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Electronic structure of small copper oxide clusters: From CyO to Cu,O,
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We study the electronic structure of copper oxide clustersOguUx=1-4), using anion photoelectron
spectroscopy and density-functional calculations. The experiment is used to successfully guide a computational
search for the cluster geometries. The predicted electron affinities at the obtained cluster structures reproduce
exactly the trend observed experimentally. The definitive determination of the cluster structures enables a
detailed analysis of the chemical bonding and electronic structure involving Cu atoms in different oxidation
states exhibited by these clusters.

The study of atomic clusters is attractive because thewn oxidation state of-1 in Cu,0 to +3 in Cu,04, at which
offer the opportunity to examine how atomic or molecularthe oxidation is saturated, leading to two O-O units in
properties evolve into that of the condensed phases, and re@u,0,. This observation is consistent with the known oxida-
resent interesting molecular species that often exhibit retion states for copper in the bulk oxides that can have a range
markable physical and chemical propertidheir finite sizes  of compositions due to the variable oxidation states of
make more accurai@b initio calculations possible, and pro- copper! and suggests that the cluster studies can provide
vide ideal models to study local effects taking place on surfelevant information to the understanding of the bulk.
faces and in the bulk.Despite considerable experimental The CyO,  species are produced using a laser vaporiza-
advances in the last decade, there is yet no direct experimetioen cluster beam apparatus, equipped with a magnetic bottle
tal method to determine the structures of free clusters. On théme-of-flight (TOF) photoelectron analyz&rThe details of
other hand, theoretical approaches that have been provéhe apparatus have been publisfié@Briefly, a copper target
highly accurate for determining molecular structures can bés vaporized into a helium carrier gas containing a small
used to obtain definitive cluster structural information inamount of Q (0.1%. The oxide clusters produced undergo a
combination with experimental studi#s’ In particular, it  supersonic expansion to form a collimated cluster beam,
has recently been shown that cluster structures can be ofrfom which the negative clusters are extracted perpendicu-
tained by comparing first-principles simulations with photo-larly into a TOF mass analyzer. The clusters of interest are
electron spectroscopy of size-selected anion clustststal  selected by a mass gate and then decelerated before interac-
oxide clusters, at which few efforts have been diretade  tion with a detachment laser beam. Several detachment en-
interesting due to the scientific and technological importancergies(532, 355, and 266 njrare used to allow good energy
of oxide materiald. We are interested in understanding theresolution for the low-lying excited states since the resolu-
electronic and geometric structures of copper oxide clusterson of the TOF electron analyzer is better with lower-energy
and their chemical bonding properties. These clusters arelectrons. All PES spectra are calibrated with the known
particularly important because they may provide betterspectrum of Cu and smoothed with either a 3- or 5-meV
model systems to understand the electronic structure of cogfor the 266-nm spectjawindow function. We obtain the
per oxide materials relevant to the copper oxidepresented binding-energy spectra by subtracting the mea-

superconductors. sured electron kinetic-energy distributions from the respec-
In this paper, we present a combined study of a series dive detachment photon energies.
copper oxide clusters, GO, (x=1-4), using anion photo- Figure 1 shows the PES spectra of,Oy (x=1—4) with

electron spectroscopfPES andab initio density-functional  well-resolved ground stateglabeled X) and low-lying
theory (DFT) calculations. Detailed electronic and vibra- excited-state featurdtabeledA, B, C, and so on in ascend-
tional information of these clusters is revealed from the PESng orde). The weak signals seen at the low binding-energy
experiment. We determine the cluster structures by compaside in the spectra of G@,_, are most likely due to thermal
ing the experimental observable, such as the electron affinexcitations in the anions and isomers with weakly bound O
ties and the vibrational frequencies, with the DFT calcula-as observed for Cu0O'’ The measured energies of all the
tions. We found that from GO to CyO; each O atom states are listed in Table I. The adiabatic electron affinity
bridge bonds to the Gudimer, accompanied by a systematic (EA) of the neutral clusters, derived from the ground-state
increase of the electron affinity. @0, at which there is no feature, clearly shows a stepwise increase witlp tox=3
electron affinity increase, assumes a hexagonal planner struand levels off atx=4. Extensive vibrational structures are
ture with two Q units bridge bonded to the dimer. The resolved for theX and A bands of CyO,. However, the
copper atoms in these systems are sequentially oxidized frospectra of all other clusters show relatively sharp electronic
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TABLE I|. Observed electronic states and vibrational frequencies
of Cu,0, (x=1-4) clusters and predicted electron affinities and

