, and temperatures or the bands.

vibrational progressions built on the origins at 13450 and 13630 cm Figure 5 shows enlarged high-resolution absorption spectra
of the *T4(G) band ins polarization on an enlarged scale. in the range of théA; — #T,(D) transition inx (solid line) and

o (dotted line) polarizations at 1.6 K. The spectra are divided
(solid lines) and 14.4 K (dotted lines). In both polarizations at into three regions, region | covering the range below 28 170
14.4 K the spectra are dominated by a prominent, sharp peakcm™, region Il from 28 170 to 28 400 cm, and region Il
around 24 880 cmt. Its intensity strongly decreases and its above 28 400 crt, as indicated at the top of Figure 5. In both
position slightly red-shifts with decreasing temperaturerin regions Il and Ill, the spectra are essentially cold. Region Il is

L I U A Lt I B

20000 30000 40000
energy [cm'l]

polarization, whereas it is temperature independeat A broad dominated by two sharp, prominent peaks labeled 8 and 9 at
band extends from 24 800 to 25 500 chywith no temperature 28 290 and 28 360 cmd, respectively, which are more intense
dependence imr but increasing intensity upon heating én in 7t than ino polarization. Region Il consists of several weaker

polarization. Superimposed on the broad band, a number ofbands which are assigned to vibrational sidebands, forming short
sharp, weak features are observed. The numbers indicate theiprogressions built on the origins in the regions | and II, as
energy separation from the prominent peak at 24 880'cm indicated by the bars in Figure 5. The vibrational frequencies
Enlarged high-resolution absorption spectra in the range of range from 280 to 323 cm, i.e., similar to the 325 crt mode
theA; — A, pair transitions are shown in Figure 4 at various forming progressions in thé&T(G) band, see Figure 2. Ad-
temperatures as indicated. In both polarizations the spectra showditional modes may contribute to the unresolved intensity in
a distinct temperature dependence, and the hot intensity is atregion Ill. Nine origin bands are observed in regions | and I,
least an order of magnitude largeranthan ino polarization. labeled -9 in Figure 5. Ther (top graph) andr (bottom graph)
In 7t polarization at 1.6 K, only one peak is observed at 24 873 polarized spectra of region | are shown on an enlarged scale in
cm™L It is superimposed by a hot band rising with temperature Figure 6 at various temperatures between 1.6 and 28.5 K as
at about the same energy. Upon heating, a prominent band aindicated. We label corresponding cold and hot bands with the
24 881 cnt?! starts rising. Above 4.2 K it slightly red-shifts, same numbers and distinguish them by the indices a and b,
indicating the presence of an additional hot band at about 24 877respectively. Six cold bands numbered from 1a to 5a and 6 in
cm~1. Theo spectrum is dominated by a single band at 24 873 Figure 6 are observed in polarization, but only bands 4a and
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Table 1. Energies (cm?), Polarizations, Temperatures (K), Oscillator Strengfhsapnd Assignment (ilCsn) of the ObservedA; — “A; Pair

Transitions in (EiN)sFe;Fe, See Figure @

energy

exp calcd polarizn temp f assignment
24 873 24 873 nlo 1.6 1.3x 10°84.1x 10°8 LA — 9A!
24 873 24 873 4 2.3 A" — A"
24 877 24 877 nlo 7.8 A" —TA
24 881 24 881 lo 2.3/4.2 5.6x 10°829x 108 A" — A"
24 882-24 890 24 888 nlo 1.6 ~1x 107 LA™ — A"

a2 The calculated energies are listed in the third column. The lowest temperature at which a given transition is observed is indicated.

.v T I T I L I ) I T
24860 24870 24880 24890 24900
energy fem™]

-

1.6K

€

per pair =

27800 28000 28200 28400 28600 28800
energy [em’]

Figure 5. 7 (solid line) ando (dotted line) polarized absorption spectra
in the region of theA; — “T, (D) transition at 1.6 K. The solid and
dotted bars indicate vibrational progressionstiando polarizations,
respectively. The numbers label the electronic transitions.

the parameter valuedzs = —1.55 cnt?, D = —0.15 cn1?,
and g fixed at 2.00 the experimental data are very well
reproduced, see Figure 1. The ground state exchange splitting

Figure 4. High-resolution absorption spectra showing the temperature is thus ferromagnetic, giving rise to a Lanplattern with theS

dependence of th&\; — #A; pair transitions int (top graph) andr

= 5 level lying lowest and an energy separation betweersthe

(bottom graph) polarizations at various temperatures between 1.6 and= 5 andS = 4 levels of 5Jgg = 7.75 cnTl. In CgFer,, a

14.4 K as indicated.

6 appear int polarization. Hot, exclusivelyr polarized bands
arise upon heating, labeled 4bb in Figure 6. Energies,
polarizations, and temperatures of cold and hot bare3 dre
shown in Table 2.

