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Intermolecular vibrations of large ammonia clusters from helium atom
scattering
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The excitation of the low-energy intermolecular modes of ammonia clusters by helium atom
scattering has been calculated using classical trajectories. The energy transfer is investigated as a
function of scattering anglérom 10° to 909, collision energy(94.8 and 50.5 me) cluster size

(n=18, 100, 1000 and cluster temperaturd (=1 K, 30-50 K, and 105 K It is observed that
predominantly the mode at 7 meV and to a lesser extent also the one at 12 meV are excited. These
are surface modes that mainly originate from the angular motion of three adjacent N atoms. The
excitation is nearly independent of the cluster size and the probability for multiphonon excitation
steadily increases with increasing deflection angle. This trend is even strengthened by increasing the
collision energy. The role of the cluster temperature is to broaden the energy transfer distribution
with increasing values. The calculations are compared with previous and new measurements
presented here of the double-differential cross sectidnddw) ,g of ammonia clusters of average
size(n)=92 at two collision energies ard)= 1040 at one energy. While the general trends in the
angular and energy dependence could be well reproduced, the correct cluster temperature was
crucial in getting good agreement at the lower collision energynfed 00. At the higher collision
energy, the large energy transfer is not reproduced, probably a shortcoming of the potential models
to account correctly for the anharmonicity of the strong multiquantum excitations20G2
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I. INTRODUCTION excited® For ammonia clusters which exhibit larger energy
transfers in the range from 6 to 60 meV no calculations were
The structure and dynamics of hydrogen bonded clustergyailable. We note that the collision energy for the molecular
play a key role in a variety of research fields ranging frome|ysters was with 57/72 meV for water and 91/100 meV for
solvent-solute interactions to atmospheric chemistry. Most of nmonia clusters, much larger than the 25 meV used in the
the informati(_)n on these systems comes from the sp_ectro%l-rgon cluster experiment.
copy of the intramolecular modes of the molecules in the =, yhe present contribution we essentially carry out such
infrared spectral rangeln exceptional cases also intermo- calculations for the vibrational excitation of ammonia clus-

lre(t:utliarn mogﬁs”nhave ?fen bmeas#rsd rus'rr‘]% \é'b\saf'onfers in collisions with helium atoms. We also added a mea-
otational-tunneling spectroscopyVe have recently devel- o, oment for the average sige) =92 at a smaller collision

oped in our laboratory a tool that allows us to measure th%nergy of 50 meV. in contrast to the 91—100 meV that was
low-energy intermolecular vibrations which evolve towardsused in the previous experimefitZhe cluster size distribu-

the _phono_n spectra of the condens_ed phads observing tion was measured with the help of a newly established
the inelastic energy exchange of helium atoms scattered from

argon clusters in the size range (@f) =22—-4500, we were meth%j; r_1am_ely, by do_pmg the cluster by one sodium
able to demonstrate that mainly surface modes and theﬁ‘tqm' This gives, espema_lly for smaller CIUSt.er Sizes, more
overtones were excitetf. The transferred energy decreasesre“able’ nearly fragmentatlon-free results. Thls new mgthod
from about 6 meV to 2 meV with increasing cluster size atIed us tq a new assngpment of the lowest size distribution of
collision energies of 25 meV and converges to the surfacé'e Published results in Ref. 9. ,

Rayleigh mode of solid argchSimilar experiments have We will carry out calculations for the sizes=18, 100,
been carried out for water clusters of the average jmgs and 1000. In this way we cover the- largest amorphous clugter
=11, 22, 80, and 194Refs. 6—8 and for ammonia clusters Of our recent structure calculations of small ammonia
of (n)=18, 745, and 1024Ref. 9. In contrast to the results clusters' and two crystalline clusters for which measure-
for argon, the energy transfer increases slightly with increastents are available. These will include static properties such
ing cluster size. In the case of water, accompanying calcule®S the structure and the spectra of the intermolecular vibra-
tions demonstrated that at 5.5 meV mainly the O-O-O bendtions. Here we use classical trajectories, applying simulated

ing motion of three-coordinated surface molecules wag@nnealing and the calculation of the Fourier transform of the
velocity autocorrelation function. For the calculation of the

a o . _ excitation probabilities of the vibrational spectrum in colli-
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Department of Theoretical Physics, 3400 Cluj-Napoca, Romania. sions W|t_h helium atoms, we also use classical trajectories. In
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helium atoms we found that single quantum excitations ar@ABLE I. He and(NH;), beam data.
better treated quantum mechanically, while multiphonon ex=

