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Strongly coverage-dependent excitations of adsorbed molecular hydrogen
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We have observed prominent nonlinearities in differential conductance spectra @f Eopper surfaces
using a low-temperature scanning tunneling microscope. These nonlinearities result from transitions between
states of H with distinct conductances. Tunneling electrons drive these transitions by giving up energy to
highly coverage-dependent excitations that do not correspond to known vibrational or rotational moges of H
The nonlinear conductance features can be modeled by extending the conventional framework for inelastic
electron tunneling spectroscopy to include saturation effects.
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In his classic text on superfluidd,ondon considers why surface was blocked by a shutter heldTat5 K, we expect
hydrogen, with an even smaller mass than helium, becomesthe H, to be cold prior to adsorption. As the low-temperature
solid rather than a superfluid at low temperature. He explainsection containing the STM was not equipped to measure the
that the greater zero-point motion of, s more than offset surface coverage, we quote exposure times to establish a
by the greater van der Waals attraction between moleculeselative indication of coverage.
thus leading to a solid phase at ordinary pressure and zero After ~1000 min exposure to § an STM image mea-
temperature. Phase diagrams for hydrogen in confined georsured at low voltage shows no visible adsorbates on the sur-
etries can be quite different than the bulk because intermdace[Fig. 1(@]. However, unlike the hydrogen-free Cu sur-
lecular attractions can be weakened. For instance, it is eXace, ubiquitous noise appears in images taken at higher
pected that a superfluid phase of hydrogen may occur inoltage[Fig. 1(b)]. The voltage-dependent noise is correlated
small three-dimension&BD) clusterd and in 2D clusterfsor ~ with nonlinearities in the conductance. THE dV spectrum
films* of hydrogen adsorbed on surfaces. in Fig. 1(c) reveals a pronounced gaplike feature, with peaks

Molecular hydrogen is only weakly bound to cold, flat, that are symmetrically placed #,,=+120 mV 1 Noise in
noble-metal surfaces by van der Waals forcesdl/dV atV~Vgy,, reflects two-state noise in the tunnel cur-
(physisorption.>® We expect that the net long-range interac-rent. The gaplike feature and associated two-state noise are
tion between adsorbed hydrogen molecules reflects a balangglependent of the lateral tip position. As a result, STM im-
between electrostatic repulsion of surface-induced dipol@ges of the surface are uniformly noisy when taken at
moment$® and a van der Waals attraction weakened by dyV=Vg,, [Fig. 1(b)].
namic screening from the surface charge density. Thus, We expect that the weak in-plane force between a phys-
within a range of surface coverage, it is likely that phys-isorbed hydrogen molecule and a close-packed metal surface
isorbed hydrogen exhibits gas and liquid phases at temperaan be overcome by the zero-point motion of the molecule,
tures well below the bulk freezing point. A variety of order- with the consequence that the molecule will be delocalized in
disorder transitions involving gas, liquid, and solid hydrogenthe plane of the surface. This is consistent with the absence
phases have been observed for monolayer coverages of l8f any localized adsorbates in Fig. 1. However, it is also
on graphite possible that one or more,Hnolecules are confined within

Here we report excitations of adsorbed tthat produce the STM junction, remaining so even as the tip is scanned
highly nonlinear conductance spectra. Excitation energies inacross the surface. Thus, the ubiquitous gaplike feature may
crease by a factor of 3 within a range of submonolayer cov-

erage. The sudden appearance of these excitations at (a) 600F
threshold coverage is suggestive of a phase transition. S
Experiments were performed using ultrahigh-vacuum ?
scanning tunneling microscop€STM’s) at temperatures of >
T=5 K and 2.5<T<18 K. Clean surfaces of single-crystal %
Cu(111), Cu(100, and Cy510) were prepared by Ar sputter-
ing and annealing to 600 °C. No systematic differences.in H ‘ ‘ 0 1;50 0 150
conductance spectra were found for these surfaces. The dif V=70mV V=120mV Samiple Voltage [0V

ferential conductancell/dV was either calculated by nu-

merical differentiation of the tunnel curretV) or was re- FIG. 1. CY1l surface with adsorbed HT=2.5 K. (a), (b)
corded with a lock-in amplifier by adding an ac modulation s\ jmages withR=100 MQ. Differentiation along the horizontal

