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Au,H™ was recognized and confirmed as a minor contamination to typical photoelectron spectra of
Au, , produced by laser vaporization of a pure Au target using an ultrahigh purity helium carrier
gas. The hydrogen source was shown to be from trace H impurities present in the bulk gold target.
Carefully designed experiments using-kind D,-seeded helium carrier gas were used to study the
electronic structure of AJH™ and Au,D™ using photoelectron spectroscopy and density functional
calculations. Well-resolved photoelectron spectra with vibrational resolution were obtained for
Au,H™ and Au,D™. Two isomers were observed both experimentally and theoretically. The ground
state of AyH™ turned out to be linear with a terminal H atdrAu-Au-H]~ (*A;,C..,), whereas a
linear[ Au-H-Au]~ (*A,,D..;) structure with a bridging H atom was found to be a minor isomer 0.6
eV higher in energy. Calculated electron detachment energies for both isomers agree well with the
experimental spectra, confirming their existence in the cluster beam. The observation and
confirmation of H impurity in pure gold clusters and the 3.44 A Au-Au distance ifiAueH-Au]~

isomer presented in the current work provide indirect experimental evidence that the anomalous 3.6
A Au-Au distances observed in gold nanowires is due to an “invisible” hydrogen impurity atom.

© 2004 American Institute of Physic§DOI: 10.1063/1.1802491

I. INTRODUCTION respectively gap region of Ag.3® Upon examination of the
(I)i%erature, we found that the same feature was also present in
Several previous PES studies on,A4d’~%° No convincing
explanations for this feature have been put forth, despite ex-
haustive effort€®?° Recently, several experimental studies
on gold hydride clusters have been reported®In particu-

During the past decade, gold has become the subject
active research in nanoelectrontc€® biosciences!
catalysis?>~2* and cluster scienc®>° One of the exciting
developments was the fabrication of gold nanowires on

atom thick!~® which are the thinnest nanocontacts. Atomic- a7
thick nanowires were exclusively observed fat Fetals”®  lar Gantefor and co-workets™" have reported PES spectra

and strong relativistic effects were believed to play vitalfOr @ series of small gold hydride clusters accompanied with
roles? These monoatomic gold nanowires were observed t§l€nsity functional theoryDFT) calculations. We noted that
be exceptionally stable, reaching interatomic distances &€ binding energy of one of the PES features ofiAU was
large as 3.6 A7° a value significantly larger than the equi- Very close to the mysterious band present in thg RES
librium Au-Au distance in gold dimef2.48 A) and in bulk ~ Spectra. This led to our suspicion that the origin of the mys-
fcc gold (2.88 A). Several proposals have been put forth toterious band in the Afi spectrum might be due to contami-
interpret the abnormally high Au-Au distancés?®Among  nation from AyH".
the previous proposals is the existence of undetected impu- In this work, we reexamined the PES spectra of Aand
rity atoms>*®~2%such as H, B, C, CC, N, O, and S. However, confirmed that the 3.6 eV band in the Aspectra was in-
all the impurities except H have been shown to give Au-Audeed due to the AlH™ contamination, despite the fact that a
distances much larger than 3.6 A. Two recent theoreticahigh purity Au target was used to produce the gold clusters.
works®?°concluded that H is the best and only candidate forwe carried out further experiment on At~ and AwD™
the 3.6 A Au-Au distance. However, there has been no direatising H- and D,-seeded helium carrier gas and observed
experimental observation of any impurity atoms in thetwo isomers for the anions. Density functional theory calcu-
monoatom gold nanowires. lations were performed to elucidate the structures and bond-
We have been interested in probing the electronic strucing of the anions and the neutral clusters and were compared
ture and chemical bonding of gold clust&rs® using anion  \ith the experimental data. In agreement with previous DFT
photoelectron spectroscopyES. During our experiment on  cajculations® we found that the ground state of fd is
Au, , we noticed a mysterious PES band-&.6 eV, which  |inear [Au-Au-H]~ and there exists another linear isomer
appeared in the HOMO-LUMQHOMO and LUMO are [ ay-H-Au]~~0.6 eV higher in energy. The calculated elec-
highest occupied and lowest unoccupied molecular orbitalg,q, binding energies of the two linear isomers agree well
with the experimental data. The Au-H bond length was found
3Electronic mail: Is.wang@pnl.gov to be 1.72 A, giving a 3.44 A Au-Au distance in the
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[Au-H-Au]~ cluster, very close to the abnormally long 3.6 A @ " () |
Au-Au distance observed in the gold nanowires. The obser- Auy .
vation and confirmation of H impurity in pure gold clusters i
and the correct Au-H-Au distance presented in the current x (Ml
work provide indirect experimental evidence that the abnor- “ « J
mal Au-Au distance observed in the gold atom wire are due e it P
to a hydrogen impurity atom. (c) " (d) a