4. Analysis
4.1. Magnetic Properties.The ground state exchange split-

value Jgs = —1.36 cnt! was derived from magnetic suscep-
tibility measured on a powder sample.Instead of axial
anisotropy, antiferromagnetic interdimer interactions were in-
troduced to account for the observed drop of below 20 K. In
(EuN)sFelg, there is no evidence for interdimer interactions,
and they are much more unlikely, since the dimers are well
separated from each other due to the bulkyNEtions. The
single-crystal data allow an unambiguous determination of the
sign of the single-ion axial anisotropy parameferwhich is

tings are described in terms of the isotropic Heisenberg not possible from data obtained from powder samples. The total

Hamiltonian

H =JdS ) (1)
with Sy = S = %,, where a negative value for the exchange
parameterJss corresponds to a ferromagnetic splitting. The
differences in the susceptibility curves for tHg| c andH O ¢
orientations below 40 K were rationalized with an axial zero-
field splitting (ZFS) at the F& site parametrized bfp. The

magnetic susceptibility was then calculated using the program (3g)

ANIMAG based on the formalism presented in ref 29. With

ZFS of a given dimer spin lev&is given by|Dg <, where the
dimer Dsis related to the single-ioB, and forS=5 Dgs =
4/9D.2° For the dimer ground level we thus de§-s = —0.066
cmtand a total ZFS of 1.66 cmd. This is considerably smaller
than the 7.75 cm! exchange splitting between ti8= 5 and
S=4 levels. In the optical spectra the ZFS is not resolved and
will be ignored in the following analysis.

(29) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S.Inorg. Chem.1999 38, 6081.

Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993;

p 142.
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resulting trigonal energy splittings are small. However, the
fo] T severe distortions from a perfect octahedron together with the
electrostatic potential of the second metal ion in the dimer leads
to an Fé' site with a very large odd-parity crystal-field

5ag component. This is responsible for the relatively high intensity
4a of the principal d-d bands withe values up to 5 M* cm™,

! see Figure 2, although all the-d transitions in high-spin P&
compounds are spin-forbidden and thus weak. There are two
broad bands centered at 35 000 and 40 000%am Figure 2,
which are not expected in mononuclearFeomplexes. In

3a analogy with the absorption spectra of N#hCl33! we assign
A 2a pz them to double excitation§T#T»(G) and“T,*T,(G), respec-

e i tively, since they arise at about the sums of the energies of the

RLiaaRasaauanaren e R L L e e corresponding single excitations. These double excitations arise
4b from exchange interactions between thé'Fiens.
T A 4.3. The“A, “E Region.There are two well-known intensity
i, mechanisms for dimer transitions which are spin-forbidden in
---- : the single ion: (i) a single-ion mechanism due to the combined
i action of the odd-parity ligand field at the single ion site and
—-- 70K spin—orbit coupling; (ii) an electric-dipole exchange mechanism.
--- 42K 7§ The latter, which was first proposed by Tanabe and co-
V4 workers!®turned out to be the most effective intensity-providing
mechanism for pair transitions between states of the same single-
ion electron configuration. The dimer spin selection rules for
(i) are AS= 0, £1, whereas for (ii) it iSAS= 0. In the title
compound the ground state levels h&galues from 0 to 5,
whereas the singly excitéd\;, “E, and*T»(D) pair states have
St values from 1 and 4. Therefore, cold bands can get intensity
only from the single-ion mechanism, whereas hot bands may
) . ) get intensity from both. Besides the spin selection rules, we
Figure 6. o (upper graph) andt (bottom graph) polarized absorption 56 for the exchange mechanism the normal orbital selection
spectra of the lowest bands of tP&; — “T, (D) transition shown in . . i
Figure 5 at various temperatures between 1.6 and 28 K as indicated.rUIeS in theCah pair symmetry:

The observed bands are labeled from 1 to 6, with a and b designating
cold and hot bands, respectively. ASE A'SET ASA )

