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We have observed prominent nonlinearities in differential conductance spectra of H2 on copper surfaces
using a low-temperature scanning tunneling microscope. These nonlinearities result from transitions between
states of H2 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 modes of H2.
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 superfluids,1 London considers why
hydrogen, with an even smaller mass than helium, becomes a
solid rather than a superfluid at low temperature. He explains
that the greater zero-point motion of H2 is more than offset
by the greater van der Waals attraction between molecules,
thus leading to a solid phase at ordinary pressure and zero
temperature. Phase diagrams for hydrogen in confined geom-
etries can be quite different than the bulk because intermo-
lecular attractions can be weakened. For instance, it is ex-
pected that a superfluid phase of hydrogen may occur in
small three-dimensionals3Dd clusters2 and in 2D clusters3 or
films4 of hydrogen adsorbed on surfaces.

Molecular hydrogen is only weakly bound to cold, flat,
noble-metal surfaces by van der Waals forces
sphysisorptiond.5,6 We expect that the net long-range interac-
tion between adsorbed hydrogen molecules reflects a balance
between electrostatic repulsion of surface-induced dipole
moments7,8 and a van der Waals attraction weakened by dy-
namic screening from the surface charge density. Thus,
within a range of surface coverage, it is likely that phys-
isorbed hydrogen exhibits gas and liquid phases at tempera-
tures well below the bulk freezing point. A variety of order-
disorder transitions involving gas, liquid, and solid hydrogen
phases have been observed for monolayer coverages of H2
on graphite.9

Here we report excitations of adsorbed H2 that produce
highly nonlinear conductance spectra. Excitation energies in-
crease by a factor of 3 within a range of submonolayer cov-
erage. The sudden appearance of these excitations at a
threshold coverage is suggestive of a phase transition.

Experiments were performed using ultrahigh-vacuum
scanning tunneling microscopessSTM’sd at temperatures of
T=5 K and 2.5,T,18 K. Clean surfaces of single-crystal
Cus111d, Cus100d, and Cus510d were prepared by Ar sputter-
ing and annealing to 600 °C. No systematic differences in H2
conductance spectra were found for these surfaces. The dif-
ferential conductancedI /dV was either calculated by nu-
merical differentiation of the tunnel currentI(V) or was re-
corded with a lock-in amplifier by adding an ac modulation
s1 kHzd to the sample voltageV. H2 gas was admitted to the
room-temperature UHV chambersP=1310−8 Torrd, pro-
ducing a flux of H2 incident on the sample surface. Because
direct line of sight from the UHV chamber to the sample

surface was blocked by a shutter held atT=5 K, we expect
the H2 to be cold prior to adsorption. As the low-temperature
section containing the STM was not equipped to measure the
surface coverage, we quote exposure times to establish a
relative indication of coverage.

After ,1000 min exposure to H2, an STM image mea-
sured at low voltage shows no visible adsorbates on the sur-
face fFig. 1sadg. However, unlike the hydrogen-free Cu sur-
face, ubiquitous noise appears in images taken at higher
voltagefFig. 1sbdg. The voltage-dependent noise is correlated
with nonlinearities in the conductance. ThedI /dV spectrum
in Fig. 1scd reveals a pronounced gaplike feature, with peaks
that are symmetrically placed atVgap= ±120 mV.10 Noise in
dI /dV at V,Vgap reflects two-state noise in the tunnel cur-
rent. The gaplike feature and associated two-state noise are
independent of the lateral tip position. As a result, STM im-
ages of the surface are uniformly noisy when taken at
V=Vgap fFig. 1sbdg.

We expect that the weak in-plane force between a phys-
isorbed hydrogen molecule and a close-packed metal surface
can be overcome by the zero-point motion of the molecule,
with the consequence that the molecule will be delocalized in
the plane of the surface. This is consistent with the absence
of any localized adsorbates in Fig. 1. However, it is also
possible that one or more H2 molecules are confined within
the STM junction, remaining so even as the tip is scanned
across the surface. Thus, the ubiquitous gaplike feature may

FIG. 1. Cus111d surface with adsorbed H2, T=2.5 K. sad, sbd
STM images withR=100 MV. Differentiation along the horizontal
axis and illumination sources are used to enhance local contrast. An
atomic step is visible in the lower part of the image.3 marks the tip
position for the spectra inscd. scd IsVd and numerically calculated
dI /dV spectra withV=100 mV, I =1 nA.

PHYSICAL REVIEW B 71, 115416s2005d

1098-0121/2005/71s11d/115416s5d/$23.00 ©2005 The American Physical Society115416-1



result from H2 molecules that are physisorbed on the Cu
surface, are confined within the junction or a combination of
both sfor instance, a molecule could be switching between
physisorbed and confined statesd.

