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Temperature-dependent core-level x-ray photoemission spectroscopy of the organic conductors
(MeCI-DCNQI),Cu, (MeBr-DCNQI ),Cu, and (DI-DCNQI ),Cu
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We study the quasi-one-dimensioriaD) organic conductoréMeCIl-DCNQI),Cu, (MeBr-DCNQI),Cu, and
(DI-DCNQI),Cu using x-ray photoemission spectroscopy. We observe negligible change of the Gue2
level spectra ofDI-DCNQI),Cu and(MeBr-DCNQI),Cu as a function of temperature, in the metallic phase. In
contrast, Cu p spectra off MeCI-DCNQI),Cu, which has a charge-density-wave/metal-insulator transition at
210 K exhibits clear changes across the transition. The spectral shape change occurring across the transition
indicates charge transfer from Cuw 3tates to the 1-D DCNQp+ conduction band. A line-shape analysis
shows that the average valence of Cu ions follows a systematic trend related to the tetrahedeabahgéen
N-Cu-N, i.e., a more distorted tetrahedral angle corresponds to lesser charge transfer from the Cu ions to the
pm band. The results also provide direct evidence for coupling of the electronic states involved in charge-
ordering with the charge-density-wave formatip80163-18208)09719-7

In charge-transfer compounds, electrons transferred from In this work, we study the Cu 2 core levels of
the donor to acceptor complex determine the electronic propDI-DCNQI),Cu, (MeCI-DCNQI),Cu, and
erties of the system. Recently, the quasi-one-dimensiongl\eBr-DCNQI),Cu using x-ray photoemission spectroscopy
(1D) organic salts containingy,R,-DCNQI (R1,R,=CHs,  (xpg) as a function of temperaturédl-DCNQI),Cu belongs
Cl, Br, I, etc.; DCNQEN, N'-dicyanoquinonediiminemol- 1 raup | and possesses the most stable metallic state among
ecules as an acceptor.and metall igis Cu, Ag, etc) asa pCNQI-Cu salts. This is because of the experimental fact
donor have been studied extensively because of their intefr At the critical pressur@, required for theM-1 transition is

esting properties’ In the Cu-based systems, electrons are, ) ]
transferred from Cu atoms tetrahedrally coordinated to the largest {-15 kbar) for (DI-DCNQI),Cu among group-|

cyano groups of DCNQI molecules constituting the quasi-10°0mpounds. Also, anisotropy of electrical resistivity is
2pm lowest unoccupied molecular orbitdL UMO) band about 3:1(parallel:perpendicular to the 1D axisdiffering
formed by stacking of DCNQI molecules along theaxis.  from  10:1  for (DMe-DCNQD,Cu. In  contrast,
Within this series of compound¢DMe-DCNQI,Cu, (with ~ (MeBr-DCNQI),Cu and (MeCI-DCNQ),Cu have a
R;=R,=methyl group, CH) remains metallic down to 50 CDW/M-I transition temperatureT =160 and 210 K,
mK. Such metallic compounds that do not show an elecrespectively, and thus belong to group Il. We observe
tronic transition are classified as belonging to “group I.” temperature-dependent changes across the GD\Vtransi-
When pressure is applied on these compodrids,halogen tion in the Cu 2 core-level spectra indicative of the charge
ion is substituted for a methyl grodp, or deuterium is transfer across the transition. From a line-shape analysis of
substituted for hydrogeh’ they exhibit charge-density- the core-level spectra, we estimate the average valence of Cu
wave/metal-insulator (CDWW -1) transitions. The transition ions. A systematic relation of the tetrahedral N-Cu-N angle
is understood to be a mixed Peierls transition and Mott tranto the transition temperature and the average Cu valence is
sition occurring on decreasing temperattingjth a three-  obtained.

