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Single-crystal Nidmit), salts, (PhyP)[Ni(dmit),]3, (BuyN)o[Ni(dmit),];-2CH,CN, and(Me3S)[Ni(dmit),],,
have been synthesized. All show semiconducting behavior in their temperature-dependent dc conductivities.
Room-temperature polarized reflectance measurements have been made over the range between 100 and
32 000 cm* (12 meV-4 eV. For light polarized along the iimit), stacking axis, all spectra show an energy
gap, with superimposed vibrational fine structure at low frequencies and charge-transfer bands at high frequen-
cies. Band gaps determined from the optical conductivities are consistent with thermal activation energies from
dc transport measurements. The stacking-axis conductivity shows the effect of electron-molecular vibration
interaction; analysis fofMegS)[Ni(dmit),], yields a dimensionless electron-phonon coupling conatai.27.
For light polarized perpendicular to the stacking axis, only weak vibrational features are observed.

[. INTRODUCTION under 7 kbaP. Finally, the ambient pressure superconductor
complex a-EDT-TTHNi(dmit),]| displays metalliclike elec-
In 1973, an organic charge-transfer complex composed dfical conductivity down to 1.3 K where it becomes
the donor molecule TTRetrathiafulvalengand the acceptor superconducting.
molecule TCNQ(?,7,8,8_tetracyanp_quinodimethan)gwas In order to provide further information on the nature of
synthesized and found to display metalliclike electronicNi(dmit), complexes, we have used electrocrystalliza-
properties Since this remarkable discovery, much researcHion techniques to synthesize three (dihit),-based
has gone into the design, synthesis, and characterization §Pnor-acceptor ggmpounds ‘with closed-shelllo cations,
new charge-transfer salts. Systems are known that show nft WP)INi(dmit)]s = (BuN)[Ni(dmif),];- 2CH,CN,™ and
only semiconducting and metallic behavior, but also super Me;S)[Ni(dmit),],,” and measured their transport and op-

conductivity. Most organic superconductors are based eithéfcal properties. To our knowledge, despite the large number

on TMTSF (tetramethyltetrathiafulvalepe or BEDT-TTF Of interesting ’?'.%1{"2@'1‘32 sal_ts, relatively few _optical studies
[bis(ethylenedithigtetrathiafulvaleng® In addition to these have been made.""In this paper we describe the compre-

molecular conductors based on multisulfardonor mol- hen;ive transport and optica}l properties of these.three or
ecules, salts based on multisulfaracceptor molecules have ganic materlals._ Spectr(_)scopw_: methods are We!l su_lted o the
begun to aftract increasing interest. study of such highly anisotropic crystals, providing mlforma-
A unique family of complexes derived frofi(dmit),]"~ tion on both _the electr_omc charge transf_er ar_1d localized ex-
(where  dmit-1.3-dithiole-2-thione-4,5-dithiolajo Svith citations at high energies as well as the vibrational features at

O<n<2 has recently received attentibrThe electronic low energies® Eight infrared-active vibrational modes in the

. 7 : Ni(dmit), stacking direction are of particular interest. Infra-
properties of the Nimit), acceptor complexes are attributed red activity of these modes can be attributed to the coupling
to the nonbonding interactions of the acceptor entities. ByOf the totally symmetric A,) Ni(dmit), vibrational modes
using planar ligands and square-planar coordinating trans{/'vith low-lying electronic c%arge-transzfer excitatiof¥sit is
tion metals, close packing arrangements are formed in the '

crvstal. With ten sulfur atoms alona the periohery of thevery sensitive to changes in the electronic structure of the
ystal. 9 periphery crystal. Emphasis has been placed on the correlation of the
planar ligands, S-S overlap can be large. These structural

effects promote strong intermolecular interactions and su spectral properties with available structural and transport

p- i . .
press the Peierls distortion, leading to high electrical conducgata' In addition, we compare our data(@th,P)INi(dmif)l,

; 9
tivity. Three superconducting &Imit), complexes have to earlier results by Nakamurgt al.
been reported. The first, TTRi(dmit),], shows high electri-
cal conductivity at ambient pressure 300! cm ™! at 300 K Il. EXPERIMENT
to ~10° Q tcm tat 4.2 K. Furthermore, under 7 kbar pres-
sure, this compound superconducts witfi a=1.62 K> The
second salt(Me,N)[Ni(dmit),],, is metallic~50 Q! cm™? The dmif~ ligand was prepared following the proce-
at room temperature and becomes superconducting at 5 #ures described by Steimecket al?® The complex

A. Material synthesis
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TABLE I. Structural parameters fgiNi(dmit),] salts.

(PhyP)[Ni(dmit),], (BugN),[Ni(dmit),];- 2CH;CN? (MegS)[Ni(dmit), ],
Space group C, P-1 P-1
Crystal system Monoclinic Triclinic Triclinic
a(A) 18.1142) 13.6042) 7.9231)
b (A) 7.1931) 22.9653) 11.6471)
c (A) 22.96@4) 24.2704) 17.8122)
a® 90.0Q0) 108.161) 77.461)
B° 92.6Q1) 103.091) 85.931)
Y° 90.0Q0) 89.611) 81.361)
V (A3 2988.57) 7000 1585.(B)
z 2 2 2

8rom Ref. 10.

(PhP)[Ni(dmit),]; was synthesizedia constant current elec- plexes. It is shown in Figs. 1 and 2. The structure can be
trocrystallization in CHCN with 0.073V Ph,PBr electro- described as segregated, slightly staggered stacks of the pla-
lyte. A current density of 1..A/cm? was used over a period nar Ni(dmit), acceptor molecules alonf010], separated
of 15 d® The complex(Bu,N),[Ni(dmit),],-2CH,CN was “side by side” by planes of orthogonal spacers of the
electrocrystallized in CECN with 0.1IM Bu,NCIO, electro-  Ni(dmit), acceptor. The acceptor stacks and spacers are sepa-
lyte using a method similar to that of Vala@¢al® A cur-  rated “end to end” by closed-shell A" donors also in the
rent density of 1.3uA/cm? was used over a period of 24 d. [010] direction.
Platelet and needlelike crystals were obtained upon harvest- There is an extensive amount of nonbonding orbital inter-
ing. Platelets were chosen for study. The stoichiometry waactions exhibited throughout the structure. Looking within
confrmed by elemental analysts. The complex the segregated stacks of(Minit), acceptor units, there is no
(Me;S)[Ni(dmit),], was electrocrystallized in  1:1 S-S orbital overlap observed. However, there isd¥i--S
acetone-CHCN with 0.1M Me;SBF, electrolyte using a orbital overlap. As can be seen from Fig. 2 the interplanar
method similar to that of Katet al'* We used a current acceptor spacings are equidistant-&.76 A. The orthogonal
density of 0.5uA/cm? over a period of 26 4. spacer acceptor units have a separation of 4.058 A, which
results in intermolecular interspacer$ distances well be-
yond the sum of the van der Waals radii of 3.70 A. Despite
the fact that there are no interspacer or interstackSSin-
1. Structure teractions, there is a significant amount of spacer-stack inter-

