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Abstract: The metal—organic molecule bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(ll) (Cu-
(CNdpm)z) (C24H3sN204Cu, Cu(ll)) is a copper spin-/, system with a magnetic moment of 1.05 + 0.04
us/molecule, slightly smaller than the 1.215+0.02 ug/molecule for the larger size copper spin-/, system
C36H4sN404Cu-C4HgO (bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(ll) 4,4'-bipyridylethene—
THF). There is generally good agreement between photoemission from vapor-deposited thin films of the
C24H36N204Cu on Cu(111) and Co(111) and model calculations. Although this molecule is expected to
have a gap between the highest occupied molecular orbital and the lowest unoccupied molecular orbital,
the molecule remains surprisingly well screened in the photoemission final state.

Introduction between the coordinately labile Euions3> Ligand design, and

The interplay between spin and electronic structure is a central e resulting coordination, is thus a critical component in
issue in the study of metabrganic and organometallic com- ~ fabricating extended Cu metabdrganic structures, and many

pounds and tends to result in an emphasis of Mn, Fe, Co, angchelates are ambidentate (i.e., support secondary interac-
Ni complexest 3 Copper complexe;8 particularly the dike- tions)34.210The resulting self-assembled structures often exhibit

tonates, have been known for decades and offer an opportunity€Xtended order in three dimensicis.°This can be important

to investigate systems dominated by an unpaired spin, generaIIyWhen either transport or magnetic properties are of intérést.

without the complexity of spirorbit coupling. The copper Apart from the heavily investigated copper phthalocyanines,

complexes are also desirable because the ligands provide Pnly a few experimental studies of the electronic structure of

“tunable” spacer length, flexibility, and orbital connectivity @dsorbed copper complexes have been undertaken.
Inorganic precursors were constructed wfiftyano dike-
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Figure 1. Single-crystal structure,a, and unit cell packing diagrampb, of Cu(CNdpmj} adapted from ref 9. The immediate coordination geometry about
Cu(ll) is a tetragonally distorted octahedron exhibiting four short-Ouequatorial bonds and 2 trans axial-€M bonds from adjacent molecules.
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Figure 2. Single-crystal structure2a, and unit cell packing diagran2b, of CzgHagN4OsCurCyHgO (bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)-

copper(ll) 4,4-bipyridylethene-THF), i.e., Cu(CNdpmBPEA.

B-cyano diketonates have not been heavily investigatédie

porting Information. The solid-state structure of bis(4-cyano-2,2,6,6-

have chosen to study one such species, bis(4-cyano-2,2,6,6tetramethyl-3,5-heptanedionato)copper(ll), illustrated in Figure 1, ex-

tetramethyl-3,5-heptanedionato)copper(ll) (Cu(CNdpm)e.,
Ca4H36N204Cu (Cu(ll))? because of the high vapor pressure
(tens of milliTorr) and robust chemical stability that make this

metal-organic suitable for electron spectroscopy studies. None-
theless, this system has an electronic structure that we believ

may be representative of an entire class of mebajanic
compounds.

Experimental Section

Bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper(ll) (Cu-
(CNdpm}) (i.e., G4H3eN204Cu (Cu(ll))) was synthesized as described
in ref 9 and isolated as large, blue block crystatd cm on an edge)
that exhibit high thermal stability400 K), decent volatilities, and
nearly ideal tetragonal crystal symme%yhe preparation of the related
CseHasN4O4CurCyHO (bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedi-
onato)copper(ll) 4,/4bipyridylethene-THF) is detailed in the Sup-

(12) Fackler, PJ. Chem. Socl962 1957. Angelova, O.; Petrov, G.; Macicek,
J. Acta Crystallogr., Sect. C: Cryst. Struct. Commur@89 45, 710.
Angelova, O.; Macicek, J.; Atanasov, M.; Petrov, IBorg. Chem.199],