fold CDW on the quasi-1D chain of DCNQI moleculgs. We synthesized polycrystalline samples in a glove box
Furthermore, the ratio of amount of CICW?" is estimated filled with nitrogen gas and directly connected to the photo-
to be 2:1, and the charge on Cu ions also orders along themission spectrometer. As-prepared samples were washed in
quasi-1D directiot’~*2 with the same period as the CDW, pure CHCN, mounted on a sample holder within the glove
i.e., (--Cu"-Cu*-Cuw*"-Cu™---). This is also consistent box, and transferred to the analysis chamber. The powder
with magnetic susceptibility studies that follow a Curie- x-ray diffraction pattern of the sample synthesized as above
Weiss law with a Curie constant correspondingstmol of  is the same as that of a powdered single crystal and has been
Cu atoms > These systems belong to “group II.” Com- reported for the case ofdMe-DCNQI),Cu earlier® The
pounds returning to a metallic phageentrant metalbelow  XPS spectra were measured in a VG ESCALAB Mk Il in the
the M-1 transition on further decreasing temperattéare  Institute for Molecular Science using an Kla (hv
classified as belonging to “group IIl.” Thus, we can control =1486.6 eV) source. The vacuum in the analysis chamber
transition temperatures by appropriately choodtygandR,  was ~8x107% Torr, and the total energy resolution was

in these compounds, corresponding to “chemical pressure.1 eV. The sample was cooled using flowing liquid, N

by substitution, or by physical pressure. down to 170 K, and the temperature was measured using a
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the spectra as shown in the inset of Fig. 1, where the Cu
FIG. 1. Cu 2 core-level spectra ofDI-DCNQI),Cu at 300 K 2ps, region is plotted on an expanded scale. In
(circle) and at 170 K(solid line) obtained using AKa excitation. (DI-DCNQI),Cu, we thus conclude that negligible charge
In the inset, Cu P region is plotted on an expanded scale to ShOWtransfer occfjrs bn decreasing temperature. This is in contrast
negligible change as a function of temperature. . )
to results onMeCI-DCNQI),Cu for which we observe clear
spectral changes across thiel transition at 210 K.
. Figure 3 shows the XPS spectra of Cp 2ore level of
t’fVIeCI-DCNQI)ZCu at 300 and 170 K, which is above and
etr)elow the transition temperature ©f=210 K, respectively.
! he spectrum obtained at 300 K is also superimposed on that
. Figure 1 shows the XPS spectra of the Quabre Igvels of the 170 K spectrum so as to make it easy to observe the
N (Dl'DCN.Ql)ZCU meaSl_Jred at 30(.) and 170 K. Main peaks'temperature-dependent spectral changes. We observe that at
corresponding to the spin-orbit split core levels of Q2 170 k| the peak widths become broader only on the high
and Cu 2, occur at the binding energy of about 931 andinging_energy side and the intensity seems weaker for both

951 eV, respectively, and the M N, Ny s Auger signals ¢, on_ - and Cu 2,,, features. These changes are reversible
occur at a binding energy of about 968 eV. The Qudre-  gnq hence intrinsic, because a temperature cycling above the

level spectral shapes are similar to tha(MG'DC?N(_?l%ZC“ transition at 210 K resulted in reverting the low-temperature
and (MeBr-DCNQI),Cu reported in earlier studi¢8;*8 ex-

cept for the presence of tHeM 4N, N, 5 Auger peak. It is

calibrated thermocouple. Since the existence of the<O 1
signal is a good measure of the sample surface quality as
already knowr® we monitored the sample quality by check-
ing the same, and it was found to be negligible in every cas

known that the Cu B4, main peak consists of Cupg,,3d*° Cu 2p3n
(Cu") and Cu D3,3d'%L (Cuw*") final states, in which. c(:lzlree(l:é_v]glc”}“\IQI—)ZzCluOK 7
represents a ligand hole, and the satellite peak is made of Cu M= HE