(1 kH2) to the sample voltag¥. H, gas was admitted to the 4xis and illumination sources are used to enhance local contrast. An
room-temperature UHV chambeiP=1x 108 Torr), pro-  atomic step is visible in the lower part of the imagemarks the tip
ducing a flux of H incident on the sample surface. Becauseposition for the spectra ifc). (c) 1(V) and numerically calculated
direct line of sight from the UHV chamber to the sample di/dV spectra withv=100 mV,1=1 nA.
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@44 [ ! pation in groundng) and excitedn;) states at a given volt-
< ; age using the relations
A 0 =Ngog + Nyoy, (1)
2 :
o A @
0 Z%me (ms?o 60 Sampﬂeo?,o,tag;??nv) where oy(0y) is the ground(excited state conductance and
o=1/V is the time-averaged conductance. The plot of excited
() 10 . 40 L -
by state occupation in Fig.(B) indicates that the conductance
’g 1L ‘*!-.|.|_t g peak atVgy,, co_incides with a shift in occupation from the
e | t 1 £ ground to excited state. Because the conductance of each
g o1l 1M 13 state is independent of voltage, the nonlingkidV spectrum
= © solely results from the shift in occupation between states.
0.01F0 Time(ms)10 | 3 oL ~ , To learn more about the switching mechanism, we com-
0.1 1 -80 0 80 piled histograms of residence times in each sg&ig. 2(c),
1(nA) Sample Voltage (mV) bar graph insét The statistical distributions are well fit by

single exponentials whose decay constants are the mean resi-

FIG. 2. (Color onling Two-state noiseT=5 K. Ho/Cu(111. (8  dence times in grounét,) and excited(t;) states. The de-
Excerpts of switching withV=95mV, 109 mV, 125 mV taken at  rease of residence times in inverse proportion to current
constant tip-surface separation set ¥y 150 mV,I=15nA. (D) jygicates that transitions between states are driven by single
Left axis: numerical ¥/dV showingVg,,=108 mV. Right axis: oc- v nneling electrongFig. 2(c)]. Together with the symmetry
cupation fraction in the excited state. The solid lines are fits usm%f di/dV spectra abouv'=0, this trend suggests that transi-
Eqs.(4) and(5) with the parameters in Ref. 1{c) Inset: histogram tions from the ground to e'xcited state and vice versa occur
of residence timeg~200 s_witching evenjsfor ground and exci_ted by inelastic scattering
states from two-state noise ¥t=110 mV,1=0.2 nA, along with To develop a simple zero-temperature model for the con-

exponential fits(solid lineg. Main (log-log scal¢: resultant mean X
residence times, andt,. Lines are fits with slopes of-1.0. (d) ductance of two-state systems, we extend the conventional

di/dV spectrum where two-state noise cannot be resolved. Datfamework of inelastic electron tunneling spectroscopy to in-
(open symbolstaken withV=100 mV, =1 nA, 0.5 mV/,s and fit clude occupation in the excited stdiee., saturation Elec-
(solid line) using Eq.(5) with parameters in Ref. 11. JLu(100). trons elastically tunnel through the junction with conduc-

tance oy(o7) when the groundexcited state is occupied.
result from H, molecules that are physisorbed on the Culnelastic scattering transfers the junction from ground to ex-
surface, are confined within the junction or a combination ofcited state with an inelastic contribution to the conductance
both (for instance, a molecule could be switching betweeno, provided the sample voltage exceeds a minimum value
physisorbed and confined states Vmode COIresponding to an excitation of the systev,, for

Two-state noise in the tunnel current can be resolved bgxamplg. We consider relaxation from the excited state by

disabling the constant-current STM feedback loop. Figurénelastic scatteringwith an inelastic conductanagy,,,) and
2(a) shows the repeated switching between a ground statgpontaneous process@sith a rateS). The tunnel current is
with low conductance and an excited state with high conducthen the sum of contributions from elastic and inelastic con-
tance that occurs nedfy,, We measure the fractional occu- ductance channels:

[(V) = (ngog + MoV + (nOUup(V = Vinodd + MTgownV) for V= Viyode 3)
(V) = ooV for V< Vioge

For clarity, we treatv=0 with the understanding th&fV) is antisymmetric abouV/=0. The fractional occupation in the
excited state is

i V-V
ng = 0 = O'up( mOdQ for V= Vmode

1o+ 1ty Uup(v = Vinodd + TdownY + €S (4)
n,=0 for V< Viode

After substituting Eqs(2) and (4) into Eqg. (3), we obtain the differential conductance

dl B
— =A+ " forv=V,

AV [LH(V = Viead!V P2 mode (5)
di/dV= oy for V< Vmode

whereA, B, andV" are voltage-independent functions of the parameigysr;, Tup Tdown Vmode @NAS:
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A= [Uup(o'l + O'dowr) + Udowr(O'O + U'up)]/(o'up"' O'dowr)v (6)

B= o'up[(o'upvmode_ e9(o; - 0p) + 20'up0'downvmode+ eso'up_ Town) )
(O'downvmode"' eS(Uup + Tgown

, )

V= (0downVmode* eS/(O'up"' Tdown - (8)

Equation(5) yields a gaplike feature whea; >0, and  between these spectra are differences in the atomic structure
predicts an asymmetric line shape characterized by a sudd@f the tip and in the hydrogen surface coverage. We note the
rise indl/dV at V=V,,.4 followed by a more gradual decay deceptive resemblance of Figld? to the quasiparticle exci-
set byV". This asymmetric line shape can occur even wherfation spectrum of a BCS superconductor. Equatién
oup and ogon, are very small, as long as the spontaneou§h0_WS how a saturable two-state system can exhibit a differ-
relaxation rateS is comparably small. Analysis of this line €ntial conductance spectrum with this general shape.
shape gives information on the spontaneous relaxation rate Figure 3 shows that an additional conductance feature
and inelastic channel strengths. Because the onset &fmerges at low voltage as the tip is brought closer to the
V=V,0de iN the model is infinitely sharp, it is necessary to surface. For junction resistancRs< 20 MQ), symmetric dips
introduce broadening before using E§) to fit the di/dv ~ appear that exhibittypically pronounceginegative differen-
spectra. We find that convolution of E¢h) with a Gaussian tial resistanc&NDR). The NDR feature originates from re-
distribution aboutV,,4e sufficiently approximates contribu- peated tran5|t|0ns be’gween twp states in a fashion S|m|lar to
tions from thermal and inhomogeneous broadening to fit outhe gaplike feature(Fig. 4). Dips (rather than peaksin
data. di/dV occur atV==+V,4 because the relevant excited-state

Figure Zb) includes calculated curves using E@4). and conductance islower than the ground-state conductancc_a
(5) with parameters in Ref. 11. The agreement between thé71< do).> The NDR feature appears regardless of lateral tip
data and fit is good but broadening for these data dominateg0sition and exhibits a variability in switching rates that is
the asymmetry proposed by E(). As a result, the fit pa- Ccomparable to the gaplike feature.g., Figs. 4a) and 4b)].
rameters are not well determined. Broadening of the conducthe coexistence of gaplike and NDR features in Fig. 3 indi-
tance peaks in Fig.(d) is sufficiently small that a distinctly ~cates that at least three states gfdte present. Equatia®)
asymmetric line shape is observed in agreement with Ecgan be extended to such a situation by including two modes
(5).11 Switching rates for this particular junction greatly ex- atVgapandV,g, or by considering gaplike and NDR features
ceed the STM bandwidtli~100 kH2), so that two-state- as independent two-state systems. .
related noise is absent in the conductance peaks. The fit con- In considering physical origins for the states and excita-