30, 1943. Tsiamis, C.; Tzavellas, L. C.; Stergiou, A.; Anesti,INorg.
Chem.1996 35, 4984. Tsiamis, C.; Tzavellas, L. Morg. Chim. Acta
1993 207, 179. Venetopoulou, D. K.; Keramidas, K. G.; Voutsas, G. P.;
Rentzeperis, P. |.; Goubitz, K.; Tsiamis, Z.Kristallogr. 1994 209, 170.
Thambidurai, S.; Jeyasubramanian, K.; Ramalingam, SP#&lyhedron
1996 15, 4011.
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hibits overall molecula€,, symmetry with average CtO bond lengths

of 1.92 A? Bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)copper-
(Il) 4,4'-bipyridylethene-THF is schematically shown in Figure 2. The
immediate coordination geometry about Cu(ll) is a tetragonally distorted
octahedron exhibiting four short GO equatorial bonds and two trans

€xial Cu-N bonds. While the solid-state packing diagram for (Cu-

(CNdpm}) shows independent parallel chains linked by long intermo-
lecular Cu—-NC contacts £2.56 A) (Figure 1), there is no evidence
supporting that molecules adsorbed onto single crystals of Cu(111) or
epitaxial Co(111) overlayers adopt a similar structure. Similar inter-
molecular assemblies have been seen in other copper complexes.
Angle-resolved photoemission spectra (ARPES) were acquired at
the USUA undulator beamline at the National Synchrotron Light Source
(NSLS)13% Linearly polarized light from an undulator source was
monochromatized using a spherical grating monochromator (SGM)
operating in the range 20150 eV. The ultrahigh vacuum photoemission
end-station was equipped with a commercial angle-resolved hemi-
spherical electron energy analyzer (EA125, Omicron GmbH). The

(13) Vescovo, E.; Kim, H.-J.; Dong, Q.-Y.; Nintzel, G.; Carlson, D.; Hulbert,
S.; Smith, N. V.Synchrotron Radiat. News999 12, 10. Johnson, P. D;
Brooks, N. B.; Hulbert, S. L.; Klaffy, R.; Clarke, A.; Sinkovic, B.; Smith,
N. V.; Celotta, R.; Kelly, M. H.; Pierce, D. T.; Sheinfein, M. R.; Waclawski,
B. J.; Howells. M. R.Rev. Sci. Instrum.1992 63, 1902.

(14) Dowben, P. A.; Waldfried, C.; Komesu, T.; Welipitiya, D.; McAvoy, T.;
Vescovo, EChem. Phys. Lett1998 283 44—50.
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Figure 3. Magnetization curves for Cu(CNdpm)dashed line) and 1y
C36HagN4O4CurC4HgO (solid line) at 2 K. The saturation magnetization is B
1.09+ 0.01ug moment/formula unit for Cu(CNdpmjand 1.215+ 0.01
us/formula unit for GeHagN4O4Cu-C4HgO in these plots, but there are some
sample to sample variations overall.
0 r
angular resolution was-+1°, while the combined energy resolution 0 S0 100 150 200 250 300
of the analyzer and the light source was approximately 150 meV or Temperature (K)
less. The photoemission spectra were taken at & H§ht Figure 4. High-field inverse susceptibility, as a function of temperature,

incidence angle, with the photoelectrons collected normal to the surface.for Cu(CNdpm) (a) and GegHagN4OsCu-C4HgO (b). The inverse
Core-level photoemission was undertaken in a separate ultrahigh susceptibility data are derived from the temperature-dependent magnetization
vacuum system using a MgdKfixed anode source and a Scienta 100 and have been fitted to a linear function to obtain the Curie constant (see
analyzer. All binding energies are referenced to the substrate Fermi text):

level.

A clean Cu(111) surface was prepared by repeated cyclesof Ar at 2 K, as illustrated in Figure 3. If the moment is due to the
ion sputtering and annealing of a Cu single crystal. Thick Co(111) films SPin moment only, then the spin of Cu(CNdpny estimated
were grown in-situ on the clean Cu(111) substrate, at room temperatureto be |S| = 0.5-0.544, or close to a spin-1/2 system. The
by electron-beam evaporatiéhAs with our studies of the adsorbed  additional contribution tdS|, above/,, suggests a ligand or
metallocene$} the GaHagN-04Cu molecules were deposited on the orbital contribution to the spin moment, possibly through the
Cu(111) or Co(111) surfaces at 100 K. AdequaigHzsN.O4Cu vapor Cu—0 bond. Comparison with the largegdBlgN4O04CurC4HgO
pressure was obtained by sqbliming the molecule at a temperature °fspecies suggests that this is indeed the case. This is a similar
approximately 80°C. The choice of cobalt and copper substrates was .o ment as that of Akitétin which the strong electrostatic
dictated by the ease of preparation of crystalline epitaxial layers of flux accompanying weak secondary interactions causes asym-