2p33d° (CU") final@ state®?° In order to estimate the
valence of Cu ions ifDI-DCNQI),Cu, we do a line-shape
analysis of the spectrum at 300 K and the results are shown z
in Fig. 2. The spectra are decomposed into d @eak, C4"
main peak, and the Gt satellite peak for the spin-orbit split
core levels. Each peak is a convolution of a Lorentzian due
to lifetime broadening and a Gaussian due to the instrumen-
tal broadening. Following previous studi®s®an additional
plasmon loss satellite at 21.4 eV higher binding energy has
been included, but is not shown here for clarity. The results
indicate that the intensity ratio of Cu C?*=2:0.56, and - . s . .
the average valence of Cu ions+sl.22, i.e., about- 3.66/3. 70 %0 - 9% 940 930
This reduced average valence of Cu ions implies a much Binding Energy (eV)

smaller charge transfer of electrons from Cii States to the FIG. 3. Cu % core-level spectra ofMeCl-DCNQ),Cu at 300
2pm band of DCNQ! m0|e(,:UIeS compared to all Oth(,ar K (circle) and at 170 K(dotted ling obtained using AK« excita-
DCNQI'C_’U systems. Comparing the spec'trl.Jm at.300 K W't,h[ion. The 300 K spectrum is superimposed on the 170 K spectrum
that obtained at 170 K, we observe negligible difference inys 4 solid line to show temperature-dependent spectral changes.
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T TABLE I. Transition temperaturel(y._,), average valence of Cu

(MeC1l-DCNQI):Cu Te=210K ions, and angle between N-Cu<) in four compounds with dif-

CuZp core level ferentR; andR;.
R C + 0
....... cLulZ+ (Main) Compound Tm.1 (K)  Average valence  a (°)
""""""" Cu™” (Satellite) (MeCI-DCNQI),Cu 210 +1.31 (+3.9313) 126.2
. (MeBr-DCNQI),Cu 160 +1.32 (+3.95/3f 125.3
@ R (DMe-DCNQI),Cu  Metallic ~ +1.28 (+3.83/3 124.8
§ L X (DI-DCNQI),Cu Metallic +1.22 (+3.66/3) 122.8
& | Roomtemp. .
= i Y %From Ref. 22.
~ = bFrom Ref. 16.
‘g ‘From Ref. 3.
S|
2
=
(==

nated DCNQI moleculesTy symmetry, the Cu 3 elec-
tronic state is split into triply degeneratg, (d,,, dy,, and
d,» and doubly degeneratg, (d? andd,2_,2). A distortion

of the tetrahedron results in thgy state being further split
with the d, state higher in energy level and thg, andd,,
states lower in energy. The degree of distortion is repre-
sented by the bond angle N-Cu{). It has been reported
970 960 950 940 330 thata increases very slightly on decreasing temperature, and
jumps at the transition temperatur& 23 Owing to increas-
ing «, i.e., raising thed,, state, the charge transfer from Cu
FIG. 4. Results of line-shape analysis of Cpi @ore-level spec- ions to thepmr band of DCNQI molecules increases on low-

trum of (DI-DCNQI),Cu at 300 and 170 K. ering the temperature. Therefore, the occupigg state
straddling the Fermi level interacts with the LUMO, forming