N . ) . He N He (NH
citations were reproduced quite well using classical (NP9 I
trajectories’. The reason for the partial failure of the classical Nozzle pressure, (ban 16.0 3.0 16.0 3.0
calculations has to do with the boxing problem that allocate&0?Z€ diameted, (..m) 30 100 30 100
intensity below the smallest allowed transition frequenc Temperaturel, (K) 7 307 300 300
In y w-the , _ q Yipeak velocityy e, (M/9 1025 1178 1799 1159
so that the distinction between elastic and inelastic eventg§peed ratics 87 16 96 17
becomes rather vague. On the other hand is the quantuguvliisional energyE (meV) 50.5 94.8
mechanical treatment of a huge number of vibrationaMean cluster sizén) - 92 - 92

modes, as they occur for sizes uprte 1000, by no means
straightforward. The methods which we used in our previous
calcula}tions, the sgdden approximation for+l_®r55(Ref. 5 The (NHy), cluster beam is generated by expansion of
and first-order time-dependent perturbation theory forymmonia of 3 bars through a plain orifice with a diameter
He-+(Hz0)qo (Ref. 6 already contain a couple of approxima- 100 ,,m at a temperatur€,= 300 K. The corresponding data
tions and the main sizes to be treated here are even larger. Ing the resulting collision energies are also presented in
addition, the collision energy in the ammonia cluster experirapje |. The beam contains a distribution of cluster sizes,
ments_ is Wlthln_50—100 meV higher than that of the previousynich we have analyzed using a reflectron time-of-flight
experiments with argon clusters where 25 meV had beefy,as5 spectrometer in which the (H clusters are ionized
used. Therefore we prefer in the pr_esent calculations, pedy single photon ionization after they have been doped by
cause of the large size and.h|gh coII|S|on.er?ergy, the cIass!czgne sodium ator®® With a fixed photon energy of 3.13 eV
treatment and accept possible small deviations at low excitagye are at the threshold of the trimer. The larger clusters have
tion frequencies. ionization potentials down to 2.0 eV at abont=100*
Thus, at most, about seven molecules might be evaporated.
Figure 1 shows the actual distribution for the experimental
conditions of Table I. The measured sizes follow log-normal

The experimental results for the average sig@s=18,  distributions with the average cluster sizes(a)=92 and
745, and 1040 at collision energies between 90.8 and 99.8 ethe halfwidth extends to about the same value. This is much
were published in a previous publicatidrHere we add a larger than the previously published value (@f)=18 for
new measurement at a lower energy of 50.5%\h the  similar source conditions. Apparently the previous measure-
course of this work we discovered that the determination ofment was hampered by fragmentation caused by multiphoton
the lowest size in one of the measurements of Ref. 9 was ngtrocesse$’ The results for the larger clusters proved to be
correct. We repeated the size measurement using a new, materrect. We have added the new results for the higher colli-
reliable technique. We will briefly report these new correctedsion energy also in Table I.
results here.

The experiments have been carried out in a crossed maH. TIME-OF-FLIGHT AND ENERGY LOSS SPECTRA
lecular beam machine which is described in detall
elsewheré? The helium atom and the (N§}{, cluster beams
are generated in separate, differentially pumped sourc
chambers and intersect each other at 90° in the scatteri e : S
chamber. The angular dependence of the scattered intens W CO"'S'(_m enefgyE=50.5 meV'is _shown n F.'g‘ 2. The
is measured by rotating the source assembly around the sca bectrum is dominated by the elastic contribution Wil

tering center, while the detector unit, consisting of an elec- 0. At lower velocities and longer times, the inelastic con-

tron impact ionizer combined with a quadrupole mass f”tertributions follow. They extend in the present measurement up
and a secondary-electron multiplier, is kept fixed. It is oper-

ated in a doubly differentially pumped chamber under :
ultrahigh-vacuum conditions. The velocity of the scattered
helium atoms is measured by time-of-flight analysis using a
pseudorandom chopper, located between the scattering center
and the detector, with a flight path of 450 mm.