Two-state noise in the tunnel current can be resolved by
disabling the constant-current STM feedback loop. Figure
2sad shows the repeated switching between a ground state
with low conductance and an excited state with high conduc-
tance that occurs nearVgap. We measure the fractional occu-

pation in groundsn0d and excitedsn1d states at a given volt-
age using the relations

s = n0s0 + n1s1, s1d

n0 + n1 = 1, s2d

wheres0ss1d is the groundsexcitedd state conductance and
s= I /V is the time-averaged conductance. The plot of excited
state occupation in Fig. 2sbd indicates that the conductance
peak atVgap coincides with a shift in occupation from the
ground to excited state. Because the conductance of each
state is independent of voltage, the nonlineardI /dV spectrum
solely results from the shift in occupation between states.

To learn more about the switching mechanism, we com-
piled histograms of residence times in each statefFig. 2scd,
bar graph insetg. The statistical distributions are well fit by
single exponentials whose decay constants are the mean resi-
dence times in groundst0d and excitedst1d states. The de-
crease of residence times in inverse proportion to current
indicates that transitions between states are driven by single
tunneling electronsfFig. 2scdg. Together with the symmetry
of dI /dV spectra aboutV=0, this trend suggests that transi-
tions from the ground to excited state and vice versa occur
by inelastic scattering.

To develop a simple zero-temperature model for the con-
ductance of two-state systems, we extend the conventional
framework of inelastic electron tunneling spectroscopy to in-
clude occupation in the excited statesi.e., saturationd. Elec-
trons elastically tunnel through the junction with conduc-
tances0ss1d when the groundsexcitedd state is occupied.
Inelastic scattering transfers the junction from ground to ex-
cited state with an inelastic contribution to the conductance
sup, provided the sample voltage exceeds a minimum value
Vmode, corresponding to an excitation of the systemsVgap, for
exampled. We consider relaxation from the excited state by
inelastic scatteringswith an inelastic conductancesdownd and
spontaneous processesswith a rateSd. The tunnel current is
then the sum of contributions from elastic and inelastic con-
ductance channels:

IsVd = sn0s0 + n1s1dV + sn0supsV − Vmoded + n1sdownVd, for V ù Vmode,

IsVd = s0V for V , Vmode.
s3d

For clarity, we treatVù0 with the understanding thatI(V) is antisymmetric aboutV=0. The fractional occupation in the
excited state is

n1 =
1/t0

1/t0 + 1/t1
=

supsV − Vmoded
supsV − Vmoded + sdownV + eS

for V ù Vmode,

n1 = 0 for V , Vmode.

s4d

After substituting Eqs.s2d and s4d into Eq. s3d, we obtain the differential conductance

dI

dV
= A +

B

f1 + sV − Vmoded/V*g2 for V ù Vmode,

dI/dV= s0 for V , Vmode,

s5d

whereA, B, andV* are voltage-independent functions of the parameterss0, s1, sup, sdown, Vmode, andS :

FIG. 2. sColor onlined Two-state noise,T=5 K. H2/Cus111d. sad
Excerpts of switching withV=95 mV, 109 mV, 125 mV taken at
constant tip-surface separation set byV=150 mV, I =1.5 nA. sbd
Left axis: numerical dI /dV showingVgap=108 mV. Right axis: oc-
cupation fraction in the excited state. The solid lines are fits using
Eqs.s4d ands5d with the parameters in Ref. 11.scd Inset: histogram
of residence timess,200 switching eventsd for ground and excited
states from two-state noise atV=110 mV, I =0.2 nA, along with
exponential fitsssolid linesd. Main slog-log scaled: resultant mean
residence timest0 and t1. Lines are fits with slopes of21.0. sdd
dI /dV spectrum where two-state noise cannot be resolved. Data
sopen symbolsd taken withV=100 mV, I =1 nA, 0.5 mVrms and fit
ssolid lined using Eq.s5d with parameters in Ref. 11. H2/Cus100d.
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A = fsupss1 + sdownd + sdownss0 + supdg/ssup + sdownd, s6d

B =
supfssupVmode− eSdss1 − s0d + 2supsdownVmode+ eSssup − sdowndg

ssdownVmode+ eSdssup + sdownd
, s7d

V* = ssdownVmode+ eSd/ssup + sdownd. s8d

Equations5d yields a gaplike feature whens1.s0 and
predicts an asymmetric line shape characterized by a sudden
rise in dI /dV at V=Vmode followed by a more gradual decay
set byV* . This asymmetric line shape can occur even when
sup and sdown are very small, as long as the spontaneous
relaxation rateS is comparably small. Analysis of this line
shape gives information on the spontaneous relaxation rate
and inelastic channel strengths. Because the onset at
V=Vmode in the model is infinitely sharp, it is necessary to
introduce broadening before using Eq.s5d to fit the dI /dV
spectra. We find that convolution of Eq.s5d with a Gaussian
distribution aboutVmode sufficiently approximates contribu-
tions from thermal and inhomogeneous broadening to fit our
data.