€ per pair =

EERe—

1a

2552

||IIIIl|l||II|IIII||ll||||ll||||l|||lll|llll|l
27800 27900 28000 28100 28200
energy [cm']

Table 2. Energies (cm?), Polarizations, Temperatures (K), ; : ; ;
Oscillator Strengthsfy, and Assignment of théA — #T(D)/2T1(l) On the basis of these selection rules we assign the main features

Electronic Transitions in (EN)sFesFs Observed in Regions | and I I the region of thefA, “E(G) bands shown in Figure 3 as
of Figure 5 follows. In the dimer ground stat®\;, theS= 0, 1, 2, 3, 4,
and 5 dimer levels transform a4, A", 5A’, 7A"”, °A’, and
TA" | respectively. ThefA; and “E singly excited pair states
1o 28713x 28 S=4—35 =4 orbitally transform as AA" and E/E", respectively. Pair

no. energy polarizn temp f assignment

8 =5— = L. . . .
;ﬁ gg gégg %8 1.2x 107 gz i_}g _3 transitions to these states can therefore only get intensity via
2a 280710 16 1x 10°° S=5—S =4 the Tanabe mechanism inand o polarization, respectively.
3b 28097 & 7.0 S=4—-% =4 The sharp hot peak at 24 880 chin & polarization and the
3a 281050 1.6 2x10° S=5—S =4 broad hot band centered at 25 150¢rim ¢ polarization (Figure
4b 281457 7.0 S=4—95 =4 3) are thus assigned to exchange-induced transitiof#sitand
4a 28154 ol 1.6 1x107°%- S=5—S=14 4 :

_ — E, respectively.

5b 281547 7.0 S=4—9=4 Lo .
5a 281620 1.6 1x10°® S=5—-% =4 We do not fully understand the striking difference in the
6 28182 oln 1.6 2.4x 10°8 S=5—-S =4 bandwidths of théA; and“E absorptions in Figure 3. One and
7 282200 1.6 ~1x 107 S=5—%=4 perhaps the major effect is the overlap of fiieorigins with
8 28290 o 16 ~2x10%~7x 107 S=5—8 =4 vibrational sidebands of th#\; origins. It is well-known that
9 28360 wlo 16 ~2x108~1x10% S=5—% =4

this often leads to a broadening of otherwise sharp features. In
aThe lowest temperature at which a given transition is observed is addition, both théA; and the’E excited states are further split

indicated. The numbers in the first column label the Kramers doublets by exchange interactions. Ftd; this splitting lies within the

in the s_ing_le ion. Corresponding cold and hot bands are distinguished handwidth of about 15 crt and will be analyzed in detail in

by the indices a and b, respectively. section 4.4. FofE this splitting is conceivably larger because,

in contrast to*A;, the orbital occupancy within the,f(e)

electron configuration and therefore the bonding parameters

change upoiA; — “E excitation. This has two consequences:

First, the relevant orbital exchange parameters and thus the

energy splittings will be different frorfA ;. Furthermore, it leads

to a larger displacement of the excited state potential compared

4.2. Optical Spectra.The positions of the maxima of the
4T1(G) and*T»(G) bands do not differ by more than about 400
cm ! in ¢ and & polarizations, indicating that the trigonal
splittings are small. In analogy to the situation for(B&Cr.Fy
reported in ref 27, this is due to a compression of the terminal
fluoride ligands toward the metal ions, whereas thesMIore
is elongated along the trigonal axis. Since these distortions from 31) rodriguez, F.; Hefmez, D.; Guel, H. U. Phys. Re. B 1999 60,
a perfect octahedron essentially compensate each other, the = 10598.
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to the ground state potential along vibrational coordinates and
therefore to longer, presumably unresolved vibrational Franck Energy iy WOATIA g
Condon progressions. Finally, thE state is already split into fem] s e 5 \ / {!9A"
four spinor levels in the single ion. The observed brégkd sagool T =¥ =
absorption band is thus a superposition of a large number of
unresolved sharper bands. 3 —
A number of weak, sharp features superimposed on the broad 2880 4
band can be identified, see Figure 3. The sidebands separated
by 372, 463, and 565 cm have the same temperature
dependence as the origin im polarization, and they are
exclusivelys polarized. We therefore assign them to sidebands
in totally symmetric modes, forming short FrareRondon
progressions. Support for this comes from the fact that their
frequencies of 372, 463, and 565 chare slightly higher than
those of the 313, 415, and 541 chtotally symmetric modes A
reported for (EfN)sCr,Fe, respectively’’ The cold 156 and 277 20l ‘A
cm~1 energy sharp bands could be resolved origins of*the SA'
pair excitations. A"
4.4. The %A; — 4A; Pair Transitions. The ground state 10l
exchange splitting is rationalized by the Heisenberg Hamiltonian oA
in eq 1, see section 4.1. In tl@&y, pair symmetry, the ground 5Jgs
state pair levels transform &5", °A’, 7TA"", 5A’, 3A"", and!A’. ol 1A
The %A, state derives from the ground electron configuration,
and we can therefore use the Hamiltorifan