strains the spontaneous relaxation rate,<0$<2.5 GHz, 200 —, . .
indicating that relaxation from the excited state is not en—g @) 2
tirely driven by tunneling electrons in this case. £ 5 ° 0S
Comparison of Figs. (®) and 2d) indicates thaw/y,, and ?\, =
switching rates vary considerably. Discussed further below,@ o00F 8. . 2 . L
the two most relevant changes in experimental conditions 20 0 20 30 0 30
Sample Voltage (mV) Sample Voltage (mV)
(@) e ) ©) c G
80 1 — 8
500MQ . (d) V=4mV|
> = ﬁ% @ v=smv] ©
° LN L .Y < © %D V=bmV|, —
= 10MQ N 40 14 £
© N YV 1iMQ] g. 1o
n | = 0 1 1
‘\/‘*“‘\\W 2 0 20 40 60 0 40 80
' 100kQ Sl Time (ms) IV (nA/V)
-0.5
-100 0 100  -100 0 100 FIG. 4. (Color onling (a) dI/dV (open symbolsand associated
Sample Voltage (mV) Sample Voltage (mV) I(V) (dotted ling where two-state switching occurs too quickly to

be resolved. The solid line is a fit using Ed5) with
FIG. 3. (Color onling Emergence of NDR. Decreasing the junc- 0,=110.8 nA/V, A=74.1 nA/V, B=-17.0uA/V, V'=0.03 mV,
tion resistanceR=V/I by one decade moves the tip closer to the V,,qe=13.3 mV, broadening =0.8 mV(b) NDR with switching
surface by~0.1 nm. All data are scaled 5% The tip height was set noise that can be resolved, taken with a different tip and surface
at V=100 mV. (a) Dotted lines indicate zero conductance for eachcoverage than the data {m). (c) Excerpts of two-state noise near
scan. From top to bottonV,s=2, 1, 0.5, 0.2 mV.(b) Complete  V,q4. (d) Corresponding histogram showing, < oy. H,/Cu(111),
series with 500 M)>R>100 k). H,/Cu(111), T=5 K. T=5K, V=10 mV,1=1 nA, 0.5 mVs
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a) difdV (nA/V) 1570 [y
90 B0 £
£ .
© 185
E —
I 2
5 £,
g "]
i 3-170
'1o?Ms'2 LS N 730 19M?.......
-150 0 150 -30 0 30
Sample Voltage (mV) Sample Voltage (mV)
(C) T x v T ¥ d T
__ 150 440 - .
> | E FIG. 6. Incommensurate ordering of,tdn Cy111) for long
E _'25 B exposure timest>2000 min. (a) STM image with (V=10 mV,
§ 100 - ° I=1 nA). Ordered regions grow outward from step edgbsimage
> cesss® 10 = of the same area with additional exposure tp A hexagonal pat-
i I T tern is visible with a nearest-neighbor spacing of 0.38+0.01 nm
900 1200 ~ 1500 consistent with bulk solid hydrogen. Inset: fast Fourier transform of
Exposure time (min) the terrace regioriT=5 K.

FIG. 5. (Color onling Sudden onset and shifts of gaplike and nor NDR features are distinguishable at this exposure, it is
NDR features with exposure(a) di/dV with R=100 MQ |ikely that gaplike and NDR features occur at submonolayer
(V=100 mV, 1=1 nA, 0.5 mVy,9. (b) R=10 MQ (V=10 mV, H, coverage.
1=1nA, 0.5 MVmg). (€) Vgap and Vnar from (@), (b)H/Cu(111), The dependence on tip-surface separation in Fig. 3 indi-
T=5K. cates that the presence of the STM tip plays a role in gaplike
and NDR features. We find thdt/dV spectra change mark-

. . ' o . aédly when the atomic structure of the tip apex is perturbed
two different interpretations of excitation energies are con-(Fig 7). Thus, the variability in excitation energi@sand