Il. EXPERIMENTAL METHOD

The experiments were carried out using a magnetic-
bottle-type PES apparatus equipped with a laser vaporization
supersonic cluster source, details of which have been de-
scribed previousl§*“? Briefly, bare gold clusters were gen-
erated by laser vaporization of a pure gold tar(3.99%
with ultrahigh purity helium as carrier gag9.9999%.
Au,H™ and AyD™ clusters were produced using 0.5%-H
or D,-seeded helium carrier gas. Negatively charged clusters
were produced from the source and analyzed using a time-
of-flight mass spectrometer with a mass resolution of about
M/AM =350 in the low mass range<200 amuy. The cluster
species of interest was mass selected using a three-grid mass
gate as described previoushand decelerated before being
photodetached. Three detachment photon energies were used

. R i s ey s s ) e i v ) pa p s e L e
in the current study: 532 nif2.331 eV}, 266 nm(4.661 eV, 0123 456 0 1 2 3 4
and 193 nm(6.424 eV). Photoelectrons were collected at Binding Energy (V) Binding Energy (eV)

pearly 100% eﬁiCienCy by the magne“C bottle and analyzecli:IG. 1. Photoelectron spectra of Aland ApD™ at 193 nm(6.424 eV, left

in a 3.5 m long electron flight tube. Photoelectron spectraolumn and 266 nm(4.661 eV, right columh (a)—(f) the spectra were
were calibrated using the known spectrum of Rland the  taken with a pure gold target and ultrapure He carrier gas, but the mass gate
energy resolution of the apparatus WeEk/Ek~2.5%), that timing was systematically varied to select the midd®,(b)], late[(c),(d)],

. and tail [(e),(f)] part of the Ay mass peak(g) and (h) photoelectron
is, ~25 meV for 1 eV electrons. spectra of AyD™ produced by using a Pseeded He carrier gas. Features

labeled with lower case letterx,@,b,c,d,e,f,g,h) are due to Ay ; fea-

IIl. EXPERIMENTAL RESULTS tures labeled with capital lettersX(,X,A,B,C,D,E,F) are due to
_ Au,H /Au,D™, where X' indicates a feature from a minor isomer of
A. Au,H™ from pure Au target Au,H ™ /Au,D".

and pure He carrier gas

We first repeated the Auexperiment using a pure Au
target and pure He carrier gas, as we did befdfEne spec-
tra at 193 and 266 nm are shown in Fig. 1. The 193 nnthe additional features in Fig.(d should all be due to
spectrum is identical to that reported in Ref. 33. Nine mainAu,H™ . This observation clearly showed that there was a
spectral features were observed and are labeled with the lovgmall amount of contamination from AdH™ in the Au,
ercase letterss, a—h. The weak mysterious peaka3.6 eV mass peak. Our mass resolution was about 350, which was
was labeled a¥X. During this experiment, we set the mass barely enough to resolve the Ad™ peak from that of Ay .
gate to select the center part of the Amass peak, as we However, because the Ald™ contamination was very slight
usually do. To test if there would be any contamination dueand its abundance was extremely weak, we could not ob-
to Au,H™ in the Au, peak, we delayed the mass gateserve a separate Ad~ peak, which was simply buried in
slightly to select the later part of the Aupeak and took the the tail of the Ay peak on the higher mass side. This is why
data again, as shown in Figgcland Xd). We noted that the the hydride contamination has never been recognized previ-
relative intensity of the 3.6 eV peak increased slightly. Weously. Furthermore, because of the close proximity of the
then delayed the mass gate further to choose the tail part #fvo mass peaks and the finite peak width, we could not
the Au, peak on the high mass side and obtained the spectr@eanly mass select one or the other and would always obtain
displayed in Figs. (e) and Xf). To our surprise, the relative a mixture of the two, although their relative proportions can
intensity of the 3.6 eV peak increased dramatically, accombe changed by changing the mass gate timing. We should
panied by the appearance a very weak featdd @t ~2.8  also point out that Ay was the only mass peak contami-
eV and two featuresK,F) at the high energy side. At the nated with the hydride. We checked Awand several larger
same time, the relative intensities of featuckandf were  Au, clusters and found no detectable hydride contamination
also enhanced, suggesting that there were new features ovén-their PES spectra. In addition, since ultrapure He carrier
lapping with them. gas (99.9999% was used and no contamination was ever