cobalt grown on Cu(111%1¢ while both metals have a nominally trv of the JahmTeller distorti lowi cati
unpaired spin and a relatively a simple valence band structure. A second ey OF the Janh# [eller distortion aflowing communication

substrate (i.e., cobalt), with a lattice constant nearly identical with that bgtwegn two metal Cer_‘ters by polarization on the'Geenter

of copper was essential so that photoemission could also be undertakeinixed into the CN orbitat:®

without the complications of copper contributions in resonant photo- ~ With the larger ligand, the saturation magnetizatior|Mf

emission studies. = 9.25 emu/g indicates that 3gH4sN4,O4Cu-C4HgO has a
Magnetization measurements were obtained from the powder both moment of 1.215+ 0.02 ug/Cu atom, as obtained from the

in an extraction magnetometer and using a Quantum Design Physicalsaturation magnetizatiort 2 K (Figure 3). This suggests that

Properties Measurement System with VSM and ACMS options for dc g5 the moment is larger with the increased ligand size, there is

and ac data collectionj at fields of8 7 T and temperatures 2 K> some additional moment “pick-up” from the organic linkérs.

gogeKHTh_egcoz”?:dﬁ’f'i”gé%eziuﬁ?;e:;; ng;&?ﬂ%‘:ﬂi 4og fthe orbital momentis assumed to be entirely suppressed, then

e ’ ' P the spin moment for gHgN4O4CuCyHgO is |S|= 0.608.

and weighed inside a glovebox with less than 1 pps@tdnd Q. The . . .
necessary diamagnetic contributions, for the sample holder, were 1N€ SPin moment can also be estimated from the magnetic

subtracted in the spectra presented. susceptibility. In Figure 4, the inverse susceptibility, as a
. . function of temperature, has been plotted for (a) the Cu-

Metal—(_)r_ganlc Cu Spin-1/2 Molecular Moment and (CNdpm) molecule, GiHzsN204Cu (Cu(ll)), and (b) GeHagN4O4

Susceptibility CuC4HgO, respectively. As can be seen, although there are

some deviations from strict Curie law dependence, the inverse

To establish that the copper ion in Cu(CNdprig) a Pauli - VIGHY :
spin-1/2 system in the nominally two plus oxidation state2'Cu susceptibility is generally linear except at low temperatures
where the high field slope is not well defined (as is common

magnetometry was undertaken over a range of temperatures.” i o - )
The Cu(CNdpmy molecule, GiHssN204Cu (Cu(ll)), has a with copper spin-1/2 systert3. By fitting the data with a linear
magnetic moment of 1.0% 0.04 ug as derived from the function, we obtained the Curie constafswhere the values
saturation magnetization of| = 11.7-12.7 emu/g obtained &€ 0.375 (crirK)/mol for the Cu(CNdpmjand 0.3916 (crh
K)/mol for CzgHaN4O4Cu-C4HgO. The Curie constant can be
(15) Chen, Q.: Onellion, M.; Wall, A.: Dowben, P. A& Phys.: Condens. Matter ~ USed to ascertain the value of the spin magnetic moment that

13221‘8137985- Chen, Q.; Onellion, M.; Wall, AThin Solid Films1991, creates the magnetic signal for an insulating paramagnet (no
(16) Dastoor,'P. C.; Allison, WPhys. Re. B 2001, 64, 085414. Dastoor, P. C.;
Allison, W. Surf. Int. Anal.1999 28, 65. (17) Sreedhar, K.; Ganuly, fhorg. Chem.1988 27, 2261.
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Figure 5. Ac susceptibility as a function of temperature for the Cu- L 0

(CNdpmy}. The ac susceptibility measurements were done With= 0 T T

T T T
andHa—= 3 Oe. Susceptibility versus temperature (top) shows a negative 20 15 10 5 E
slope, indicating ferromagnetic exchange. The inverse susceptibility (bottom) o F
versus temperature indicates changes in the magnetic orderirt0ftK, Blndlng Energy (eV)

where a positive Weiss temperature is determined. Figure 6. Coverage dependence of Cu(CNdpmajsorbed on an epitaxial