Figure 2sbd includes calculated curves using Eqs.s4d and
s5d with parameters in Ref. 11. The agreement between the
data and fit is good but broadening for these data dominates
the asymmetry proposed by Eq.s5d. As a result, the fit pa-
rameters are not well determined. Broadening of the conduc-
tance peaks in Fig. 2sdd is sufficiently small that a distinctly
asymmetric line shape is observed in agreement with Eq.
s5d.11 Switching rates for this particular junction greatly ex-
ceed the STM bandwidths,100 kHZd, so that two-state-
related noise is absent in the conductance peaks. The fit con-
strains the spontaneous relaxation rate, 0.5,S,2.5 GHz,
indicating that relaxation from the excited state is not en-
tirely driven by tunneling electrons in this case.

Comparison of Figs. 2sbd and 2sdd indicates thatVgap and
switching rates vary considerably. Discussed further below,
the two most relevant changes in experimental conditions

between these spectra are differences in the atomic structure
of the tip and in the hydrogen surface coverage. We note the
deceptive resemblance of Fig. 2sdd to the quasiparticle exci-
tation spectrum of a BCS superconductor. Equations5d
shows how a saturable two-state system can exhibit a differ-
ential conductance spectrum with this general shape.

Figure 3 shows that an additional conductance feature
emerges at low voltage as the tip is brought closer to the
surface. For junction resistancesR,20 MV, symmetric dips
appear that exhibitstypically pronouncedd negative differen-
tial resistancesNDRd. The NDR feature originates from re-
peated transitions between two states in a fashion similar to
the gaplike featuresFig. 4d. Dips srather than peaksd in
dI /dV occur atV= ±Vndr because the relevant excited-state
conductance islower than the ground-state conductance
ss1,s0d.12 The NDR feature appears regardless of lateral tip
position and exhibits a variability in switching rates that is
comparable to the gaplike featurefe.g., Figs. 4sad and 4sbdg.
The coexistence of gaplike and NDR features in Fig. 3 indi-
cates that at least three states of H2 are present. Equations5d
can be extended to such a situation by including two modes
at Vgap andVndr or by considering gaplike and NDR features
as independent two-state systems.

In considering physical origins for the states and excita-

FIG. 3. sColor onlined Emergence of NDR. Decreasing the junc-
tion resistanceR=V/ I by one decade moves the tip closer to the
surface by,0.1 nm. All data are scaled byR. The tip height was set
at V=100 mV. sad Dotted lines indicate zero conductance for each
scan. From top to bottom,Vrms=2, 1, 0.5, 0.2 mV.sbd Complete
series with 500 MV.R.100 kV. H2/Cus111d, T=5 K.

FIG. 4. sColor onlined sad dI /dV sopen symbolsd and associated
IsVd sdotted lined where two-state switching occurs too quickly to
be resolved. The solid line is a fit using Eq.s5d with
s0=110.8 nA/V, A=74.1 nA/V, B=−17.0mA/V, V* =0.03 mV,
Vmode=13.3 mV, broadening =0.8 mV.sbd NDR with switching
noise that can be resolved, taken with a different tip and surface
coverage than the data insad. scd Excerpts of two-state noise near
Vndr. sdd Corresponding histogram showings1,s0. H2/Cus111d,
T=5 K, V=10 mV, I =1 nA, 0.5 mVrms.
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tions responsible for gaplike and NDR features, we note that
two different interpretations of excitation energies are con-
sistent with our spectra. In the model presented above,Vmode
is equal to the energy difference between ground and excited
states. However, the functional form of Eq.s5d is unchanged
if one instead considers a “double-well” system whereVmode
corresponds to the energy difference between the ground
state and an intermediary transition state.