We noted that the binding energy of the 3.6 eV p€dk  observed in other cluster experiments with this carrier gas,
was the same as that reported recently foptAu.®® Thus  we suspect the hydrogen contamination came from trace
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amount of hydrogen impurity in the gold target, which has a
specified purity of 99.99%.

X A

B. Au,H™ and Au,D™ from H ,- and D,-seeded
He carrier gases

To verify the above observation, we produced,Au
using a H-seeded He carrier gas. We obtained spectra simi-
lar to those shown in Figs.(@ and 1f) because the Al 0 34 3 X
mass peak was always dominating and the,lAu peak x15/\_
could not be cleanly mass gated, as discussed above. To fur-
ther confirm the observation of Ad~, we also performed
experiments using a J2seeded He carrier gas, as shown in
Figs. 1g) and Xh). Because of the 2 amu separation between
Au,D” and Ay, , it could be mass gated more cleanly, al-
though a small amount of Auwas still discernible in the
spectra of AyD™. But the main spectral features in Figs.
1(g) and Xh) are due to AyD™~ and they are identical to
those observed for At~ (the isotope shift on the electron
binding energy was expected to be much smaller than our
instrumental resolution In addition to the three strong fea-
tures (X,E,F) observed in Fig. (e) for Au,H™, four more 0 1 2 3 4 5 6
features A,B,C,D) were identified in Fig. (g). These fea- Binding Energy (V)
tures were overlapped with those from Aun the case of kG, 2. Photoelectron spectra of pure M after weighted subtraction of
Au,H™ [Fig. 1(e)]. A very weak bandX’ was also observed the Ay, components(a) 266 nm(4.661 eV}; (b) 193 nm(6.424 eVj. The
in the spectra of AyD ™, identical to that in the spectra of inset compares ttje vibrational stru(_:tures of the grour_nd state tra_msitions of
AuaH [Figs. 16) and 10), TheX' feature was extremely S50 SEAL0 - Ml hers = o nessuablestobe it o e
weak for both AyH™ and ApD™, but was always present. iprational structure is huge.

It was attributed to a minor isomer and was born out from
the theoretical calculations, as shown below.

