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Suppl. Note 1. Determination of the molecular beam velocities and control currents

For the data measured at a nozzle temperature (Tn) of 84K, 106K and 149K data measured with
a pure H» beam (figures 2 and 3 in the main manuscript), the velocities were obtained from full
interferometer measurements where a second hexapole positioned before the detector is used to
perform state-to-state scattering measurements!. The value of the current in the solenoid of the
second arm of the apparatus was set to /> = 0A. The measured oscillation curves, presented in the
top panel of supplementary figure 2, were fit using a procedure described previously? where
parameters including the central velocity and full width at half maximum (FWHM) of the
velocity distribution (which is modelled as a gaussian) are allowed to vary. A comparison of the
velocity distributions that were obtained are presented in the bottom panel of supplementary
figure 2. For the Tx = 84K measurement, the central velocity is 1344ms™! with a FWHM of
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6.9%, the Tn = 106K velocity is 1513ms™ with a FWHM of 7%, and at Ty = 149K the velocity is
1786ms™! with a FWHM of 7.8%.

A slightly different procedure was used for the 10% He in H> reactivity measurement, where
seeding the beam with helium leads to a small reduction of the mean H> velocity. In this case, the
oscillations in the short flux detection measurement that was made to determine the optimal
control currents to use in the reactivity measurement were scaled to find the velocity that best
matched the oscillation frequency of the signal. The top panel of supplementary figure 3 presents
the flux detection measurement measured for a pure H, beam (black circles) and the 10% He in
H> mix (red crosses), and the bottom panel the resulting velocity distributions. This gave a
central velocity of 1410ms™! and FWHM of 8% for the 10% He seeded H» beam.

The slight reduction in the H> velocity when the beam is seeded with He meant that the values of
the magnetic field which maximise the ‘helicopter’ and ‘cartwheel’ populations in the two beams
need to be shifted by 0.0013A with respect to the optimal values for the pure beam. Calculations
were performed analogously to those shown in the bottom panel of figure 2 of the main
manuscript for the velocity distribution obtained for the seeded beam, to determine how the m;
state populations changed as a function of magnetic field for this different velocity distribution.
The results of these calculations are presented in supplementary figure 4.

Suppl. Note 2. Estimation of the coverage during the sticking measurements

To determine the equilibrium coverage during the reactivity measurements presented in figure 4
of the main manuscript, we monitored the transient change in the specularly scattered helium
intensity when a clean surface is exposed to the beam. We used the same conditions for the
molecular beam which were used in the rotationally controlled sticking measurements (Tn =
106K, 10% He in H> mixture and a surface temperature of 375K). A separation valve along the
beam line was opened abruptly to allow the molecular beam to hit the surface and the drop in
helium signal due to the adsorption of H atoms was recorded, until it had plateaued, after which
the separation valve was then closed. The results of this measurement are shown in
supplementary figure 5.

Exposing the surface to the mixed beam leads to a decay of the helium signal to 62.5+1.5% of its
value before H atoms were adsorbed on the surface. To relate this decay to the H atom coverage,
we performed a second set of experiments at a low enough temperature where desorption is
negligible (220K) and we can follow the growth of the surface layer up to the formation of an
ordered structure at a coverage of 0.5ML3. The layer was grown by back-filling the UHV
chamber with a H» pressure of 5x10’mbar and monitoring how the scattering intensity of a
molecular beam of He changes as a function of hydrogen dose. This is shown in the top panel of
supplementary figure 6 for two repeat measurements where scattering into the specular channel
was monitored (black solid and red dotted lines), and one where the scattering into the 2 order
diffraction channel was measured (blue dashed line). To convert from hydrogen dose (¢) to
hydrogen coverage (0), it was assumed that the sticking coefficient, S(8), decreased linearly from
0.04 to 0 for coverages between 0 and 0.5 monolayer. i.e., S(0) = Z—Z =0.08(0.5 - 0). Previous
studies have shown that the initial sticking coefficient is on this order*’ for the beam energies
we used in this study. The differential equation for % gives us the coverage as a function of dose

(60 =0.5(1 — exp(-0.08¢))), which can then be used to convert the H> dose in the back-filling



measurement to coverage, from which the dependence of the helium intensity on hydrogen
coverage immediately follows. The result of this is presented in the bottom panel of
supplementary figure 6 for each of the intensity measurements presented in the top panel, where
the intensity of the measured signals, A, have been normalised to the maximum intensity, Ag.
This conversion produces a maximum in the 2 order diffraction peak scattered intensity at a
coverage of approximately 0.5 monolayers, in agreement with that found in previous work?>.

Assuming that the drop in the relative signal intensity due to adding H atoms on the surface is
independent of the surface temperature, we can use the 37.5% intensity drop from the first
measurement to estimate the hydrogen coverage on the surface as 12+0.5% of a monolayer, as
shown by the grey line in the bottom panel of supplementary figure 6. Whilst this is a relatively
crude estimation, it is in reasonable agreement with previously obtained values® at similar
surface temperatures and H» pressures.