All structures were solved by direct methods in actions. Each Ndmit), spacer unit interacts with the six
SHELXTL plug? from which the locations of the non-H at- Ni(dmit), units within adjacent stacks. The ME orbital of
oms were obtained. The structures were refined |rT.he spacers is directed toward the thiolate sulfurs of
SHELXTL plus using full-matrix least squares. The non-H Ni(dmit), units in the two neighboring molecules. The spac-

atoms were treated anisotropically. Crystal data are collectef!d between stack and spacer is 3.426 A. A number of
in Table 1. spacer-stack interactions are also observed involving the pe-

The Crysta| packing array of the an)z units in ripheral thiolate and thiole groups of the(NlInlt)z spacers.
(PhyP)[Ni(dmit),]; is unique among the Kimit), com-

B. Materials characterization

FIG. 2. View down thec axis of (Ph,P) [Ni(dmit),]; showing
FIG. 1. View down theb axis of (PhyP) [Ni(dmit),];. The dotted  the array of stacks and orthogonal spacediiit), units. (Ph,P*
lines represent-S'S and Ni--S distances that are less than the sumcations have been removed for claniti2otted lines represent non-
of the van der Waals radii. bonding interactions.
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nonbonding interactions are also present as the&sSepara-
tion distance values range from the shortest, 3.58 A, to the
longest at 3.644 A.

As mentioned already, “side-by-side” and “end-to-end”
nonbonding interactions are prevalent in the lattice. Adjacent
stacks of Nidmit), units have separations in the range of
3.514 to 3.657 A. The terminal thione groups also exhibit
nonbonding interactions on the order of 3.571 A. Therefore,
(MezS)[Ni(dmit),], appears to have a quasi-three-
dimensional network of SS and Ni--S intermolecular in-

teractions.
2. Transport measurements
~ FIG. 3. View down theb axis of (Me;S)[Ni(dmit),],. The dotted Temperature-dependent300-10 K resistances were
lines represent nonbonding interactions. measured by a four-probe method, using an ac technique.

Five different needle-shaped crystals @fh,P)[Ni(dmit),];

Each of these groups interact with two(Binit), units within ~ (typically  3.5x0.2x0.04 mnY) and two each of
the adjacent stacks. The separations range from 3.609 {BUN)[Ni(dmit),];-2CH,CN (3x0.1x0.05 mmY) and
3.628 A; all are shorter than the van der Waals separation dMesS)[Ni(dmit),], (3x0.5x0.05 mn) were measured. Nar-
3.70 A. Along the[001] direction, there are no nonbonding oW gauge(0.02-mm diametgrgold wires were affixed to
interactions observed between the terminal thione groups dhe crystal under a microscope using fast drying gold paint.
the acceptor and BR" donor units. Therefore, The sample was thermally anchored to the coI.d head of a
(Ph4P)[Ni(dmit)22]3 has a quasi-two-dimensional network of closed-cycle refrigeratofCTI Cryogenics. A typical run
S-S and Nid2---S intermolecular interactions. Note that Was done by first cooling the sample to the lowest tempera-
our structure compares rather well with that already reporteédre, and then taking the data while warming. Temperature
by Nakamuraet al® except that we have chosen thexis as reproducibility has been determined to hé®.2 K or better
half of theirs due to difficulties with data collection, and over the temperature range measured.
subsequent data resolution, on a unit cell where one axis is
more than 45 A in length. The structure was solved and
refined in theC2 space group and showed no signs of dis- Near-normal polarized reflectance measurements were
order. The final refinement yielddfl andwR values of 4.55 made on single-crystal samples. Far-infrared and midinfrared
and 4.61, respectively for | and 3.29 and 3.96 for II. measurements were carried out on an Bruker 113v Fourier-
Several groups have reported different stoichi-transform infrared spectrometer using a 4.2-K bolometer de-
ometries for (Bu,N),[Ni(dmit),],-CH;CN.* According to  tector (30—600 cm?') and a B-doped Si photoconductor
Valade etal,’® this complex has the stoichiometry (450—4000 cm?). Wire grid polarizers on polyethylene and
(BuyN),[Ni(dmit),],-2CH;CN based on x-ray and elemental AgBr were used in the far and midinfrared, respectively. A
analysis. The structure can be described as consisting &ferkin-Elmer 16U grating spectrometer in conjunction with
thick layers of N{dmit), entities oriented parallel t¢001) thermocouple, PbS, and Si detectors was used to measure the
and separated by sheets of B cations and CECN mol-  spectra in the infrared to the ultraviolg000—32 000 cm?),
ecules. Within a layer the Kimit), species are arranged in using wire grid and dichroic polarizers.
stacks along thgL10] direction. A stack consists of quasipar-  Experiments were performed with light polarized parallel
allel gquasiplanar Nmit), units arranged in alternating cen- and perpendicular to the {dimit), stacking axis. The reflec-
trosymmetric triads and tetrads. The axes of the triads anthnce was calibrated with a reference aluminum mirror. In
tetrads are parallel but make an angle of about 21° with therder to correct for size differences between sample and ref-
overall stacking directiof110]. Given the 7 interactions erence and to compensate for scattering losses, all samples
along the stacks on the one hand and the interstaclSS were coated with a thin aluminum layer after the optical
interactions on the other, it is clear that the structure arranganeasurements were finished. The final corrected reflectance
ment of (Bu,N),[Ni(dmit),],-2CH;CN cannot be viewed as a was obtained by rationing the initial reflectane® coating
classical one-dimensional system but is much more nearlto the reflectance of the coated sample, then multiplying the
two dimensional. ratio by the aluminum reflectance. After the reflectance spec-
The structure of(Me;S)[Ni(dmit),], is characterized by tra were measured, the optical properties were determined by
segregated stacks of acceptor(dwiit), units and MgS* Kramers-Kronig analysié> Because an extremely large fre-
units along[100] as shown in Fig. 3. Each KImit), unit  quency region was covered, Kramers-Kronig analysis should
exhibits nonbonding interactions with seven othe(diit),  provide reasonably accurate values for the optical constants.
units within the lattice. This results in not only intrastack To perform these transformations one needs to extrapolate
interactions of Nidmit), units, but also “side-by-side” and the reflectance at both low and high frequencies. At very low
“end-to-end” interstack interactions. An important feature of frequencies the reflectance was assumed constant. Between
the lattice is the presence of two independent alternating inthe highest-frequency data point and®in 2, the reflec-
terplanar distances, forming a quasidimer system within théance was assumed to follow a power law @, beyond
stacks. Examining the intradimer (dimit), unit spacings this frequency range a free-electron-like behaviowof was
within a stack, the shortestSS value is 3.491 A. Interdimer used.