The helium atom beam is produced by expansion of the
gas under the stagnation pressure of 16 bars through a small
orifice with a diameter of 3«m at a source temperature of
To=77 K. Under these conditions the relative width of the
velocity distribution isAv/v =0.017 which leads to the en- . | . | :
ergy resolution of about 3.4 meV at a collision energy of 0 100 200 300
50.5 meV. Typical parameters of the helium beam are given Clustersize n
in Table 1. For completeness we also list the data of thq:IG. 1. Measured mass spectra of the ammonia cluster;\Nbkam the

helium beam leading .tO a highe_r collision energy where &pource conditions of which are given in Table 1. The solid line is a fit of a
room temperature helium beam is used. log-normal distribution with the average sige)=92.

Il. EXPERIMENT

The information on the vibrational excitation is obtained
gom time-of-flight (TOF) spectra taken at different labora-
tory deflection angle®. The new result fo{n)=92 at the

Intensity
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T ' helium atoms from the monomers cannot be distinguished
from those which are elastically scattered from the clusters.
Therefore these contributions are counted together and
drawn as a single contribution in the time-of-flight spectra

marked byAE=0 in meV.

It is noted here that in the angular range covered in the
cluster experiments, the inelastic excitation of the ammonia
monomer$’ and the ammonia diméfsin collisions with
helium are quite small so that it is not necessary to take them

. ! . 1 . into account in the data evaluation. The largest contribution
200 300 ., 400 500 at 30° gives an energy transfer of 10.7 meV with a cross
Time of flight / ps section of about 1 Asr, which is usually less than 10% of
FIG. 2. Measured time-of-flight spectra for the average cluster @ize the cluster cross section.
=92 at the laboratory deflection angle @f=30°. The solid line is a fit to The typical results of such a transformation into c.m.
the spectra based on contributions of different energy trandfersSome  coordinates will be presented in Sec. VI. We note that this
SEZ0 mev reptesants the slstc cider and menomer scaterng wich OCSUTe 1S not always exact, since the different inelastic
are counted together. The width is calculated from the resolutiongof the ontributions mlg_ht belong, although taken at the same labo-
apparatus. ratory angle, to different c.m. angles. Therefore a direct com-
parison with calculations has to be considered with care. For
such a comparisofand this is the second application of the

to AE=30 meV where they are cut off because of kinemati-2v<ra9!ng proceduyea better and un.amplguous way Is to
transform the calculated cross section into the laboratory

cal reasons. To relate these results to energy loss spectra.in ; : . .
time-of-flight spectra using the same formalism. We will also
the center-of-mas&.m) system, we have to apply the stan-

dard procedure for this conversion which takes into accounlf)resent such results in Sec. VI.
the resolution of the apparattfsThe number of particles per

Intensity

time unit (t) is given by the expression IV. COMPUTATIONAL DETAILS
dN(O,t) do A. Classical trajectories calculations
———=> NN, AQAV|—| (6) , , o
dt AE do AE The computer simulations reported in this work are
) ) based on classical molecular dynamib#D). Three types of
XGae(0,601,02,0); @ calculations have been carried out, in accordance with the