. L . . ... . Co(111) film at 100 K. The valence band development in photoemission
doubt an oversimplistic assumption). The susceptibility is of the Cu(CNdpmy, with increasing molecular film thickness, on a 20 A
defined as of Co(111) epitaxial film grown on a Cu(111) is shown for a photon energy
of 61.5 eV. All photoelectrons are collected along the surface normal (normal
M NQZ‘uBZ emission). The estimated thickness of the Cu(CNdpfiins are also

. =9 indicated.
H™ 3kgT SS+D=7 (1)

Electronic Structure of
whereN is the total number of paramagnetic entities/volugie,  Bis(4-cyano-2,2,6,6-tetramethyl-3,5-heptanedionato)-
= 2 is the Landdactor, ug is the Bohr magnetrorks is the copper(ll) (Cu(CNdpm) »)
Boltzmann constant, an& is the spin angular momentum

quantum number (Curie’s Law). The Curie constabtis The study of the electronic structure of adsorbed Cu(CNgpm)
therefore defined as was undertaken and exhibited generally good agreement between
experiment and expectations. The ultraviolet photoemission
C = Ngug’S(S+ 1)/3s ) spectroscopy (UPS) for adsorbed Cu(CNdjpom)clean epitaxial

Co(111) films at 100 K (deposited on a Cu(111) single-crystal

Using our values for the Curie constant, we estimate|®jat ~ substrate) is illustrated in Figure 6. Cu(CNdpnmolecular
= 0.5 for Cu(CNdpmy and |S| = 0.516 for GeHgN4sO4Cult orbitals appear at a coverage of only 0.5 molecular monolayers.
C4HgO. The discrepancy between 8¢ value for each molecule ~ With increasing Cu(CNdpraoverages, the molecular orbitals
can be explained by the imperfect application of the Curie law increase while the substrate cobalt bands are suppressed.
in Figure 3. This again suggests that the larger ligand may addIncreasing the Cu(CNdpm)nolecular film thickness leads to
to the total moment of the Cu molecular system. It is not only @ dramatic reduction of the characteristically sharp cobalt
the ligand but also extramolecular interactions, through ligand photoemission features near the Fermi edge, whose origin are
interactions, that could affect the net magnetization. the Co 3d bands. For very thick coverages of Cu(CNdpm)

The ac susceptibility is plotted in Figure 5 for Cu(CNdpm)  four distinct features emerge in the main peak of the molecule,
The nearly zero slope from 2 to 40 K may indicate a centered around 6 eV, while another prominent density of states
paramagnetic response, while the negative slope in the regionis evident at a binding energy of roughly 18 eV.
of 40 K onward indicates ferromagnetic exchange, at least As seen in Figure 7, the adsorption of Cu(CNdpim) Cu-
between adjacent molecules. This signature of ferromagnetic(111) differs very little from Cu(CNdpm)molecular adsorption
exchange strongly implicates extramolecular interactions be- on Co(111). Although there is considerable solid state and
tween adjacent molecules. Given that the magnetic momentslifetime broadening in the photoemission, the spectra agree with
remain widely separated in the crystal (Figure 1), dipolar theoretical expectations derived from a semiempirical calculation
interactions must be assumed to be very weak, so electronic(PM3, in the unrestricted Hartree Fock method), plotted as the
interactions, possibly via ambidentate interactions, are impli- solid line in Figure 7. Figure 7 also shows that for Cu(CNdpm)
cated. We caution that ferromagnetic coupling does not dem- adsorbed on the two different substrates, Cu(111) and Co(111),
onstrate overall ferromagnetism. In some respects this extramo-the same characteristic photoemission features appear at the
lecular coupling, for the Cu(CNdpmjeported here, is similar ~ same binding energies of 4, 8, 11, and 18 eV. The very simplistic
to the intramolecular antiferromagnetic coupling reported for calculated representation of the density of states is based on
[CU'LL][M(CN)4]-2H,O (M(II) = Ni(Il) or Pt(l1)).* the ground-state molecular orbitals for a single Cu(CNdpm)