3. Optical spectroscopy
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Ill. RESULTS

A. Transport properties

53

where E, is the semiconductor gap. The values of room-
temperature conductivity and the thermal activation energy
Ea=Ey/2 are listed in Table If:*'9?4~**The resuits for our
materials are compared to those observed previously for
[Ni(dmit),] salts with different closed-shell organic cations.
For (PhyP)[Ni(dmit),]; our room-temperature conductivity
agrees with that published by Nakamatzal® However, the
thermal activation energy measured in this work is smaller
than found by Nakamuratal® In contrast, our conduc-
tivity parameters for(Bu,N),[Ni(dmit),],-2CH;CN coincide
with the prior Valade et all® data. Interestingly, both
(PhyP)[Ni(dmit),]; and (BuyN),[Ni(dmit),];-2CH;CN have
high conductivities and low activation energies. This sug-
gests the presence of fractional oxidation states. An addi-
tional result is that there is a change in the apparent activa-
tion energy around 100 K itPh,P)[Ni(dmit),];. The plot of
In o versus 1T does not obey a single linear relationship;
instead two different slopes were obtained above and below
a crossover point of 100 KE, is smaller at low temperature,
probably due to impurity effects. Another formula for the
conductivity comes from the model proposed by Epstein and
Conwell 2728

a(T)=neu(T)=0,T e E/%sT, )
where u(T)=uoT~ ¢ andnce 58T, The conductivity is
a product of a strongly temperature-dependent mobility and
an activated carrier concentration. A fit of this model to our
experimental results did not give a single activation energy
for (Ph,P)[Ni(dmit),]s.

Temperature-dependent four-probe electrical conductivity

measurements are shown in Fig. 4. Semiconducting behavior
is found for all of the compounds investigated. The conduc-
tivity decreases from its 300-K value when temperature is

B. Optical results

1. Polarized reflectance

decreased. The typical temperature dependence of the con- Figure 5 shows the polarized room-temperature reflec-
ductivity may be expressed as

o(T)= ope~ Eo/%eT,

@

tance from the (001 face of (PhP)[Ni(dmit),]; and
(BuyN),[Ni(dmit),],-2CH,CN and the (0100 face of
(MezS)[Ni(dmit),], over the entire spectral range. Data are
shown for polarizations parallel and perpendicular to the

TABLE Il. Conductivity parameters fofiNi(dmit),] salts with closed-shell cations.

Compound orr (@ tem™ T E, (meV) Ref.
(PhyP)[Ni(dmit),], 7 <100 K 10 This work
>100 K 17
10 <125 K 35 9
>125 K 46
(BugN),[Ni(dmit),],-2CH;,CN 1 42 This work
1-10 100-20 10
(MezS)[Ni(dmit),], 6.5x10°2 130 This work
(PhAs)[Ni(dmit),], 10-15 <160 K 10 24
>160 K 30
(tmiz)[Ni(dmit),]? 0.21 110 25
(E,N)[Ni(dmit),] 4x107° 250 26
(Et;N)[Ni(dmit),]? 4.5x1072 4
(Me;N)[Ni(dmit),] 5x107° 320 26
(Pr;N)[Ni(dmit),] 430 26
(BugN)[Ni(dmit),] 3x1078 510 26

&miz=1,2,3-trimethylimidazolium
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FIG. 5. The polarized reflectance & (Ph,P)[Ni(dmit),l5, (b) FIG. 6. Frequency-dependent conductivity obtained by

(BugN),[Ni(dmit),],-2CHCN, and(c) (MesS)[Ni(dmit),], at room Kramers.-Krolnig analysis of the room-temperature reflectance) of

temperature for polarization parallolid line) and perpendicular  (PRWPINi(dmit);ls,  (b) - (BusN)2[Ni(dmit),l;-2CH,CN, and (c)

(dash-dotted lingto the stacking axis. (MegS)[Ni(dmit),],. The conductivity is shown parallel and perpen-
dicular to the stacking axis.

Ni(dmit), stacking axis. For the electric field polarized par- oo 4t higher frequencies. In all cases they show a conduc-

allel to the stlacklng direction, a common feature of the. thre‘:‘[ivity maximum at finite frequency in contrast to the simple
compounds is a value of 40% to 60% in the far to mldlnfr""'Drude behavior of an ordinary metal, which is maximum at
red with a drop to values of a few percent around 3000 to ’

i . ; ; . =0 and then decreases monotonically with increasing fre-
4500 cm*. Superimposed on this reflectance is a series OE y 9

. . ; ) uency. The conductivity maximum shifts to higher frequen-
narrow peal_<s of_varylng an_"nplltudes at frequenmes typical o ies as the dc conductivity decreases. This behavior is in
molecular vibrations. For higher frequencies, the spectra arg

I di onl howi | I K el Itself suggestive of an optical gap and possibly a transport
almost dispersionless, showing only several weak electroni ap of increasing magnitude. Previous work on

features. In the case @gPhP)[Ni(dmit),];, such data have : : 9
been reported over the limited frequency range of 600—,EPh4P)['\“(dmlt)Z]3 by Nakamuraet al" found the vaIuelof

he conductivity at the maximum to be140 Q *cm™?,
25 000 cm* by Nakamuraet al® The reflectance values we Y