§istent with our spectra.. In the model presented abidygye .. switching rates can be attributed to changes in the apex due
is equal to the energy d|ffe_rence between gr_ound and exmt% tip preparation. We have observed gaplike and NDR fea-
states. However, th_e functional form of H§) is unchanged tures up toT=18 K. H, completely desorbs from the surface

if one instead considers a dogble—well system Wh¥pg e t T~25 K, providing a way to repeat exposures without
corresponds to the energy difference between the groun dditional surface and tip preparation. In this way, we veri-

state and an intermediary transition state. : o ;
) . fied that excitation energies and conductance states are repro-
In a prior STM study of NDR? the high- and low- g P

conductance states corresponded to different molecular con- 40
formations. Switching between these states was driven by
inelastic excitations of a vibrational mode. Thus, a higher-
lying vibrational level served as a transition state afg;
was equal to a vibrational energy. It is unlikely tha,, or
V,q4r In OUr measurements corresponds to known excitations
of physisorbed or chemisorbed,th part because we ob- | - E—
serve large shifts with exposure that have not been reported Sample Voltage (mV)
previously®"13-15To monitor these shifts, the tip was posi- 40
tioned over a clean terrace adt/dV spectra were recorded '
as a function of exposure timé Spectra taken with
t<860 min were unchanged from the clean Cu surface. Fig-
ures Fa) and %b) indicate that gaplike and NDR features
suddenly appear with/y,,=80 mV andV,q=11 mV att
~900 minl® This onset time is reproducible t620%, sug- O
: -150 0 150
gesting that a threshold coverage of 14 necessary before SHTTpIE VOEES (V)
gaplike and NDR features are observed. Subsequent spectra
reyeal tha/gap and\,/_ndf contmuc_)usly INCrease ‘,N'th exposuré g 7, Changes in spectra due to perturbation of the tip apex.
[Fig. 5(c)]. Our ability to monitor this trend is limited by (4 |nitial spectrum upon exposure to,ldhowing two well-resolved
concurrent broadening of both features. Within our entireyapjike features.(b) Corresponding image taken at=90 mV,
data set,Vg, and Vpg span an order of magnitude: |=0.9 nA. Graininess in the image reflects switching noise as in
25<Vgep<<280 mV and 8<V,4,<80 mV. Similar values Fig. 1(b). (c) STM image of the same area after the tip apex is
were observed for HD and D; it is difficult to establish  perturbed by physical contact with the surfadd) Associated
whether small isotope shifts occur. The STM images in Figdl/dV spectrum. &/dV spectra in(a), (d) were taken with the tip
6 show the formation of ordered regions for 2000 min,  positioned atx in (b), (c) with V=20 mV, 1=0.2 nA, 1 mV,e
suggestive of monolayer coverage. Because neither gaplike,/Cu(510, T=5 K.

di/idV (nAVV)

diidV (nA/V)
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duced when the exact atomic structure of the tip is kept inecules adsorbed on the tip and surface could continuously
tact. We note that Cu is the only metal where both gaplikencrease the energy barrier required for changes in adsorption
and NDR features appear concurrently. We have observegy conformation states, accommodating the trends in Fig. 5.
NDR features from hydrogen on (M0, NiAl (110, Pt  Ajernative scenarios involving dissociative electron

(112, and Ag{llj). N attachmerit’ or where hydrogen molecules within the STM
Our observations suggest that the excitations and condu

tance states are associated with hydrogen in the STM juné:Ej nctpn condense to form 3D cIlusters. or 2.D films are .alls 0
tion and cannot be attributed to hydrogen adsorbed solely oR'a%’S'b'e- Condgnsed hydrogen in the Junct.|c.m may e>§h|b|t a
either surface or tip. This explains the dissonance betwee¥g!1ety of density-dependent phase transitidgas/liquid/

our measurements and prior electron beam inelastic scattetolid, order/disordet,or even superfluid-*) The threshold

ing experiment$.”1314|f a small number of molecules are coverage suggested by Fig. 5 is consistent with a phase tran-
confined to the junction, conductance states could reflect difsition. To our knowledge, quantitative predictions of collec-
ferent relative conformations among molecules, varyingtive excitations in such nanoscale condensates are not avail-
numbers of confined molecules, or distinct adsorption stateable at present.

within the junction. Excitations by tunneling electrons could

then drive a change in conformation, add or subtract a mol- e thank C.T. Rettner, A.F. Panchula, and M.W. Hart for
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