6252 J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007



A Metal-Organic Copper Spin-'/, Molecule ARTICLES

. B , S R
. ¥ P
Y _ .. " ] —
<, - oY y\*" £
() L W :
.- R - d
’ >
e 7 b £
» X ‘ 2 b
HOMO 143 HOIMO 77 HOMOl 7 HOMO 0 c 2
- 5 i 5 £
g
[
©
~ T T T T T
Y P 72 74 76 78 80
g '5; Photon Energy (eV)
S c 79 eV
3 [}
; €
2 = 77 eV
©
~ 75 eV
Py
= Cu(111)
b T 73 eV
S
< (c)
Co(111) T T /1 eV
(d) 12 8 4 0
Th T
m eory Binding Energy (eV)
. | T : . Figure 8. Photon energy dep_endence of thick Cu(CNc_ipﬁn‘m at 1(_)0 K.
20 15 10 5 E The valence band changes little with photon energy in the regierB@0
F eV, although there are enhancements of the feature (the shoulder, indicated
N by the arrows) at about 5 eV binding energy, at photon energies in the
Binding Energy (eV) vicinity of 79 eV, i.e., at the Cu 3 core threshold. All photoelectrons

Figure 7. Comparison between Cu(CNdpsadsorbed on (a) Cu(111) and are collected along the surface normal (normal emission).

(b) Co(111) at 100 K and (c) the expected density of states. Vertical bars
(d) indicate the eigen values for the molecular orbitals. Selected molecular highest occupied molecular orbital (HOMO) for adsorbed Cu-

orbitals are schematically shown at the top. The experimental conditions (CNdpm), appears at an energy of about 2 eV (or more) below
are the same as in Figure 4. . . L.

the Fermi energyHg), in photoemission. Theory suggests a
HOMO—-LUMO gap of about 7.8 eV, which is not reduced with

molecule, usig a 1 eV Gaussian applied to each molecular . . .
g PP a larger number of molecules interacting through the bidentate

orbital (the vertical lines below, in Figure 7) without correcting ide of ad lecul indi din Fi 1
for the substrate, final state, or matrix element effects, as has®Yan'd€ of a che.nt molecules, as indicated in |gur§ :
been done elsewhe?é18 The width of the photoemission Molgcular thin films of adsorbed Cu(CNdpsgre noml_nally
features suggests either substantial lifetime broadening orinsulating: adsorbed Cu(CNdpmhas a large (multi eV)
significant solid-state (extramolecular) effects, such as photohole FOMO—LUMO gap and photoemission places the chemical
screening. These angle resolved photoemission spectra are Onbpotentlal well within the gap. In spite of the nominally insulating
wave vector dependent (i.e. there is momentum resolution) if character of the molecular thin film, the core level photoemission
the molecular thin film is crystalline. While this might be the Sudgests that the copper molecular orbitals of Cu(CNdiame)
case, there is little dependence of the valence band feature€ither delocalized or screened in the photoemission final state.
within 10 eV of the Fermi level, on the photon energy, apart 1"€ XPS Cu 2p photoemission for adsorbed Cu(CNdpm
from resonant photoemission effects at the Cu 2p shallow core 2dsorbed &sHagN4O,CurC4HsO is shown in Figure 9. The Cu
threshold, as seen in Figure 8. 2ps2 binding energies for both 48H4gN404Cu-C4HgO (at 933

As indicated in Figure 7, the strong copper weight molecular = 0-2 €V) and Cu(CNdpra)932.8+ 0.2 eV) are slightly higher

orbitals contribute to the photoemission features at about 4 eV chF:Z) ﬂt])itt ?és(;oi)ﬁ:; r:;]zta\l/a(lii%:(%ifteijvt‘:rz1cl;oprpt:reir(l:uCuO
binding energy. This assignment, suggested by theory, is <M/

suppo?ted by ?ge resonant p%otoemissio%gdata Whi():/h showi thaf933.4:°933.67°933.7{1:22933.8 eV¥) or CuBr, (933.3 V™).