. . - about three times smaller than our value~820Q *cm L.
measured in the region below 91000 care up 0 20%  Tpjg gifference is consistent with the fact that the reflectance
higher than that of Nakamuet al.” However, the minimum

in the reflectance around 3000 chcoincides with those ﬁ;ﬁ;ﬁif;?z\éed Inthe infrared region is higher than that of
previous data. . _ At low frequency, the spectra exhibit many sharp vibra-
The reflectance when the polarization is perpendicular Qional features. Several of these modes Agevibrations of
the Ni(dmit), stacking axis is also shown in Fig. 5. There is 4 Ni(dmit), molecule, activated by coupling to the low-
a marked contrast for polarization of the light parallel andenergy electzronic ban’tﬂ".Note that accompanying the shift to
perpendicular to the Niimit), stacking axis. The reflectivity higher frequencies of the conductivity maximum, there is an
is low .(~15.%)' flat, and almost f_eatu_reless for increase of the amplitude of the midinfrared vibrational
(BUN)[Ni(dmit), ;- 2CHCN - and (Me;S)[Ni(dmit),],. In structures from this electron-molecular-vibratidEMV)
contrast, the(PmP)[Ni(dmit)2]3 perpendic.ularl spectra are coupling. The appearance of these features also changes de-
smyllar In shape to that with pe_lrgllel polarization up to 1000pending on their frequency location relative to the conduc-
cm - bl.Jt differs in the deep minimum of the reflectance andtivity maximum. When their frequencies are well below that
in the higher-frequency region. of the broad maximum they appear as ordindrgrentzian
resonances whereas when their frequencies overlap the elec-
tronic continuum, they have Faffdine shapes: an antireso-
The Kramers-Kronig transformation of the stacking-axisnance or dip preceded by a peak on the low-frequency side.
reflectance data of Fig. 5 yields the real part of the conduc- Extrapolating the frequency-dependent conductivity to
tivity oy(w) shown in Fig. 6. The spectra display a broadzero frequency, we obtain an estimate of the dc con-
low-energy band, which contains the largest part of the low-ductivity on the order of (Me;S)[Ni(dmit),],(<1
energy oscillator strength and several weak electronic strud® ™ cm™ 1)< (Bu,N),[Ni(dmit),];-2CH,CN(1-5 Q tcm™)

2. Optical conductivity
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Photon Energy (eV TABLE Ill. Parameters of Lorentz fit to the stacking-axis reflec-
0.1 1 tance of[Ni(dmit),] salts.
60 vC | — T
o (a) o " ,
“or M T Data -] Oscillators (crr?ll) (cle) (cle)
20 Fpf .
! (PhyP)[Ni(dmit), ]
1 1380 292 60
2 1765 447 281
3 2517 1000 1356
4 1936 1700 982
3 5 2100 5000 2000
w 6 2050 7800 2000
7 2500 11 500 3000
8 1100 15000 800
e.=1.1
(BugN),[Ni(dmit),];-2CH;CN
1 4900 1050 990
2 2200 4700 1331
3 2286 7300 2023
—20 N I | bl 4 3500 10 000 4500
100 1000 440000 5 1400 11 700 2000
Frequency (cm™') €. =1.19
(MezS)[Ni(dmit), ],

FIG. 7. The real part of the dielectric functiaash-dotted 1 4650 2225 1087
line) obtained by Kramers-Kronig analysis of the room- 5 2054 3413 1431
temperature  reflectance of (8 (PhP)[Ni(dmit),]3, (b) 3 2900 5560 1355
(Bu4N)2[l\!i(dmit?2]7-2CH30N, gnd (c) (MeSS)[Ni(dmit)z]% along 4019 8025 2269
the sta_ckl_ng axis. A Lorentz fit to the reflectance data is shown ag 5250 11 250 3938
the solid lines.

6 1750 14 000 1000

<(PhP)[Ni(dmit),]5(5-15Q " cm™?) at 300 K. These val- €.=1.19
ues are in reasonable agreement with those obtained by four
probe dc measurementéTable Il). (We note that the

Kramers-Kronig analysis is not too sensitive to conductivi-tion of the three materials displays the usual derivativelike
ties below about 0.X)"*cm™ on account of limits in the  structure. In addition, many of the infrared vibrational exci-
accuracy of the reflectance measuremgmis. estimate of tations result in a negative real dielectric function between
the semiconducting energy gap is also obtained from thehe transversdwro) and optical(w o) frequency of each
low-energy electronic band shown in Fig. 6. The fre-mode. The dielectric function aPh,P)[Ni(dmit),; is nega-
quency where the conductivity has risen totive in the far infrared(characteristic of free carrigtsand
half its maximum value vyields an estimate of has a zero crossing around 110 €mThe transition across
gap values Ey: (PhP)Ni(dmit)]l; (~270 cnmi'=34  the energy gap is sufficiently strong to give negative values
meV)<(Bu,;N),[Ni(dmit),];-2CH;,CN ~ (~650 cm'=81  petween 300 and 800 cth By extrapolating
meV)<(Me;S)[Ni(dmit),], (~1750 cni '=220 meVj. These  the low-frequency far-infrared data to zero frequency,
are consistent with transport measurements diswe estimate the static dielectric constant for
cussed above which giveE,: (PhP)[Ni(dmit),];  (Bu,N),[Ni(dmit),];-2CH,CN and (Me;S)[Ni(dmit),], to be
(~34  meV)<(BusN),[Ni(dmit),];-2CH;CN(~84 meV)  ¢,(0)~24 and 8, respectively. We are presently unaware of
<(MegS)[Ni(dmit),], (~260 meV. any microwave measurements of the static dielectric constant

As expected, ther,(w) for polarization perpendicular to in Ni(dmit), salts, so comparison with our extrapolated data
the stacking direction is rather flat. Indeed, the extremelys not possible.

anisotropic behavior in the electronic properties of these
Ni(dmit), compounds have been observed for many other
organic materials as welf. Additionally, we note that most

of the vibrational lines appear as superimposed bands with Returning now to the stacking-axis polarization, a quanti-
no clear evidence for coupling effects. Apart from this, theretative analysis of the reflectance from near-infrared to ultra-
is little evidence for low-energy electronic absorption per-Violet regions is done by fitting the reflectanja the com-
pendicular to the Nimit), stacking axis. Only at high fre- plex dielectric functione(w)= €;(w)+ie€,(w)] using a sum of
quencies, above 10 000 ¢t is there electronic absorption. Lorentz oscillators?