ground-state vibrational frequencies.
BE2 v (exp® EAC v (theon®
(eV) (em™ (eV) (cm™?
Cu,0°
X 1.10 <200 1.10 v, =681
A 2.53 v,=156
B 2.66 ;=586
C 2.85
D 2.95
Cu,0,
X 2.46 630(30) 2.12 182 302 466
A 2.91 650 (30) 493653 718
B 3.12
c 3.30
Cu,04
X 3.54 (640 3.03 259 259 318
A 4.02 321321351
B 4.32 608 608 678
Cu,0,°f
X 3.50 2.94 119 222 244
A 3.66 267 277 354
B 3.80 533612 612
1 2 3 4 c 3.95 647 912 985

Binding Energy (eV)

Measured electron binding energyncertainty: =0.03 e\). The
FIG. 1. Photoelectron spectra of £y~ (x=1-4). The ground binding energy(BE) of the X ground state yields the measured
states of the neutral clusters are labeleX|™and their low-lying adiabatic electron affinity.
electronic states are labeled with the alphabet. The vibrational stru®\vieasured symmetric stretching vibrational frequencies for the
tures for theX andA bands of CyO, and theX band of CyO; are  given stategsee text Relative peak positions can be determined
also indicated. more accurately.

o o ) ) o S “Calculated adiabatic electron affinities in eV.
transitions with little vibrational excitation, indicating there dcgicylated vibrational frequencies for the ground-state cluster

is little geometry change from the anions to the neutrals.gyryctures shown in Fig. 2.

Discernible vibrational structures can be seen fortfteand  eviore highly excited states are not listed due to their broad and

of Cu,0; and theE band of CyO. The peak width of th&X overlapping nature.

band of CyO indicates that there is vibrational excn_altlon. Totally symmetric vibrational modes.

But it could not be resolved even with a 25-m&00-cm ) _ _ _

resolution when the 532-nm detachment light was used. Thearameters and atomic charges from Mulliken population

obtained vibrational frequencies are also listed in Table I. analyses. The local-spin-densitlySD) correlation potential
The PES spectréFig. 1) contain a wealth of electronic of Vocko, V\/lllk, and Nusair is used in determining the cluster

structure information for the clusters. The Luspectrum geometriest The computational method utilizes three-

shows a large gap between theand A bands, representing dimensional numerical integration and a multiple expansion

the energy gap between the lowest unoccupied moleculdPr the electrostatic potentials. The basis functions used are

orbital (LUMO) and the highest occupied molecular orbital _numerical solutions of the involved atoms and their proper

(HOMO) of Cw,0. The presence of the large HOMO-LUMO ionic states. For Cu, a double-zeta plus single-polarization

1. pres g basis is used, while for oxygen a similar type of basis aug-
gap suggests neutral g is an electronically closed shell. mented with a pair of andp functions is used? Test cal-

Similarities in both spectral features and intensity ratio are : ; : : : ;

ctulations on Cup and CuO diatomics are summarized in

seen between th& andC bands, and between tligeandD T

bl Il, howi d t ith
bands. These suggest that the origins of these bands Sho@apeerimenté?g"’ OW-II-?]% Vgergdien%()o corrzgc{i?)enmenapp:,i\gd

be due to two triplet-singlet pair states, arising from remov-pertyrhatively*215 significantly reduces the atomization en-
ing either a spin-down or spin-up electron from the innerergy values overestimated by the LSD, but does not change
filled orbitals just below the highest singly occupied orbital the calculated electron affinity as much because it affects
of Cu,,O ™. The details of the electronic structures and chemitoth the anion and the neutral similarly. The overestimate of
cal bonding of the cluster series are better understooehe vibrational frequency for CuO is largely due to the an-
through the DFT calculations. harmonicity in the CuO potential well.