SA 3

TA"

Gar
24870 4 A

Figure 7. Energy level diagram showing the exchange splittings in
H = ZJA»B. (35 Sp) (3) the®A; ground and théA, excited states. The energy levels correspond
e i ] to the data analysis in section 4.4. Pair levels are labele@sin
symmetry. The arrows show the observed transitions: thick arrows
indicate the spin-allowed pair transitions induced by the Tanabe
mechanism, and faint arrows indicate spin-forbidden pair transitions
induced by a single-ion mechanism.

to describe the energy splitting in this excited state. In eq 3
andj number the trigonal orbitalg,tt,, t-, e;, and e.. Singly
excited pair configurations can be representéd as

Table 3. Eigenvalues of théA; Excited State Exchange

|4A16A1D and |6A14A1|] (4) Hamiltonian (eq 3)
level eigenvalue
Under the action of (3) they are coupled, resulting in eight pair 37, 1/1800[0%Js + 225 ZJee+ 15033
wave functions of the general form A" 1/1800[20Q ) + 375X Jee + 3502
AL 1/1800[500ZJ; + 600ZJee + 650 2]
— 45 6 65 4 A, 1/1800[900%J + 900-2Jee + 10502
+ = (INVDI'ALALE A, "A 0 ©®) A" 1/1800F-24-23y + 171-Zee + 22223
o ) ] ) SA; 1/1800[128% )y + 2133 Jec + 5662
The excitation is delocalized between the ions A and B, leading A, 1/1800[3562)y + 276 3Jee + 108223,
to a resonance splitting of the levels with the same dimer spin °Ay 1/1800[660=J; + 360 =Jee+ 177023y
quantum numbeB*, see Figure 7. This results in two Lande

] . aThe parameter&Jy, 2Jee and=J, are the sums of 9, 4, and 12
patterns, a lower one with the levels transformindA's A", orbital exchange parametedag, respectively. The corresponding
5A’, and A" in Cg and an upper one with the levels excited state dimer levels are listed on the left. The baricenter of this
transforming asA"", 7A’, 5A", and®A’ with increasing energy.  splitting pattern corresponds R(*Ay), the single-iorfA; energy.

The two patterns are shown with faint and bold lines in Figure
7, respectively. Only transitions to the levels of the upper Lande
pattern (bold lines in Figure 7) are symmetry allowed, and
energy differences between adjacent levels are given by

tively. In Table 3 we list the eigenvalues of eq 3 in terms of
i, 2Jee @andZJe. They define the excited state splittings.
We now assign the bands shown in Figure 4 and listed in
Table 1 to distinct pair transitions. THA' and ’A" ground
_ —1)= state levels lie 7.8 and 14.0 ciabove theé'?A"” ground level,
ES) —EBS ~ D= © respectively. This follows from the analysis of the magnetic
with18.23 susceptibility data, see section 4.1. The hot bands at 24 881 and
24 877 cm! are about an order of magnitude more intense in
7 than ino polarization, see Figure 4 and Table 1, indicating
1 z 2‘]“ + z\]e@L Z‘]te] (7) that they gain their intensity mainly via the Tanabe mechanism.
From their temperature dependence we conclude that they arise