this shoulder exhibits a strong resonant enhancement in the! NUS, our values for the Cu gp binding energy for both
region of 79 eV photon energy, or at about the Cy3preshold ~ CasH46N404CLrCaHgO (at 933+ 0.2 eV) and Cu(CNdpra)

at 77 eV binding energy, as indicated in the insert in Figure 8. (932.8= 0.2 eV) are somewhat smaller than expected, even
Indeed the resonant enhancement at 79 eV is suggestive of £0MPared to a similar copper compartmental complex 6,11-

super CosterKronig resonance with a Fano line shape. Thus (19) Moulder, 3. Stickle, W.. Sobol, P.. Bomben. Kandbook of X-R

. . - oulder, J.; Stickle, W.; Sobol, P.; Bomben, Kandbook of X-Ray
some molecular orbitals that contribute tq the 4 ey bmdmg Photoelectron Spectroscapyerkin-Elmer Corp.: Eden Prarie, MN, 1992.
energy feature must contain strong Cu weight contributions. (20) Briggs, D.; Seah, M. Feractical surface analysj22nd ed.; John Wiley &

.. L Sons: New York, 1993; Vol. 1.

Both the photoemission data and theory indicate that the Cu- (21) Barr, T. L.J. Phys. Chem197§ 82, 1801-1810.
ionifi (22) Barr, T. L.J. Vac. Sci. Technol., A991, 9, 1793-1805. Haemers, G.;
(CNdpm} molecule has a significant HOMELUMO gap. The Verbist 1..3.. Maroie. SAppl. Surf. Sciil084 17, 463476,
(23) Cook, M. G.; Mcintyre, N. S.Anal. Chem.1975 47, 2208-2213.
(18) Feng, D.-Q.; Wisbey, D.; Tai, Y.; Losovyj, Ya. B.; Zharnikov, M.; Dowben, Czanderna, A. W.; King, D. E.; Dake, L. Solid State Sck00Q 2, 781—
P. A.J. Phys. Chem. B006 110, 1095. 789.
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C36HaeN2404CrC4HgO and (b) Cu(CNdpm) while (c) the decomposition

of Cu(CNdpm}, due to electron irradiation at 50 eV, leads to a species
with greater binding energy. All binding energies are referenced to the Fermi
level.

By way of comparison, upon decomposition, initiated by
either photon or electron irradiation, we find that for the core
level binding both GgH4gN4O4Cu-C4sHgO and Cu(CNdpm)
exhibit 2py, binding energies increasing to 935 eV or more,
indicative of a copper oxide insulator, with a weakly screened
final state. The general absence of charging does suggest that
hopping conduction may occur, from the substrate. If screening
is the origin for the smaller than expected core level binding
energies (for an insulator), both intra- and extramolecular
interactions would certainly contribute. The extramolecular
interactions would do much to enhance hopping conduction.
Both intra- and extramolecular interactions are suggested by
the magnetization data, as discussed above.

Conclusions

The metat-organic Cu(CNdpn)and GgH4sN4O4Cu-C4HgO
species are both spin-1/2 systems, as expected. The additional
5—20% increase in spin moment beyond that of a pure spin-
1/2 system is a consequence of the delocalized molecular
orbitals. The photoemission and susceptibility data suggest that

dimethyl-7,10 diazahexadeca-5,11-diene-2,4,13,15-tetraene [Cuyqsorbed Cu(CNdpm)exhibits extramolecular interactions,

(H2daaen)] (934.1 e¥), which should have a similar (or even

while preserving a significant HOMOLUMO gap. These

smaller) charge transfer from the Cu metal center. The smaller oyiramolecular interactions may be the origin of short-range
binding energies for the copper core levels suggest that theferromagnetic exchange.

photohole is well screened by delocalized electrons (i.e., final
state screenird), sufficient to overcome the chemical shift,

although no corresponding unscreened photon feature can b

resolved from our data. A much larger initial state binding

energy is also suggested by the valance band photoemissio
resonance (Figure 8) that occurs at 79 eV photon energy instea

of the accepted Cu 3p threshold of 77.3 eV; the Cu 2p
binding energy for [CUL,][Pt"(CN)4]-2H,0 and [CUL »(HO),-
(CNg)] of 936.9 eV* also suggests that the initial state binding
energy should be higher.

(24) Ortega, J. E.; Himpsel, F. J.; Li, D.; Dowben, P.%olid State Commun.
1994 91, 807-811.
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