n,; andn, are the densities of the helium and cluster beamsinvestigated properties of the ammonia clustga: geo-
respectively, the scattering volume is representedAlw; metrical structuregb) vibrational spectra, an(t) scattering
and the solid angle of the detector is denotedAfy. The  cross sections for the scattering of He atoms. Throughout the
function G,g(0,t;v4,v,,0) contains the Jacobi factor for work, the ammonia monomer was considered nonrigid and
the c.m.(6) to the laboratory(®) transformation with the its interactions with itself and with the He atom have been
velocitiesv, andv,. It is calculated by a Monte Carlo pro- modeled by the site-site interaction potentials described in
cedure using the measured widths of the velocity distribuSec. IV B. The MD integrator found to work most reliably,
tions, the angular divergences of the two intersecting beamgspecially in the scattering simulations, where typically
the finite size of the scattering volume and the detector, andmall energy differences are involved, was found to be the
the resolution of the TOF analyz&rThe calculated width at  Verlet integratort® known to rigorously ensure energy con-
half maximum of the distribution functions is 3.4 meV for servation. The geometrical equilibrium structures of the clus-
the energy loss and 1.0° for the angular resolution. We notéers have been determined by the method of simulated
that the energy resolution of our experiment, though stillannealing®®
quite good for a molecular beam experiment, is only moder-  In order to characterize the overall vibration of the clus-
ate compared with the low frequencies of the cluster specters, the classicalelocity autocorrelation functiomvas em-
trum. The angular resolution is high, but since trajectorieployed, since its Fourier-transform spectrum can be straight-
are used in the calculation of the angular dependence, theferwardly identified with the vibrational spectrum of the
retically, a resolution of only-2.5° is obtained. clusters. For the investigation of the low-frequency modes,
This procedure can now be used in a twofold way. Onespecialized autocorrelation functions for the N-N bond
possibility is to determine by a least-squares fit procedure tagtretching and the N-N-N angle bending motions have been
the measuredIN/dt the cross sections in the c.m. system.defined, as well. In all spectrum simulations we have inte-
The overall result of the fit is represented by the solid lines ingrated the equations of motion over 8 ps with a time step of
the TOF spectra. Some of the single contributions given by x 10 # ps, corresponding to a resolution in the frequency
dashed lines and marked by the corresponding energy tranef 2.1 cm ! (0.26 me\j.
fers AE in meV are also shown. The selection of these con-  For each cluster size, the autocorrelation functions have
tributions is somewhat arbitrary and also not complete. Ibeen averaged prior to the Fourier transform over as many as
only serves for a better understanding of the TOF spectral00 identical clusters, each cluster of the ensemble being
Unfortunately the contributions of the elastically scatteredassigned an initial excitation energy in accordance with the
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Boltzmann distribution for the considered temperature. WithTABLE Il. Parameters for the He-Njite-site potential.
a view to simplifying the interpretation of the simulated scat-
tering data in conjunction with the vibrational spectra, the
temperature assigned to each cluster size in the spectrum N 428355 3.233 12896.6
simulations was the one estimated in the scattering experi- H 158065 4.356 889.7
ments, 30 K for (NH)g and 50 K for the larger clusters.
Typically, the averaged correlations drop during the first 0.5

ps of the simulation below 10% of their initial values. Within the KI intermolecular potential, the NHmono-

The trajectories for the HENH3),, scattering have been mer is considered rigid and its geometry is defined by the
described in the center-of-mass frame of the total system. Initrogen-hydrogen distaneg,=1.0124 A and the angle be-
order to achieve reliable statistics, for the scattering involviween the N-H bonds and the @xis of the moleculépoint-
ing the (NH)g and (NHj) o0 Clusters 100 000 trajectories ing away from the H atomsepnc, = 112.13°. This potential
are considered. Due to the extreme computational effort, ifeatures electrostatic and Lennard-Jones interactions. The
the case of (Nk) 1000 0nly 12 800 trajectories are calculated. glectrostatic interaction is modeled by four interaction sites

For each trajectory, the initial conditions are specified byon each molecule: three sites with partial chargg
the impact parametes, by the relative velocity o, and by =0.462 located at the H atoms and a site with a charge
the three Euler angle@,,7), by which the cluster is rotated _ 3¢, located on the ¢ axis, 0.156 A from the N atom
with respect to its own center of mass, in order to account foggwards the H atoms. Lennard-Jones interactions are mod-
the arbitrary relative directions of incidence of the He atom.g|eg only between the N atoms by a 12-6 potential with
The impact parametes was chosen randomly from a uni- parametersr=3.4 A ande/kg= 140 K.
form distribution in the intervalO,Ry+ 10 A], whereR, is The intramolecular potential for the NHmonomer

the radius defining the geometrical extent of the particulafmpiies three NH stretching and three HNH bending coordi-
cluster. For the relative velocity,, values between 1560 pates:

and 2200 m/dqresulting from the experimental conditions
have been considered. The Euler angles have been chosen by
uniformly sampling the whole space of angular orientations.