Lineberger and co-worket$yielded an accurate vibrational
frequency for Ay, 190.9 cm, which is barely within our
) B instrumental resolution. As shown in Fig. 3, nine well-
We obtained “clean” spectra for AD~ and A, by  resolved featuresx(a,b,c,d,e,f,g,h) were obtainedTable
substracting the respective contaminations. These spectra gf¢ revealing eight low-lying excited states for neutral,Au
shown in Figs. 2 and 3 for A~ and Ay, , respectively.  several of these states have been identified and assigned pre-
The ground state transitioiX) of Au,D~ was clearly vibra-  yjpusly using resonant two-photon ionization spectroscopy
tionally resolved with a frequency of 14780) cm *. Such a by Bishea and Mors& as shown in Table Il. These
high frequency is likely due to the Au-D stretching vibration. gptically-identified excited states have been compared with
In the inset of Fig. 2, we compared the vibrational structuregs data previously by Handschehal2® The current PES
of Au;D~ and ApH™. There is a clear isotope shift and the gata are consistent with those of Handschtial. except that
vibrational frequency estimated for Md is 2050 (100 one additional statéh) was observed at the very high bind-
cm ! from our data. Our obtained vibrational frequencies foring energy side in the current 193 nm spectrifig. 3(c)].
AupD and ApH compare well with the vibrational frequen- Thys, Fig. 3 represents the heretofore most complete PES
C'e§lf°£{3the diatomics, AuD1635.0 cm ™) and AuH(2305.0  gata set for Ay . These spectroscopic data will be valuable
cm 7)," and the isotope shift factonf,/vyy) is identical for iy henchmarking theoretical calculations on gold clusters.
both systems. In Fig. 2, the weak featdfeis expanded and
is more c_IearIy shown._ Despite its weak. intensity, good SI91\/ DENSITY FUNCTIONAL CALCULATIONS
nal to noise was obtained due to the high count rates. The
adiabatic detachment ener@gqDE) and vertical detachment Density functional calculations were carried out to elu-
energy(VDE) for the X’ band were measured to be 2.73 andcidate the structural and electronic properties oftAu and
2.81 eV, respectively. The binding energies for all the ob-Au,H. Calculations were done using the generalized gradient
served spectral transitions for AD~ are given in Table I. approach with the Perdew—Wang exchange-correlations
Since no measurable differences were observed for the elefunctional®® Scalar relativistic effects were calculated at the
tron binding energies for AD~ and AwH ™, all the values zero-order regular approximation Hamiltonfralong with
given in Table | can also be taken for fd™, for which DFT  the triplet-zeta plug- and f-polarization functiongTZ2P)
calculations were donéesee below. for the valance orbitals of Au and H atoms. Additionally, the
In Fig. 3, the 532 nm spectrum of Auis also shown, frozen core (%%-4f'% approximation was used for Au at-
which is partially vibrationally resolved with an estimated oms in the calculations. Vertical detachment energies for the
spacing of 19615 cml. A previous PES study by anion were calculated via the self-consistent field energy dif-

C. “Clean” spectra for Au ,D™ and Au 5
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(a) X TABLE Il. Observed adiabati€ADE) and vertical(VDE) detachment en-
ergies for Ay and comparison to previously identified excited states of
Au,.
ADE VDE Excitation energy
PES feature (eV)®? (eVv)®P (eV)a© To(eV)! Assignmertt
xf 1.94(2)9 2.01(2) 0.00 0.00 X13g
A 3.96(3) 4.01(2) 2.02 2.06  as3i(1y
TS b 4.16(3) 4.19(2) 2.22 2.25 A'l,
c 4.37(3) 4.38(2) 2.43 2.43 A0}
(b) a d 4.59(3) 4.60(2) 2.65
e 4.72(4) 4.73(3) 2.78
f 4.88(4) 4.90(3) 2.94 2.98 B'(1,)
g 5.11(4) 5.13(3) 3.17 3.18 BO;
h 6.26(4) 6.27(2) 4.32
#This work.
PNumbers in parentheses represent experimental uncertainties in the last
digit.
‘Obtained from the ADE difference between the exited states and the ground
state of Ay.

9Term values for the excited states of Aobtained from resonant two pho-
ton spectroscopyRef. 49.

°See Ref. 44,

fGround state vibrational frequency was measured to bg1%@&m* from
Fig. 3(@). A more accurate value was reported previously, 190.9'dRef.

26).
9A more accurate ADE value was reported previously, 1:93807 eV
(Ref. 26.
0 1 2 3 4 5 6
Binding Energy. (eV) state was triangulafFig. 4(c), C,,, 2B,], in which the H