The fully optimized equilibrium structures of the &y The ground states of GO and CyO, are found to be a
(x=1-4) clusters are shown in Fig. 2, including geometric C,, triangle and aD,, rhombus, respectively. For G,



8030 WANG, WU, DESAI, AND LOU 53

-0.76lel -0.70lel 44
Y
80° \®
—~ 31
s
+0.38lel /.0.70lel =
f=
cu2oy c2V g 24
c
Cuz02, D £
1.39 22, U2h 3
w
> -0.53lel 1- —0—- Experimental
2, —o— Theoretical
o_l T T T T
+0.54lel 0 1 2 3 4
Xin Cu,O,
-0.27lel
Cu-Ou D D FIG. 3. Comparison of the calculated adiabatic electron affini-
2Y4, U2h Cu20g, D3n ties to that from the experiments. The experimental value fori€u

from Ref. 13.
FIG. 2. The optimized structures and Mulliken charge distribu-
tions from density-functional theory calculations for Oy (x=1—

4), pect that theC,, isomer may have a real EA value larger

than the photon energy.66 e\j used in the experiment, and
. ith cl . founda. bi id could not have been observed even if it was present in the
two isomers with close energies are found g, bipyrami cluster beam. This atomic arrangement is optimal for the

(Fig. .2) and aC,, bent structure with an O-Cu-O-Cu-O localization of charges around the O centers, leading to the
atomic arrangement. TH&,  structure is slightly favored by . .

o v : extremely high EA. The four cluste(Eig. 2) are all found to
about 0.5 eV, but it yields an EA about 1 eV higher than theha e closed-shell electronic structure in the neutral around
experimental value. As will be seen below, thg, structure v ' ucture 1 utral grou

gives an EA that is in better agreement with the experimen?tates' The calculated HOMO-LUMO gap for Luis 1.2

: . eV, and in the range of 0.2-0.6 eV for &_, in good
and is responsible for the observed PES spectrurig agreement with the experiments. The smaller gaps for the

hexagonal ring with two O-O bonds is found to be the mostI : .
GO arger clusters imply that stronger correlation effects may be
stable structure for GIDy. resent, leading to the deteriorated agreement between the
The calculated EA value§able |) increase stepwise with P ’ 9 dag
calculated EA values and the experiments for the larger clus-

x and level off atx=4, following closely the trend of the .
- ; ters. On the other hand, the large HOMO-LUMO gap in
experimental valuesFig. 3. Note that for CyOs, the D, Cw,0 is responsible for the nearly perfect agreement be-

Iéombe;r:figgr?qse?no;cgbcoor?fif\%niézﬁ gﬂﬁ:lif;ea?elz(ﬁ If:?r G ween its calculated EA and the measured value. The same is
2 3™ 9 true for Cuy, for which excellent agreement is obtained be-

3. From the overall accuracy of the calculated EA, we sus- .
y tween the current calculation and the measured vdlue.

Vibrational structures resolved in the PES experiments

thelAaBnli‘En!'CgrennS:g'e';upoci?(nZLﬁécnﬂ:t';gzgr?nﬂ:nd C;gt‘zr: provide important information about the cluster structures.
P P sa he calculated vibrational frequencig3able ) for the

ses. The experimental spectroscopic values are from Refs. 13 an-é-:
14 for the copper dimer and monoxide, respectively. U0y clus.ters agree well W'.th the obs_erved onesxerl—
3, where vibrational information is available. The unresolved

Cu, Cuy cuo cuo vibrational structure in th& band of CyO largely involves
the Cu-Cu stretching vibration, since the LUMO of Luis