The real part of the stacking-axis dielectric function,

3. Dielectric function model

€(w), is presented in Fig. 7. A fit of the reflectance data to a 2

Lorentzian model dielectric function is also given. For fre- 6(w)=2 “pj te 3)
— 7 7 T E€x,
j

guencies near the conductivity maximum, the dielectric func- wj— w?—i Y
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Photon Energy (eV) together nicely around 20 000 ¢t In the polarization per-
00 02 04 06 08 1.0 1.2 pendicular to the stacking axism{m* )N is small in the
0-50 ( ') ' ' ' ' ' infrared but rises rapidly at higher frequencies.
a
i E Parallel
025 — E Perpendicular ] IV. DISCUSSION
- A. Electronic features
e T /| , In principle, the electronic transitions that appear in the
0.00 ¥ T + T T T . . . . .
" (b) : o,(w) spectra of these Kmit), organic solids will fall into
2 E Parallel ] two classes. On the one hand, those at high frequencies gen-
'/g o5l  — E Perpendicular ] erally are the result of localized-excitation bands in the mol-
< ecule. On the other hand, transitions at lower frequencies that
E ! . - are along the stacking direction will correspond to charge-
R U —= transfer excitations between the (Bllinit), molecules. The
0.00 t | — T f + f * ; ; _
] frequencies and oscillator strengths of these charge-transfer
(c) bands are clearly related to the electronic structure of the
E Parallel . . . .
- E Perpendicular compound, but their interpretation is determined by three
0251 ] types of interactions among the unpaired electrons occupying
] the highest molecular orbital in the solid. These interactions
__________________ ] are the overlap of the electronic wave functions between
Lo cg | (S | ) | . .
0-00 - 2000 4000 8000 8000 10000 sites, the Coulomb repulsion of two electrons on the same or

Frequency (em™") adjacent sites, and interactions of the electron with phonons
(both lattice vibrations and intramolecular modes of the mol-
ecule. Theoretical models for the electronic structure of
these materials have emphasized the importance of one or
the other of the above interactions, e.g., tight-binding
theory®° Hubbard modef! and Peierls modéef
. The simple 1:1 ratio of donor-acceptor (Mimit),
wherewy;, j, andyj_ are the oscillator strength, center fre salts such as (Me,N)[Ni(dmit),], (Et,N)[Ni(dmit),],
guency, and scattering rate of tith transition ande,, rep- : . . . 2
. L (PryN)[Ni(dmit),], and (Bu,N)[Ni(dmit),] have one unpaired
resents the other higher-frequency contributions to the di- SN
) ; . electron on each Nimit), molecule. Because of the large

electric function. The parameters obtained for our samples . Coulomb Isi bbardU). th ials di
are listed in Table Ill. The results for the fit are compared toon'SIte outomb repu S'O(Hu arc, ) these materials dis-
e.(o) in Fig. 7 ' play very low dc electrical conductivity at room temperature
1 9. 7. (Table Il). Their electronic structure consists of either com-
pletely filled or completely empty bands. Hence, they are
often referred to as “Mott-Hubbard” insulators. For the

Considerable information about the electronic structure otomplex salts, the most common stoichiometric ratio is 1:2
Ni(dmit)zzsalts can be extracted from the oscillator strengthcorresponding to the quarter-filled-band case such as

sum rule? The effective number of electrons participating in (Me3gS)[Ni(dmit),,, with electrons on average occupying ev-

FIG. 8. The sum rule for(a (PhP)[Ni(dmit),]ls, (b)
(BugN),[Ni(dmit),];-2CH;CN, and(c) (MegS)[Ni(dmit),], for po-
larization parallel and perpendicular to the stacking direction.

4. Oscillator strength sum rule

optical transitions for energies less théam is given by ery other site. In this case, it is important to consider an
extended Hubbard picturé:>3-3 which includes hopping
_ ® , , from site to site ), on-site Coulomb repulsion energidd)(,
7 |Ner(@) = 327N€e2 Jo oi(e")dw’, 4 nearest-neighbor enerdy,), and the next-nearest-neighbor

energies (V,). Finally, the behavior of other com-
wherem* is the effective mass of the carriers, the elec- plex salts, such as (PhP)[Ni(dmit),]; (1:3) or
tronic mass, and\. the number of Nidmit), molecules per  (BuyN),[Ni(dmit),];-2CH,CN (2:7), is much more compli-
unit volume. Plots oNg4 are shown in Fig. 8. cated than the 1:1 or 1:2 cases.

In the stacking direction,n/m* )N at first rises rapidly Let us look first at the simple 1:1 or 1:2 donor-acceptor
in the low-frequency region, begins to level off in the nearNi(dmit), salts. An early optical study ¢Bu,N)[Ni(dmit),],
infrared, and then rises again above the onset of the highmade by Papavassiliou, Cotsilios, and Jacob8emows a
frequency electronic bands. From the plateau values of thisw-frequency band at 8850 crh The solution spectra of
integrated oscillation strengths in the near infrared, assumingNi(dmit),]*~ and[Ni(dmit),]”, reported by Tajimat al,3
Nei Of (PhP)Ni(dmit),ls, (BusN)[Ni(dmit),],-2CH,CN,  have the lowest intramolecular optical excitation at 8700
and (Me;S)[Ni(dmit),], to be 0.33, 0.29, and 0.5, we esti- cm™%. Due to the symmetry of the molecular orbitals, this
matem* =4.17m, m* = 2.86m, andm* =4.0m, respectively. transition should be polarized alofiyi(dmit),]'s molecular
As seen in Fig. 8, below 800 cm the stronger oscillator long axis. Additional work on the polarized reflectance of
strength of(Ph,P)[Ni(dmit),]; due to its smaller optical gap OMTSF{Ni(dmit),] (OMTSF: bistetramethylene-T$Fas
is readily evident. In contrast, the enhanced contribution obeen reported by Jacobsehal® An interpretation of the
the midinfrared electronic band is seen inspectra is that the charge-transfer excitation is observed at
(BuyN),[Ni(dmit),],-2CH,CN. The two curves of 2600 cm! and the transitions at 10 000—12 000 Cmat
(PhyP)[Ni(dmit),]5 and (Bu,N),[Ni(dmit),],-2CH,CN come 17 000 cm?, and above may be associated with intramo-
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lecular excitons. In contrast, the temperature-dependentnique: two of the three Kilmit), anions form stacking col-
polarized reflectance on o-EDT-TTF [Ni(dmit),],  umns whereas the remaining(Ninit), anion fills the spaces
(Me,N)[Ni(dmit),],, (Me,EtN)[Ni(dmit),],, and between the columns. The optical data can be correlated with
a-(Et,Me,N)[Ni(dmit),],, was studied by Tajimat al}*and this structural information. We attribute the 300-450¢m
Tamuraet alX® In all cases, the measured spectra exhibit a€ak to charge-transfer excitations within(éit), stacking
Drude-like Shape down to 20 K. columns. The hlgher peak, at1000-1700 Crﬁl, is attrib-
With the above information in mind, let us turn our atten- Utéd to a charge transfer to an adjacent neutral molecule.
tion to the frequency-dependent conductivity(w), of the Interestingly, the spectrum perpendicular to the stacking axis