Suppl. Note 3. Estimation of the ratio of the ‘helicopter’ and ‘cartwheel’ sticking coefficent

The relatively low equilibrium coverage the sticking measurement was performed at
allows us to use a simple linear model to relate the attenuation of the helium signal to the

A .
adsorbate coverage?®, = 1 — B0, where B is a constant (see bottom panel of supplementary
0

figure 6). The coverages from the reactivity measurement can then be calculated from the values
A . A . .
of A—that were obtained as 6 = (1 — A—) /B. Taking the ratio of the two coverages at the two
0 0

solenoid current values which we will denote /;, and /;;,, and normalising the signal such that
e(lla) — 1_A([1a)
0U;)  1-AUrp)
+0.5% modulation seen in figure 4c to the attenuation of the helium signal when we do not
e(lla) _
0(I1p)

Ay = 1 gives . The values of A(Z;,) and A({;;,) can be found from applying the

modulate the populations (AA = 0.625, shown in supplementary figure 5) resulting in
0
0.98.

On the other hand the coverage at the two control currents can also be calculated as the
product of the flux of the beam and the sticking coefficients of the different states, i.e., 0(I1) =
F[SyN_1(;) + SyN.(,) + ScNo(I,)] where N, (I)is the proportion of the beam in a given
my state and at a given solenoid current (/;), Sy is the sticking probability for helicopter (m ;=
+1) molecules, S is the sticking probability for cartwheel (m;= 0) molecules and F is the flux of
the molecular beam. Defining a ratio for the sticking coefficients of helicopter and cartwheel

s . .
molecules, a’ = s_H’ we can equate the two expressions for the coverage ratio
C

a'[N_1(1;)+N1 1) +NoUsa) _ 0U44)
@' [N_q(U1p)+N1Up)+NoUsp) — 8(Upp)
(supplementary figure 4) we obtain that the ratio for the sticking coefficients of helicopter to
cartwheel molecules is a’ = 1. 2.

= 0.98. Using the calculated populations at the two currents
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Suppl. Fig 1. (a) Comparison of flux detection measurements performed at different crystal
azimuths for a 500K surface temperature and a 106K nozzle temperature. The magenta asterisk
and green circle markers show the results measured along the [112] and [101] directions
respectively, whereas the results when measuring in between these two azimuths is plotted using
the blue diamond markers. All of the results are identical within the experimental uncertainties.
The error bars correspond to the standard error from repeated /; scans. (b) Comparison of flux
detection measurements performed at two different temperatures where the surface is still
reactive. The magenta asterisk and green circle markers show the results for surface temperatures
of 500K and 375K respectively, using the same nozzle temperature (106K) and measuring along
the same crystal azimuth ([112]). The results are identical within the experimental uncertainties.
The error bars correspond to the standard error from repeated /; scans. Source data for both
panels are provided as a Source Data file.
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Suppl. Fig 2. (a) Comparison of full-interferometer oscillation curve measurements performed at
different nozzle temperatures. The red diamond markers correspond to a nozzle temperature of
84K, the black circles to 106K and the blue squares to 149K. The surface temperature was 500K,
and the second solenoid current OA. The error bars correspond to the standard error from
repeated /; scans. (b) Comparison of the velocity distributions for the different nozzle
temperatures. The red dashed line corresponds to the velocity distribution obtained by fitting the
red oscillation curve in panel (a) measured at a nozzle temperature of 84K, the black solid line to

106K and the blue dotted line to 149K. Source data for both panels are provided as a Source
Data file.
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Suppl. Fig. 3. (a) Comparison of flux-detection oscillation curves measured for two different
incident molecular beam conditions. The black circle markers correspond to a pure H molecular
beam, and the red crosses to the 10% He in H, molecular beam, and lines have been added to
guide the eye. The error bars correspond to the standard error from repeated /; scans. The vertical
grey lines show the currents used for the measurement presented in figure 4 of the main
manuscript. (b) Comparison of the molecular beam velocity distributions obtained for the pure
H> molecular beam (black solid line) and the 10% He in H> molecular beam (red dashed line).
Source data for both panels are provided as a Source Data file.
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Suppl. Fig. 4. Calculated m; = 1 (red dashed line), m; = 0 (black solid line) and m; = -1 (blue
dotted line) state populations at the surface as a function of solenoid current, using the reduced
velocity for H» when 10% He is added to the beam. The surface normal was used as the

quantisation axis. Source data are provided as a Source Data file.
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Suppl. Fig. 5. Specularly scattered “He signal obtained when opening and closing a separation
valve for a 10% He in H> mix colliding with a Ni(111) surface held at a surface temperature of
375K. Source data are provided as a Source Data file.
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Suppl. Fig 6. (a) Comparison of scattered helium intensity as a function of hydrogen dose during
various uptake measurements performed by backfilling the UHV chamber with H» at a pressure
of 5x10"mbar at a surface temperature of 220K. The black solid and red dotted lines both show a
measurement monitoring the “He scattering intensity on specular, and the blue dashed line the
“He intensity scattered into a Y2 order diffraction peak. (b) Normalised (A/Ag) “He scattered
signal as a function of H coverage (0) on the surface obtained from the measurements shown in
panel (a). The two specular measurements are again shown as a black solid and red dotted line,
and the diffraction peak a blue dashed line. See text for details. Source data for both panels are
provided as a Source Data file.
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