) ) atom bridges the Au-Au atoms. The linear Au-Au-H and Au-
FIG. 3. Photoelectron spectra of Auafter weighted subtraction of the . .
Au,H™ contamination(a) 532 nm(2.331 eVi; (b) 266 nm(4.661 eV; () AU n_eutral species were located 0.10 and 0.17 eV hlgher,
193 nm(6.424 e\V. respectively. Frequency analyses showed that the linear
[Au-Au-H]~ and [Au-H-Au]~ anions and the triangular
Au,H neutral were all true minima in the potential energy
ference between neutral and anion states. All calculationgyrfaces, whereas the neutral Au-Au-H and Au-H-Au species
were dog;a by the Amsterdam Density Functiofar 2002 \ere second-order saddle points each with two imaginary
program.” - frequencies. The calculated detachment energies for both iso-
The optimized structures for AW~ and AyH are sum-  mers of AyH™ are listed in Table I, where they are com-
marized in Fig. 4. The anion ground state turned out to b§ared with experimental PES data.
linear [Au-Au-H]~ [Fig. 4@), C..,, *A{]. A linear isomer
[Au-H-Au]~ [Fig. 4(b), D..,, 'A,] was found 0.60 eV V. DISCUSSION
higher in energy. These results are in agreement with a PI& Spectral assignments
vious DFT study on ApH™.*® The neutral AgH ground - 9P 9
Two linear structures[ Au-Au-H]™ and [Au-H-Au]™

were identified in our DFT calculations for Ad™~ (Fig. 4),
TABLE |. Observed verticalVDE) and adiabati¢ADE) detachment ener-

gies for AuyH ™, along with theoretical results from DFT calculations.

-0.60 -0.02 -0.47
ADE (eV) VDE (eV) -0.38 -0.06
a Y — ()
Observed feature Expt: Theo. Expt Theo. 2633 1.605 .1.718 .
x° 3.55(3) 3.20 3.57(2) 3.31
A 452(2) 437 (@) Coys'A¢ (0.00) (b) Doop, VA1 (0.60)
B 4.82(3) 451
C 4.97(3) 4.75
D 5.27(3)
E 5.57(3)
F 5.86(3)
X' 2.73(5) 2.56 2.81(3) 2.76
®Numbers in parentheses represent experimental uncertainties in the last (¢ sz-282 (3.30)

digit.

Ground state vibrational frequencies for the,Buand AwD neutrals were  FIG. 4. Optimized ground state structu@ and a low-lying isometb) for
measured to be 205000 cm ! and 147050) cm %, respectively(Fig. 2). the AuH™ anion, and the ground state structueg for the Au,H neutral.
°ADE from structure(a) to structure(c) in Fig. 4, which defines the theo- Bond lengths are in A, and relative energies in eV are given in parentheses.
retical adiabatic electron affinity of At. Shown initalic is the Mulliken charge distribution.
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where the lowest energy structure contains a terminal H atorband, after taking into account of instrumental resolution,
and the structure with a bridging H atom is a low-lying iso- might not represent the adiabatic electron affinity of the neu-
mer 0.6 eV higher in energy. These theoretical results aréal. But rather, it represented the upper limit of the adiabatic
consistent with our experimental observation that both theslectron affinity. This can be seen from comparison between
spectra of AyH™ and AyD ™ appeared to contain a weakly the experimental and theoretical ADE and VDE. For the
populated isomerX’ in Figs. 1 and 2 To facilitate quanti- [Au-Au-H]~ isomer, the difference between the calculated
tative comparison with the experimental data, ADEs andVDE and ADE is 0.11 eV, whereas the experimental VDE
VDEs for both thg Au-Au-H]~ and[ Au-H-Au]~ linear an- and ADE are nearly the same, suggesting that the experimen-
ions were calculated. For the lowest energy isomer, we alstal ADE in the current case is only a threshold value, which
calculated VDEs for several higher binding energy detachis the upper limit of the true adiabatic detachment energy.
ment channels. The theoretical results are compared with thEhe same is true for thAu-H-Au]~ isomer(Table ).
experimental data in Table I. The calculated ADE for the  The difference between the anion and neutral ground
ground state anion is 3.20 eV, compared with the experimerstate structures for Aghas been exploited in so-called
tal value of 3.55 eV. The calculated ADE for the low-lying NeNePo(negative to neutral to positiv® experiments to
isomer is 2.56 eV, much lower than that of the ground staterobe the relaxation dynamics from linear to triangulai Ag
anion, in good agreement with the measured ADE for theupon photodetachment of 4g*®*°The Au,H /Au,D~ an-
featureX’ at 2.73 eV. Overall, the calculated VDEs for both ions may provide even better systems for similar NeNePo
isomers are in good agreement with the measured PES speasxperiments, which will essentially probe the motion of a H
tra (Table |, firmly establishing that both isomers were atom around a Audimer. The H/D substitution should also
present in our mass selected Al (Au,D™) cluster beam, allow isotopic effect to be probed for the relaxation dynam-
with the [Au-H-Au]~ isomer as a minor species. Consider-ics.