mixed valent Cu ions. It is considered that such a charge

spectrum to the room-temperature spectrum. A line-shapgansfer leads to the change of the XPS spectra of Cadte
analysis of Cu P spectra as discussed above clarifies thgeyels as in Fig. 3.
changes across the transition temperature on a quantitative To corroborate this hypothesis, we list in Table | the av-
basis. Figure 4 show the fitting curves at 300 and 170 Kerage valence of foufDCNQI),Cu salts to understand the
respectively. The line-shape analysis results show that theystematics of charge transfer in these compounds. The av-
ratio of Cu ions is Cli: CU?*=2:0.9 at 300 K and Clt  erage valence ofDI-DCNQI),Cu is much smaller than the
Cuw*"=2:1.0 at 170 K, respectively, i.e., the average valencether compounds. It suggests that it is more difficult to have
are +3.9/3 and+4.0/3. It is to be noted that the fit for the a M-I transition in a salt having the average valence farthest
low-temperature spectrum has slight discrepancies comparegvay from +%. Furthermore, the data of the tetrahedral
to the metallic-phase spectrum and we could not improve o@nglea between N-Cu-N at room temperature indicate a di-
the fit. The values of the average valence are reasonablgsct relation of the average valence with the anglée., the
because the metallic phase at 300 K indicates a smaller vaverage valence differs more from the valyidor a more
lency than +%, consistent with an earlier study of distorted tetrahedron.
(DMe-DCNQI),Cu and(MeBr-DCNQI),Cu.'® Also, for the A recent first-principles theoretical studyof the band
insulating phase at 170 K, a valence-bf; is expected from  structures of DCNQI systems supports our results. Fhed
an x-ray diffraction study, which shows the existence of hybridization in the DI salt is reduced in comparison with
threefold superstructure along theaxis, and from the mag- that in the DMe salt, since the energy difference between the
netic susceptibilit}! that follows the Curie-Weiss law with a pottom of LUMO and the top odl, for DI salt is larger than
Curie constant corresponding $omol of CU/™. that for DMe salt. These changes lead to a decrease of charge

In order to confirm that charge transfer occurs only acrosgransfer from the Cu,, orbital to the LUMO band, i.e., a
the transition, we have also studied the Qu 8PS spectra decrease of the average valence of Cu atoms.
of (MeBr-DCNQI),Cu at 170 and 300 K. We do not observe  |f the change of angle corresponds directly to the charge
any change in the spectra between 300 and 170 K, which igansfer of Cu 8 electrons, it may seem contradictory that
still above the transition temperatuig,= 160 K. The above there is no temperature dependence of the XPS spectra in the
results suggest that the Cicomponent in the spectrum at metallic phase. This is becausehas a small temperature
300 K decreases, and simultaneously thé'Ceomponent  dependence in the metallic phase, and then the average va-
increases, only below the transition temperature. Thus, wkence should have temperature dependence. We consider the
infer that charge transfer from Cu ions to the conduction  following two possibilities: Since it is known that the change
band made of DCNQI molecular chain occurs across thén « as a function of temperature in the metallic state is much
M-I transition. This charge transfer has been expédfed smaller than the sudden change at the transition
within the following picture for the electronic states of temperaturé®?3it is possible that the instrument resolution
DCNQI-Cu salts: in the crystal field of tetrahedrally coordi- is not enough to see the spectral changes, though there is a

Binding Energy (V)
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small charge transfer due to temperature in the metallienetallic phase. In contrast, the Cup2spectra of
phase. The other possibility is that, not ordy but other (MeCI-DCNQI),Cu, which has a CDWWI-I transition at
parameters, affect the charge transfer. Although Table p10 K, exhibits clear changes across the transition. The spec-
shows that the value af is related to the amount of charge tral shape change occuring across the transition indicates
transfer, behavior of other parameters such as the electroeharge transfer from CudB states to the 1D DCNQp
phonon coupling, may be different for changes in temperagonduction band across the transition. A line-shape analysis
ture compared to changes due to pressure. Then charge tralgows a systematic dependence of the average valence of Cu

fer may not have temperature dependence in the metallig s to the tetrahedral N-Cu-N bond angie The results
state, i.e., there is actually no change in the core-level spect

of (DI'D.CNQI)ZCU' Itis not yet clear what Is the real réason i volved in charge ordering with the CDW formation.
for negligible changes of the XPS spectra in the metallic
phase and this needs further study.

In conclusion, x-ray photoemission spectroscopy of the This work was supported by a Grant-in-Aid for Scientific
quasi-one-dimensional organic conductéd-DCNQI),Cu  Research on the priority area, Novel Electronic States in Mo-
and (MeBr-DCNQI),Cu shows negligible change of the Cu lecular Conductors, from the Ministry of Education, Science
2p core-level spectra as a function of temperature in theand Culture of Japan.
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