The corresponding expression for the ground state in terms offrom the®A” and’A" ground state levels, respectively. On the

orbital parameters 1823 basis of the dimer selection rules, we safely assign the bands at
24881 and 24 877 cmi to the°A’ — °A" and A" — A’
1 transitions, respectively. At 1.6 K only tHéA" ground state
- _5[Z‘JH + zJee+ ZZ‘JtEI ®) level is populated, and transitions observed at this temperature

arise from this level and necessarily gain their intensity via the
In egs 7 and 8 th&Jy, ZJee andZJi are the sums of 9, 4, and  single-ion mechanism. The prominent cold band at 24 873.cm
12 orbital exchange parametelgg, defined in eq 3, respec-  which occurs in both polarizations, is thus immediately assigned
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to A" — 9A'. This is an important assignment, because it Table 4. Comparison of Exchange Parameter Values (imgrand
defines the lowest energy level of the excited state pattern in Metal—Metal Distances (in A) for (EN)sFe:Fs, 1, CsSMgCk:Mn?*,
Figure 7. In bothr ando polarizations there is also hot intensity 2 Ref 23; CsMgBeMn?", 3, Ref 23; CsFeCls, 4, Ref 16; and
at 24 873 cm?, see Figure 4. In particular, th" — A" (ELN)sCraFo, 5, Ref 27

transition is calculated at this energy. The very weak, cold band 1 2 3 4 5
between 24 882 and 24 890 chis assigned to thélA"" — Jos -155  +19.6 +14.2 +1.2 +27.6
9A'"" transition. Jes -0.53  +26.8 +18.6

With the assignments in Table 1, tles value from the ZJu 145 4490" 43557
magnetic susceptibility, and the eigenvalues of eq 3 in Table 3, gee J_rg'938 8* 8*
we are now in a position to determine the sums of orbital =\ 2864 3.093 3.247 3.421 2769

exchange parameteB)y, ZJee andZJee:
gep e © a Orbital exchange parameter values denoted with * were obtained

ZJH = 4+14.5+ 6.0 cm_l by settingZJee = ZJie = 0.
J =+6.3+50cm* 9 We now analyze the temperature dependence of the weak
Z e ©) bands in region I. Figure 6 shows that for each cold band 1a

5a there is a correspondimgpolarized hot band 15D, shifted

by 7—-9 cm ! to the red. At 1.6 K only the lowest ground state
In this analysis we also used th&; single-ion energy as a fit ~ dimer levelS = 5 is populated; therefore the cold bands are
parameter and obtaing®(“A;) = 24 875.9+ 0.2 cnTt. We n_ecessanlys =_5—> S = 4_transmons, gaining thelr_lntens_lty
will use the parameter values f&, Jes and=Je in section via the .smgle. ion mechanism. The hot bands are immediately
5. They allow us to determine the complete excited state splitting cT€asing with temperature, and except for band 1 they are
pattern shown in Figure 7 using the eigenvalues in Table 3. It about an order _Of magmtude more intense than t_he COFV?SPO”‘?"”Q
reveals that the splitting in th\, state is also ferromagnetic. c_old bands. This strongly mdlcates that they galn_the|r intensity
The valuedes = —0.53 cnr is obtained from the above values Vi@ the exchange mechanism. We therefore assign thelbto
with eq 7. It is only a third of the ground state valdes = = 0 transitions foiIS= 4, 3, 2, and 1. Th_e energy difference of
—1.55 cn1, reflecting the observation that tH&" — 7A’ 7—9 cn ! between cold and hot absorption maxima corresponds

transition occurs at lower energy than fé — A" transition, to 5Jagl, if the exchange splittings are the same in the ground
see Figure 4 and Table 1. and excited states, i.€lgs ~ Jes The agreement with the value
4.5. The 4T(D)/?T((l) Band System. The spectra in the Slesl = 7.75 ‘?”Tl derived ffom the_magnetic s_usceptibi!ity
region of the#T,(D) band shown in Figure 5 are essentially and the analy3|s of th#\; region confirms the validity of this
cold, and we thus analyze the main features in the single ion @SSUmption. , . - .
symmetry. In section 3 we have already assigned the bands in N 9eneral, the intensity of the spectra shown in Figure 5 is
region |1l above 28 400 crt to vibrational sidebands built on ~ €0!d, revealing that the Tanabe mechanism only alays a minor
electronic origins located in regions | and Il below 28 400&m  'ole in this band system, in contrast to th&; — “A; pair

The polarizations and temperature dependencies of banéls 1~ ransitions, see section 4.3. This is in good accord with the
in Figure 6 reveal that they are most likely all electronic in theoretical prediction that the Tanabe mechanism is most

origin. A total of at least nine electronic transitions labelegd1  €fficient for pure spir-flip transitions;® which is the case for
in Figure 5 are thus observed experimentally. ThgD) single neither thefT(D) nor the®Ty(l) excitation.