three Nidmit), compounds shown in Fig. 5 and the fit pa- diSPlays peaks at similar energies, but has considerably

rameters in Table Ill. For the typical quarter-filled-band case,smaller oscillator strength. The bands occurring~&000

such agMe;S)[Ni(dmit),],, the midinfrared spectral features Sngmmool\i:jn .?;e. att”b_l#]ed tto a S[harge-];[ransfeir etxcnanon
in the Ni(dmit), stacking direction consist of two strong, etween Mdmib; 10ns. The transitions of an €lectron ex-

broad absorptions. We interpret these bands to be electronﬁi,teOI toa higher orbital or localized excitatiqn are seen to_be
charge transfer between (§imit), molecules within the polarized along both parallel and perpendicular to stacking

stack. The electronic absorption band~&000 cm* corre- axis at frequencies of 11 509 and 15 000 crt, .
sponds to the charge transfer: (8ifit)S+Ni(dmit), Although thg;e three Rimit), compounds have .dn‘feren.t
—.Ni(dmit), +Ni(dmiS. The breadth of %(his bandz in chemical modifications of the donor cation, an interesting

(Me,S)[Ni(dmit),], may result from the overlap of two in- corr_elation can be made bet\_/veen spect_ral properties and
tratetramer charge-transfer excitations as well as one interte vailable structural information. As  discussed above,

ramer charge-transfer excitation. The energy for this excita—Ph“P)['\“(dm!t)Z]3 a_nd(Bu4N)2[N|(dm|t)2]7~ZCHSCN have a
tion depends oV, and hopping integrals, but not dh. The nearly tvvo-dl_menspnal structure as oppgsed. to the rather
bands at~5560 and 8000 cimt are attributed to the charge- quasi-three-dimensional network_GMe3S)[N|(d_mlt)z]z_. The
transfer process: Kdmit); +Ni(dmit); —Ni(dmit)3 obvious question now is why the mcreaseq d|men3|0ngl_|ty of
+Ni(dmit)3~. These bands are governed by the Hubbard pa(—M(?SS)[N'(dm't)?]z results in a lower elgctrlcal conductivity,
rameters for on-sitel{) and nearest-neighbev’,) Coulomb a higher activation energy for conduction, and a larger value

repulsions. Again, the presence of two bands may come frorﬁf optical gap than the other two (dimit), salts. In principle,

intratetramer and intertetramer charge-transfer excitations. f € n?ture of thefdc:noli'ls plr|rr1:;]1rlly r(e&?iﬁ%nsmli fquthel td'f'
For the electric field polarized perpendicular to the stack-crent manner of stacking in these 2 materias.

ing axis, three absorption bands atll 250, 13 000, and pqrticglarly influences  the r_node of overlap between
18 000 cm* are thought to be intramolecular localized ex- Ni(dmit), molecules. Small cations such as J8& promote

citations or molecular excitons. Note that the energy of theclose-packmg arrangements, but also give room for dimer-

lowest localized excitations is 11 250 chrather than the |zati9n. Larger ones encourage uniform sp.acing but also tend
8700 cni® observed in Nidmit), solution spectra® This to give unusual stoichiometries or packing arrangements.
blueshift (by ~0.3 eV or 2500 cri?) is the usual Davydov There_are always qounterexampl_es; for exaf."p'ez ther6e IS a
shift, 33" which is expected due to the interaction between'\i(dMit), system with a small catioriMe,N)[Ni(dmit),],,

the transition dipole moments on adjacent molecules in thtT-:‘hat displays metallic electronic properties and becomes su-

dimer. The first two localized excitations are also seen in th hercqtndl:_ct|ng ung::er preslsure. :jn ﬂ?nty event, it is ctltear tth?t
parallel polarization on account of the triclinic space group. € situation IS quite compiex and that any serious attempt to

The fact that in these Kimit), salts the molecular plane is understand the electr_onic '_structure of thesédhiit), salts
not perpendicular to the stacking axis gives rise to a stron eeds a gareful conS|de_rat|on of the rol% of both donor and
cceptor in the electronic band structdfeS

coupling and mixing among these intramolecular excitation
for two different polarizations.

Despite the significantly different stoichiometric ratios of B. Vibrational features
donor acceptors, the;(w) spectra of(Me;S)[Ni(dmit),],,
(BuyN),[Ni(dmit),],-2CH;CN, and (Ph,P)[Ni(dmit),]; are
similar in character and typical of semiconducting charge- We will now turn to a discussion of the vibrational fea-
transfer salts. In the case @Bu,N),[Ni(dmit),];-2CH,CN,  tures. In general, the vibrational modes can be divided into
the stacking direction has a transition-at050 cm %, attrib-  two classes. Those involving motion within the (8tinit),,
uted as above to charge transfer from ddsiit), radical anion itself are classified as intramolecular in nature,
anion to a neutral molecule within a (dimit), triad or tetrad. =~ whereas the modes involving collective motion of the
The higher-frequency peaks, at4000 and 7300 cit, are  Ni(dmit), anions or the cation stacks are intermolecular or
attributed to charge transfer between two radicaldMiit),  lattice modes. The intramolecular modes occur at high fre-
anions. The spectrum perpendicular to the stacking axiguencies, and include the totally symmetric phonon modes as
shows transitions at~10 000, 11400, and 18 700 ¢h  well as the infrared allowed modes &, B,,, and By,
which are due to the localized excitation of the isolatedsymmetry. The intermolecular modes are usually observed at
Ni(dmit), anion. Again, some of these absorption bands aréess than 300 cit. These modes can be further divided into
also observed along the stacking axis. translational and librational motions. Both types of motion

Additionally, in the case ofPh,P)[Ni(dmit),];, there are generally occur at low frequencies, some below the fre-
two low-energy electronic excitationtat ~300—-450 and quency range of infrared spectroscopy.