E(LSD)? 2.46 3.16 4.01 5.73 mainly of Cu 4so- bonding character. The experimental esti-
(ev) mate of the upper bound of this mode is 200 ¢mwhich is
E(PB86® 1.89 2.57 3.21 4.82 consistent with the calculation. The 630-chvibrational
(eV) (2.03 (2.79 frequency resolved for the ground state of,Ouis due to
EA 0.74 1.68 the totally symmetric mode because only totally symmetric
(eVv) (0.849 (1.78 vibrational modes are expected to be active in PES experi-
bond length 2.19 231 1.69 1.67 ments. The calculated frequency for this mode is 724%m
(R) (2.22 (2.34 (173 (1.67) in reasonable agreement with the experiment. The estimated
v (cm™ b 285 216 735 773 640-cmi * frequency for the ground state of gy also com-

(265 (210 (631) (739 pares favorably to the totally symmetric mode of 678 ¢m

from the calculation. As mentioned above, highly accurate

@Atomization energy at the local-spin-density approximation level. vibrational frequencies are difficult to obtain due to the ne-

PAtomization energy after gradient correction is applied. The ex-glect of the anharmonicity in the calculations.

perimental dissociation energy of the neutral is in the parentheses. Several interesting trends can be observed in the evolution
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of the atomic structures and chemical bonding in these clugncrease from Cy© to CuyO;, caused by the increasing
ters. First, the Cu-O bond length steadily increases as moreharge depletion on the Cu sites.

oxygens(x=1-3) are added to the Gulimer, all occupying ~The Cu-O bond in the GO, clusters is complicated, in-

bridge positions. The increase in Cu-O bond length is accomvolving both ionic and covalent characters. The best case for

anied by a decrease of atomic charges at the respective strating the polarized covalent bonding nature between
P y 9 P u-O is the CyO triatomic, that has a triangular structure

sites. The atomic charge distribution suggests significanfii, a nearly perfect Cu-O-Cu bond angle for the @ 2
ionic bonding between Cu-O. Second, the Cu-O-Cu bonghonding. It is seen clearly from Fig. 2 that there is a large
angle decreases from near 90° in,Outo about 70° in charge transfer from Cu to O. Further analysis, based on the
Cu,05;. The smaller bond angle allows the bridge-bondedsingle-particle density matrix and in terms of molecular or-

oxygens to separate further away from each other, and irRitals, shows that the charge transfer is mainly from the Cu

duces a shortening of the Cu-Cu distance. Third, the oxida?S Shell to the O P shell. The occupation of the GsZhell

: : changes very littlg<0.1le|). On the Cu atoms, thesdelec-
tion state of the copper atoms in the clusters, as formallyfron is partially promoted to theptorbitals; thesp hybrids

indicated by the number of directly connected oxygensy s formed are spatially more oriented than the spherisal 4

raises from+1 in C,,0 to +3 in Cu,0O3, and then drops to  grpitals for optimal overlaps with the Op2 The Cu 3

+2 in Cu,0O,. The lowering of the oxidation state for gD,  orbitals also interact with the O but the net contribution

is caused by the formation of two O-O bonds. to the Cu-O bonding is negligible because of the almost ex-
Therefore, we are seeing an interesting trend of sequenti&ct cancellation between the bonding and antibonding com-

oxidation and oxidation saturation. The Cu atoms are oxiPonents. The Cu-Cu interactions in the, Oy (x=1—-4) clus-

dized formally from+1 to +3 from CuO to Cu,0; saturat- ters are essentially electrostatic. The covalent interaction is

. CuO, wh he further i in th found to be negligible due to the cancellation between the
Ing at Cy0O,, where the further increase in the oxygen con-y,nqing and antibonding overlap contributions. Therefore,

tent does not lead to further .oxidation, gnd the coordinatiofhe ponding in the CO, clusters is dominated by the strong
of copper is reduced to 2. This agrees with the known chempolarized covalent interactions between Cu-O and the in-
istry of copper, whose common oxidation states afeand  tramolecular O(O,) Coulomb repulsion.

+2. The+3 oxidation state is rare, and is known to occur in
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element. Therefore, it is not surprising that thé oxidation  pacific Northwest Laboratory, a multiprogram national labo-
state is not realized in GOy, which is close to a peroxide. ratory operated for the U.S. Department of Energy by Bat-
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