ion state is split in first order by spirorbit coupling and the
trigonal field into six Kramers doublets. This splitting is
modified in the dimer, and further splittings are induced by ~ The most important results of our analysis are the ferromag-
exchange interactions. However, these latter splittings are neticJ parameters in the ground afé, singly excited states
expected to be of the same order of magnitude as in the groundof (EuN)sF&Fs, 1. This is in contrast to the situation in
and“A; states, see sections 4.1 and 4.4, respectively, i.e., abouCsSMgCk:Mn?*, 2, and CsMgBgMn?*, 3, in which the J
10-25 cntl. We have evidence of these splittings in the Pparameters are antiferromagnetic in both states, see TaBle 4.
temperature dependence of the baneé$ in Figure 6 which ~ This is astonishing at first sight, since the [M&]°>~ pairs in2

will be discussed below. They are small compared to the and3 have the same bridging geometry as thefgE~ pairs
splittings between the bands—®. We are thus forced to in 1, and they are isoelectronic. This difference can be
conclude that in addition t8A; — 4T,(D) another transition rationalized on the basis of the relevant orbital exchange
contributes to the spectrum in this spectral region. The bandsparameters listed in Table 4. Thgg, parameters belonging to
1-9 differ in intensity by 2-3 orders of magnitude. This  overlapping orbitals can provide antiferromagnetic, i.e., positive
suggests that the additional transition is most likely highly contributions toJss and Jes. Overlap in the present trigonal
forbidden which gains intensity by its proximity &, — 4T,- symmetry is restricted to the parametégg, J..,, andJ__in

(D). We have performed an octahedral ligand field calculation ZJt, Je,e, @ndJe e in 2 Jee and.e,, Jeit,, e, andJe ¢ in
using the energies of the principa| bands observed in Figure 2,2.]'[6. All the other 16 orbital parameters are necessarily negative.
obtaining Racah parameter valuBs= 700 cntl, C = 3650 In trigonal dimers composed of two face-sharing octahedra,
cm1, and a ligand-field strength of D@ = 12 800 cn?. With the interaction between th& orbitals leads to the main
these parameters we are very close to a level crossing of theantiferromagnetic contribution, since they are directly pointing
2T,(1) and 4T»(D) states at 27 850 cm. Spin—orbit coupling toward each other. This was nicely borne out in various studies
splits the2T4(1) state into three Kramers doublets which will —on triply bridged C#" dimers?~3* and was also found fo2

mix with the correspondindT»(D) spinors. The resulting low-

(32) Leuenberger, B.; Glel, H. U.Inorg. Chem.1986 25, 181.
energy states between 27 800 and 28 20010¢hands £7 of (33) Schenker, R.; Weihe, H.;@al, H. U.Inorg. Chem1999 38, 5593.

region | in Figure 5) will thus have mixed doublet and quartet (34) Niemann, A.; Bossek, U.; Wieghardt, K.: Butzlaff, C.; Trautwein, A.
character. X.; Nuber, B.Angew. Chem., Int. Ed. Engl992 31, 311.

> Je=—29.8+0.7 cm*

5. Discussion
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and 3:23 The ratios ofJedJgs are 1.37 and 1.31 i2 and 3,

Schenker et al.

pensated by increased antiferromagnetic contributions of path-

respectively. These values are very close to the value of 1.39ways involving the ligands, leading to increased positive values

obtained from egs 7 and 8 whé&idee = ZJ = 0, indicating
thatXJy is by far the dominant term f& and3. Consequently,

of the termsJ,,t, andJi_ ¢ in ZJ; andJe.e. andJe e IN ZJee
Physically this corresponds to a better overlap of metal and

in these dimers the splittings are antiferromagnetic in both the ligand orbitals, which is due to the increased covalency of the

ground and th¢/A; excited state as a result of the dominant
Jit, parameter. A decrease of the metaietal separation leads
to an increased overlap of thedrbitals and thus to an increase
of the antiferromagnetic splitting4:3>This is also observed for
2 and 3, where bothJgs and Jes increase from 14.2 and 18.6
cm1in the bromide to 19.6 and 26.8 cin the chloride,
respectively, upon decreasing the M¥n distance from 3.247