1000-1700 cm?) for the electric field polarized along the ~ The Ni(dmit), molecule possessesDa,, structural sym-
Ni(dmit), stacking axis. The structure of this material is metry, and has 45 optical modes. These modes may be clas-

1. Vibrational mode assignments
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TABLE IV. Frequency and assignment of vibrational featureganinfrared and(b) Raman spectra diNi(dmit),]"~. s: strong; m:
medium; sh: shoulder.

n=22 n=2° n=12 n=0.25 n=0? Assignment
(@ Infrared
1440 (s) 1430 (s) 1353 (s) 1260 1260(s) (C=0)
1065 (s) 1035 1063(s) 1055 1088(m) (=9
1034 (s) 1015 1030(m) 1064 (s) (=9
917 (m) 900 (m) 902 (m) 890 (m) (C—S
885 (m) 880 (sh (C—9
472 (m) 455 (m) 498 (m) 495,490 485(m) (Ni—9)
311 (m) 310 (m) 317 (s) 328 (m) (Ni—9)
n=2¢ n=0.25 Assignment
(b) Raman
2329
1445 1332 (C=C stretching
1075
1060 1061
520 494 (ring deformation
360 364
320 344 (Ni—S stretching
132
3 rom Ref. 20.

bFrom Ref. 24.
°From Ref. 12.
dFrom Ref. 17.

sified into Raman (84+ 7B14+ 4B+ 2B3), silent(3A,), Ni(dmit), compounds, many of thegg, modes are seen as
and infrared active (B,,+8B,,+8Bj3,). The By, modes antiresonances whose minima correspond to the vibrational
are out-of-plane vibrations and are expected to be observeddatures. Thus, in the presence of the electron-molecular vi-
for polarization along the Ndmit), stacking direction. The

B,, and B,, modes are in-plane vibrations and should be

seen for polarization in the Kimit), molecular plane. Inter- Photon Energy (eV)

. . . 0.00 0.05 0.10 0.15 0.20
estingly, the RamarmA; modes are present in the infrared 600 .

1 T T T
spectrum on account of the strong coupling of these vibra- I (a) C parale
ardile!

E Perpendicular

tions to the conduction electrons. However, no detailed as- I
signments have yet been made and no one, to our knowl- 300 |-
edge, has attempted a theoretical normal-mode calculation
for the Ni(dmit), neutral molecule and Kiimit), anion. As a
basis for discussion, we list in Table IV assignments for the
vibrational frequencies in the kimit), system-2172924The
assignment of modes in the case @h,P)[Ni(dmit),]s,
(BugN),[Ni(dmit),],-2CH,CN, and (MegS)[Ni(dmit),], is
further complicated by the fact that two different(8linit),
oxidation states contribute to the spectra.

E Paraliel
_____ E Perpendicular

300 -

oy (e) (@ em™)

''''''' Tt T

' (C)I T
. . .o __  E Parallel
Figure 9 shows expanded portions of the conductivity — + T E Perpendicular

spectra in the region where the vibrational features are pre- 200 L
dominantly found. Table V lists all the features that appear in

Fig. 9. As noted in Sec. Ill B 2 the most important features
governing the vibrational spectrum are the location of the o
main conductivity bandi.e., the existence of an optical gap 0 500 1000 _1s00 2000

and the presence of vibrational structures whose intensities Frequency (em™)

are determined by interactions with the electronic conductiv-

ity. In particular, as the principal maximum of the conductiv-  FIG. 9. Expanded portions of the conductivity spectra(af
ity overlaps with the vibrational frequencies, these EMV ef-(Ph,P)[Ni(dmit),];, (b) (BusN)[Ni(dmit),];-2CH,CN, and (c)
fects become increasingly pronounced. In the case of ouiMes;S)[Ni(dmit),], in the range 0—2000 cht.

2. Electron-molecular vibration coupling
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TABLE V. Observed vibrational frequencies iiNi(dmit),] salts. vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh:
shouldert : antiresonance.

(PhyP) (BusN) (Me3S)
Symmetry
species Freq. Inten. Pola. Freq. Inten. Pola. Freq. Inten. Pola.
Aq 1342 m E, 1340+,1288" S E, 1333,1207 m,vs E,
1063 w E, 1069 'S E, 1072,1042 m E,
941* VW E, 953,939 s E, 935,916 m,s E,
514* w E, 514* w E, 508 w E,
345 w E, 345 w E, 356 w E,
319° VW E, 319 m E, 321 s E,
139¢ w E, 139 w E, 131 w E,
B, 1981 VW E, 1974 ,1974 VW E,.E, 1960 W E,
1570 W E, 1572 W E, 1580 W E,
1431,142% VW E, E 1429 VW E,
1107,1097 VW E, E
822 VW E, 835* VW E, 841 sh E,
783 vw E, 783,781 VW E,.E, 781 VW E,
696,686 vw E,.E. 696 vw E, 696 vw E,
673 vw E, 675" W E,
654 vw E, 650° vw E, 638 vw E,
532,532 vw E,E, 538 VW E, 528 VW E,
497,493 VW E, E 490° W E,
477,475 vw E,.E, 479 VW E, 480 vw E,
440,439 VW E,.E, 433 VW E, 433 vw E,
298,295 VW E,.E, 298,295 VW E,.E, 294 VW E,
286,283 VW E, E 284* VW E, 279 VW E,
193, 187 W,VW E,.E, 192 vw E,
109 m E,

bration coupling, the normally infrared-inactive totally sym- infrared-active modes involving -C at ~1430 cm!

metric A, intramolecular vibrational modes become infraredand C=S at ~1100 cm 1 are resolved only in

active for electric fields polarized in the direction of the (Ph,P)[Ni(dmit),];. Other infrared-active modes should cor-

Ni(dmit), stacking axis. respond to Ni-S vibrations near 480 and 330 Ch Addi-
The highest-frequency EMV vibrational feature is in thetional vibrational structures are seen-ar23, 730, and 746