In a prior STM study of NDR,12 the high- and low-
conductance states corresponded to different molecular con-
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 andVndr
was equal to a vibrational energy. It is unlikely thatVgap or
Vndr in our measurements corresponds to known excitations
of physisorbed or chemisorbed H2 in part because we ob-
serve large shifts with exposure that have not been reported
previously.6,7,13–15To monitor these shifts, the tip was posi-
tioned over a clean terrace anddI /dV spectra were recorded
as a function of exposure timet. Spectra taken with
t,860 min were unchanged from the clean Cu surface. Fig-
ures 5sad and 5sbd indicate that gaplike and NDR features
suddenly appear withVgap=80 mV and Vndr=11 mV at t
,900 min.16 This onset time is reproducible to,20%, sug-
gesting that a threshold coverage of H2 is necessary before
gaplike and NDR features are observed. Subsequent spectra
reveal thatVgapandVndr continuously increase with exposure
fFig. 5scdg. Our ability to monitor this trend is limited by
concurrent broadening of both features. Within our entire
data set, Vgap and Vndr span an order of magnitude:
25,Vgap,280 mV and 8,Vndr,80 mV. Similar values
were observed for HD and D2 ; it is difficult to establish
whether small isotope shifts occur. The STM images in Fig.
6 show the formation of ordered regions fort.2000 min,
suggestive of monolayer coverage. Because neither gaplike

nor NDR features are distinguishable at this exposure, it is
likely that gaplike and NDR features occur at submonolayer
H2 coverage.

The dependence on tip-surface separation in Fig. 3 indi-
cates that the presence of the STM tip plays a role in gaplike
and NDR features. We find thatdI /dV spectra change mark-
edly when the atomic structure of the tip apex is perturbed
sFig. 7d. Thus, the variability in excitation energies16 and
switching rates can be attributed to changes in the apex due
to tip preparation. We have observed gaplike and NDR fea-
tures up toT=18 K. H2 completely desorbs from the surface
at T,25 K, providing a way to repeat exposures without
additional surface and tip preparation. In this way, we veri-
fied that excitation energies and conductance states are repro-

FIG. 5. sColor onlined Sudden onset and shifts of gaplike and
NDR features with exposure.sad dI /dV with R=100 MV
sV=100 mV, I =1 nA, 0.5 mVrmsd. sbd R=10 MV sV=10 mV,
I =1 nA, 0.5 mVrmsd. scd Vgap and Vndr from sad, sbdH2/Cus111d,
T=5 K.

FIG. 6. Incommensurate ordering of H2 on Cus111d for long
exposure timest.2000 min. sad STM image with sV=10 mV,
I =1 nAd. Ordered regions grow outward from step edges.sbd Image
of the same area with additional exposure to H2. A hexagonal pat-
tern is visible with a nearest-neighbor spacing of 0.38±0.01 nm
consistent with bulk solid hydrogen. Inset: fast Fourier transform of
the terrace region.T=5 K.

FIG. 7. Changes in spectra due to perturbation of the tip apex.
sad Initial spectrum upon exposure to H2 showing two well-resolved
gaplike features.sbd Corresponding image taken atV=90 mV,
I =0.9 nA. Graininess in the image reflects switching noise as in
Fig. 1sbd. scd STM image of the same area after the tip apex is
perturbed by physical contact with the surface.sdd Associated
dI /dV spectrum. dI /dV spectra insad, sdd were taken with the tip
positioned at3 in sbd, scd with V=20 mV, I =0.2 nA, 1 mVrms,
H2/Cus510d, T=5 K.
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duced when the exact atomic structure of the tip is kept in-
tact. We note that Cu is the only metal where both gaplike
and NDR features appear concurrently. We have observed
NDR features from hydrogen on Nis110d, NiAl s110d, Pt
s111d, and Ags111d.

Our observations suggest that the excitations and conduc-
tance states are associated with hydrogen in the STM junc-
tion and cannot be attributed to hydrogen adsorbed solely on
either surface or tip. This explains the dissonance between
our measurements and prior electron beam inelastic scatter-
ing experiments.6,7,13,14If a small number of molecules are
confined to the junction, conductance states could reflect dif-
ferent relative conformations among molecules, varying
numbers of confined molecules, or distinct adsorption states
within the junction. Excitations by tunneling electrons could
then drive a change in conformation, add or subtract a mol-
ecule from the junction, or induce a change in adsorption
site. Hindrance of molecular motion by surrounding H2 mol-

ecules adsorbed on the tip and surface could continuously
increase the energy barrier required for changes in adsorption
or conformation states, accommodating the trends in Fig. 5.
Alternative scenarios involving dissociative electron
attachment17 or where hydrogen molecules within the STM
junction condense to form 3D clusters or 2D films are also
plausible. Condensed hydrogen in the junction may exhibit a
variety of density-dependent phase transitionssgas/liquid/
solid, order/disorder,9 or even superfluid.2–4d The threshold
coverage suggested by Fig. 5 is consistent with a phase tran-
sition. To our knowledge, quantitative predictions of collec-
tive excitations in such nanoscale condensates are not avail-
able at present.
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