ing the relatively high energy of this isomer, it was surprising

that it was observed at all, suggesting that there is likely tdc. Implication of the observation of Au  ,H™ impurity

be a significant energy barrier between the two isomers. Th#® the anomalous Au-Au distance

observation of the minor isomer was also due to our relai? 90ld nanowires

tively high count rates and good counting statistics. We note  The observation of the impurity cluster Ad~ using a
that this isomer was not observed in the previous PES StUdN|gh|y pure Au target was tota"y unexpected in our cluster

on gold hydride cluster¥. beam experiment, as well as in several previous studies. It

should be noted that this was an exception among many
B. Anion-to-neutral structural change studies on transition metal clusters in our laboratory. We con-
for [Au-Au-H]™ and [Au-Au-D ] firmed that the hydrogen source comes from the Au target

Neutral AwH has a triangular structure, which is very itself, i.e., the trace amount of H impurity in the Au target.
different from the linear structures found for the A an- ~ Our observation suggests that it should not be too surprising
ion. Thus the AgH /Au,H systems are similar to the coin- that H may appear as an impurity in the gold nanowires. Our
age metal trimers (Ayl Ags, and Cy), whose anions are all calculated Au-Au distance in théu-H-Au] ™ isomer is 3.44
linear while their neutral ground states are all triangffiaft A, which is very close to the anomalous Au-Au distance
The leading PES banX) of Au,H /Au,D~ was sharp with observed in gold nanowires. Both the observation of the
a rather steep onset and exhibited a short vibrational progreéuzH" impurity from a pure gold target and the correct
sion in the Au-H/D stretching modéFig. 2). This observa- Au-Au distance in thg Au-H-Au] ™~ cluster provide strong,
tion seemed not to be consistent with the large anion-toalbeit indirect, evidence that H is the “invisible” atom that
neutral geometry change from the DFT calculati¢fig. 4). gives the anomalous Au-Au distance in gold nanowires.
Previous PES studies on the coinage metal trimers showed
that there is a large difference between the ADE and VDE for/!- CONCLUSIONS
Cu; and the ADE-VDE difference becomes smaller in In conclusion, we demonstrated that a weak feature that
Ags .?5 Our previous PES study showed that the groundappeared in the energy gap region of the photoelectron spec-
state transition in Agl was extremely sharp and the peaktra of Au, was in fact due to contamination from Ad™.
width was within our instrumental resolutidAThis is likely ~ We confirmed that the AH~ contamination originates from
due to the fact that the energy difference in the neutral clusteirace H impurity of the gold target used in the laser vapor-
between the linear and triangular structures is small foy.Au ization cluster source. Photoelectron spectra were further ob-
In the AwH case, our calculation showed that the triangulartained for AyH™ and AuD™ produced using b and
structure is only more stable than the linear saddle point byp,-seeded He carrier gases, respectively. Two isomers were
0.10 eV, which is the same as the difference between thebserved in the photoelectron spectra o, AU and ApD™.
neutral triangular and linear structure of At In addition,  Density functional calculations were carried out to elucidate
the potential energy surface along the bending coordinate dhe structures of A4H™ and help interpret the experimental
Au,H is likely to be rather flat. Since photodetachment is adata. We found that AlH™ has g Au-Au-H] ™~ linear ground
vertical process, only the flat-top portion of the neutral po-state with g Au-H-Au]~ low-lying isomer 0.6 eV higher in
tential energy surface of Al along the bending coordinate energy. The calculated electron binding energies of the two
is accessed upon photodetachment oftAu, resulting in a  isomers agree well with the experimental observations, con-
narrow PES band. Therefore, the onset of the obseied firming the existence of the two isomers in the experimental
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