Fe—Cl compared to the FeF bonds. But we note thalks =

1.2 cntt in CgFeCly is very small, indicating a very fine
balance between ferromagnetic and antiferromagnetic contribu-
tions. Finally, we can compare the results of,(BtFeFo, 1,

with those reported recently for the tri-fluoro bridgedCdimer
(EuN)3CrFg, 5.27 In the latter the ground state splitting is
antiferromagnetic withlJgs = +27.6 cnt!, and the C+Cr

to 3.093 A, see Table 4. Because of the considerably shorterdistance is 2.769 A, see Table 4. This considerably shorter

Fe—Fe distance of 2.864 A, an even larger antiferromagnetic
exchange might be expected fér However, we observe a

meta-metal distance than in the title compound (2.864 A) will
lead to a larger positivé,, and thereforeJy in (EN)3Cr,Fo.

decrease instead. This is due to the additional positive chargeln addition there are no ferromagnetic contributions fradg,

on Fé+ compared to Mfi", leading to a strong radial contraction
of the orbitals in F&" and therefore to a considerable reduction
of all the orbital overlap and electron-transfer integrals. As a
direct consequenc&Jy is decreased from 490 and 355 Tt

in 2and3to 14.5 cntlin 1, respectively, i.e., by more than 1
order of magnitude, see Table 4. This effect is also illustrated
by a comparison of the3dsystems CsMgGiVZ" containing
[V2Clg]>~ pairs’® and CsCr,Clo,%” in both of whichJyy, provides

the major contribution to the antiferromagnetic ground state
exchange parametégs. Jgsis decreased from 187 to 13 cip
respectively, despite the similar metahetal separations of 3.09
and 3.12 A, respectiveRf-37 We conclude that the relevant

since C#" has a () electron configuration.

In conclusion, we have presented single-crystal magnetic
susceptibility data and high-resolution crystal absorption spectra
of (EyN)sFeks at cryogenic temperatures. This allowed us to
determine exchange splittings and exchange parameters in the
ground and*A; excited states. They were both found to be
ferromagnetic, which is in contrast to the situation in the
analogous [MaXg]>~ pairs in CsMgX%:Mn?" (X = CI—, Br).

This was rationalized on the basis of orbital exchange parameters
derived from the spectra. We find that in the jF§%~ and
[FexClg]3~ dimers all of the relevant overlap and electron transfer
integrals are strongly reduced compared to the corresponding

overlap and electron-transfer integrals are much more influencedMn?* dimers. This is the result of a strong radial contraction of

by changes of the metal charges than by changes of the-metal
metal separation. Il the antiferromagnetic pathway via the
direct overlap of thegtorbitals has clearly lost its dominance.
3Jee and ZJ, Which could be neglected i and 3 due to the
dominance oJs, now become important ith. The dominant
term in 1 is =Je = —29.8 cn1?, giving rise to the observed
ferromagnetic splittings in both the ground af@; excited
states. The negative value falJ, reflects the fact that it is

the d orbitals in F& due to the increased positive charge of
the nucleus. The antiferromagnetic pathway via therbitals

is therefore no longer dominant, and positive and negative orbital
parameters become similar in magnitude. This results in small
net exchange splittings in [R69]3~ (X = F~, CI7), which are
ferromagnetic or antiferromagnetic depending on the fFe
distance and the covalency of the Hgand bonds. The
difference between (EM)sFeFs and CsFeCly reveals that,

composed of 12 orbital parameters, 8 of which are necessarilyalthough weak, the interactions via the bridging ligands give

ferromagnetic.
For CsgFeClg, 4, a value oflgs = 1.2 cnt! was reported®

the crucial contribution to the net exchange. This is substantially
different from the situation in CsMgxXMn?* (X = CI-, Br~)

The ground state splitting thus changes from ferromagnetic in and (E4N)sCr.Fg, in which the antiferromagnetic orbital pa-

1 to antiferromagnetic id. The decrease of thearbital overlap
and thusJ,, due to the strong enlargement of the—fre
distance from 2.864 to 3.421 A must therefore be overcom-

(35) Grey, I. E.; Smith, P. WAust. J. Chem1971, 24, 73.

(36) Riesen, H.; Gdel, H. U.Inorg. Chem.1984 23, 1880.

(37) Briat, B.; Russel, M. F.; Rivoal, J. C.; Chapelle, J. P.; Kahn\ol.
Phys.1977 34, 1357.

rameterJ;, dominates the picture.
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