1300-cmi ! range. We have assigned this feature to the@ cm ! in (Ph,P)[Ni(dmit),]; and at~341 and 400 cm! in

stretchingA, mode. It clearly has the effect of producing a (Me;S)[Ni(dmit),], for different polarizations. These features

broad minimum inoy(w) for (PhyP)[Ni(dmit),]; and a deep might be due to Nidmit), modes of other symmetry as well

and strong minimum fofBu,N),[Ni(dmit),];-2CH,CN. For  as those of donor cations.

the spectrum ofMe;S)[Ni(dmit),], there appears to be a

typical Lorentzian-shaped peak. However, the intensity of 3. Dimer model

this peak is far too strong to be an ordinary vibrational peak,

and in fact the polarization is also wrong, so we attribute it : ;
also to an EMV feature. The line shape is as it is because th model by Rice, Yartsev, and JacobSdmased on isolated

main electronic band is at higher frequencies in this com- Imers. \We have_fltted Fhls model to the cono!uctl\{lty spec-
pound. trum of the most insulating of our saltéyle;S)[Ni(dmit),],.

The band near 1070 cihis due to EMV coupling of the In this theory, the frequency-dependent conductivity is
Ay mode involving G=S stretching. The modes near 940
cm™* are believed to be €S stretchingA, bands. The re- X(o)
maining features form a group from 100 to 550 ¢mThe 1-D(w)x(w)/x(0))’
bands that are of unambiguous origin are the ring deforma-
tion A; mode near 514 ciit, the Ni—S stretchingA; mode  wherea is the dimer separation is the number of dimers
near 350 and 320 cnt, and oneA; mode near 139 crit. per unit cell, and is the volume of the unit cell. The quan-

Apart from the strong features mentioned above, we obtity D(w) is the phonon propagator
serve an interesting antiresonance at 514 tfor polariza-
tion perpendicular to the stacking axis(ifh,P)[Ni(dmit),]5. N
We believe that this unusual feature is due to ring deforma- D(w):z , nzwn. ,
tion of the tetraphenylphosphonium cation. Ordinary n W "lwy,

We analyze our results for limit), materials in terms of

i we?a®N
4Q)

o(w)=—

®)

(6)
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Photon Energy (eV) TABLE VI. Electron-molecular-vibration coupling parameters
0.0 0.1 0.2 0.3 for (Me3S)[Ni(dmit),],.
500 ; I ; ; . | .
(Me3S)[Ni(dmit),] w2 On
i [ Experiment (cm’l) (cm’l) )\n
400 | |i Theory _
—_ : 1296 330 0.093
TE 1053 100 0.011
_© 300 930 110 0.014
o 512 70 0.011
g 359 85 0.022
3 335 130 0.056
Ay 137 90 0.066
Total 0.274
@0btained from plot of Rd/o(w)].

) | " L ! N
0 1000 2000 3000
Frequency (cm™)

the Ni({dmit), stack is composed of relatively isolated tetram-

ers. The model of electron-molecular vibrational coupling

extended by Yartsé¥ to describe isolated tetramers might

provide a better agreement with our experimental spectrum.
FIG. 10. Isolated dimer fit(solid line) to the frequency-

dependent conductivitydash-dotted lineof (MesS)[Ni(dmit),],. V. SUMMARY

with A, the dimensionless electron-phonon coupling con- In summary, we have made extensive measurements of
stant,w, the unperturbed frequency, ang the phonon line-  the optical and transport properties @*h,P)[Ni(dmit),]3,
width for the nth A; mode. x(«w) is the reduced electronic (BusN),[Ni(dmit),];-2CH,CN, and(Me;S)[Ni(dmit),], com-

polarizability, pounds. The optical properties are dominated by vibrational
features at low frequencies and by electronic excitations at
8t wey higher frequencies. The observed vibrational features include

x(w)= wgt_ w’—iwy,’ (7) ordinary intramolecular modes and seven ‘“anomalous”

] ] ) . infrared-active vibrational modes. The latter absorption re-
where w is the frequency andy, is the linewidth of the gyt from the interaction of these vibrations with the un-
electronic charge-transfer excitation. The dimensionless coysajreqd electron on the Kimit), anion. A series of electronic

pling constants are written as excitations are observed for the electric field polarized along
2 2 2 the Ni(dmit), stacks. The low-lying peaks are attributed to a
A= x(0) 9 _ 5 Gn , (8) charge transfer from one dimit), anion to an adjacent neu-
Wn Wy tral molecule, whereas the excitations higher in frequency
wherex(0) is the zero-frequency limit of E(7). It is theg, Z:]?O?;trlbuted to a charge transfer between twediiy,

that are the fundamental microscopic electron-moleculars . L .
vibration coupling constants. We have examined the vibrational modes in these three

A fit of this model to the(Me,S)[Ni(dmit,], data is materials. From analysis of th&, modes, values for the

shown in Fig. 10. The structural parameters used in the Caﬁ}lectron-p_honon coupling constants We3s)['\_“(dmit)2]2
culation were the separation between thedNiit), mol- were obtained. We have also attempted to clarify some of the
2

B . B 3 confusion that exists in the literature by systematically as-
eculesa=3.49 A and the unit-cell volum@=1585 A’ The signing vibrational modes of Iimit), molecules in the op-

fitted parameters for the charge-transfer band are a transfﬁ al spectra

i — -1 .

'”tegfz"j‘l' of tt11200 d cm ’I a ch_argbe-tglan_zfir erlelr% of Noted added in prooDuring publication of this work, we
we=2180 cm*, and an electronic bandwidth g£=1400 learned via personal communication that the same crystal

_l .
cm - Th_e experimental val_ues for the unperturbec_i PhONORy \cture for(Me;S)[Ni(dmit),], has been reported by Faul-
frequenciesw,, EMV coupling constantg,, and dimen- mannet al*!

sionless electron-phonon coupling constagtsare listed in
Table VI.

Although the result looks fairly reasonable, it seems that
more than one charge-transfer band should be taken into ac- We thank J. M. Musfeldt for stimulating discussions. This
count above 2500 cnit (see Lorentz fit in Table )l This  work was supported by National Science Foundation, Grant
suggests thaiMe;S)[Ni(dmit), ], should not be considered as No. DMR-9403894, and the Air Force Office of Scientific
an isolated dimer in al¢ configuration with one electron on Research, Grants No. F49620-92-J-0509 and No. F49620-
two sites. Instead, the interdimer interactions are strong an#éi3-1-0322.
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