In addition to the mentioned initial conditions, the scat-
tering simulations have proved very sensitive to the initial b 5 ) )
vibrational energy of the clustdt,;,. For a specified cluster + E(5<PH1NH2+ S NH, T OPHNH,)
temperatureT ., the initial vibrational energy was randomly
chosen for each trajectory in accordance with the (:orreWhereﬁl’NHi represents the instantaneous deviation from the
sponding Boltzmann distribution. equilibrium NH bond length, whilede, ny. is the instanta-

The quantities calculated for each single trajectory argeous deviation from the equilibrium, NHjjbend angle. The
the scattering angle, the interaction timer, and the net ygjues of the parameters ale=39.633 eV/K and k,
energy transfer from He to the ammonia clust®E. The =3 454 eV.
scattering angle is defined by the directions of the initial In order to describe realistically and, at the same time,
and final momentum vectors of the He atom. The interactiononyeniently the interaction between the He atom and the
time 7 is considered to be the interval between the moment§|H3 monomers within the Scattering Simu'ationS, we have
when the absolute value of the potential energy of the Heonstructed a site-site model potential. The model parameters
atom in the asymptotic region exceeds and, respectivelfaave been determined by fitting the elaborakeinitio po-
drops below 0.1 meV. The energy los£ is defined as the  tential energy surface developed by Megeral” to model
difference between the relative kinetic enefgy/the reduced the rotationally inelastic He-Njiscattering. The functional
He-atom—ammonia-cluster systemit the beginning and at form of our site-site potential features standéegp-6 inter-

the end of the trajectory. action terms between the He atom and all the atoms of the
Qualitatively, the crucial impact of the cluster tempera-NH, monomer:

ture T, on the computed energy loss spectra is evidenced by

. . . . X .
quite narrow profiles at low temperatures, with maxima lo VHe-NH3:2 [Aexp(—B;r)+C;/rf],
cated at low energy transfers, as opposed to the broad pro- i
files for higher temperatures.

A; (meV) B; (A} C; (meV A

ks
Vi, = E( OF R, T T i, + O Ry

wherei =N,H;,H,,H; andr; represents the distance between
atomi of the ammonia monomer and the He atom. All rel-
evant data for this potential model are summarized in Table
Il. The quality of the fit achieved by our site-site potential

The interaction potential that we have employed to decan be judged from Fig. 3, where it is compared with the
scribe the NH clusters is the site-site potential used by original potential of Meyeret al. for four combinations of
Diraisonet al?! in their MD simulations of liquid ammonia polar angles(9,¢). We mention that the coordinate system
and denoted by F-KI. It actually consists of the simple site-has fixed axes in the ammonia molecule, its origin is located
site intermolecular potential of Impey and KI&iKl) plusa in the center of mass, and tkexis coincides with the sym-
harmonic valence force intramolecular potential, as appliednetry axis of the NH molecule(the three H atoms are lo-
to XY molecules’ cated in a perpendicular planérhe polar anglesY and ¢

B. Interaction potential
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V(R,9,0) [meV]

-10 . ] . ]

RIA]

FIG. 3. Comparison between the He-Nsite-site potential and thab initio

potential of Meyeret al. (solid lineg for selected orientations.

measure the angles from tlzeaxis andx-z plane, respec-

tively. R is the distance from the He atom to the origin.
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FIG. 4. Calculated structure of th&lH3) o Cluster.

tained for the two cluster sizes have bee@729.2 kJ/mol
and —31113.1 kJ/mol, respectively. As can be seen from
Figs. 4 and 5, the two clusters predominantly preserve a
crystalline inner structure after the annealing process, still
showing the characteristic hexagonal symmetry of the am-
monia crystal along th¢111] direction. The coordination
number is 6 with three hydrogen and three covalent bonds.
We note that in this complicated multiminima problem

we are not sure of having found the correct global minimum.
This is, however, not very critical, since also in the experi-
ment the system might have been trapped in one of the many

V. RESULTS

closely lying, local minima. This is particularly valid at the

A. Structures

relatively high, finite temperatures of the clusters in the

As found relevant for the comparison with the experi- present experiments.

mental data, we have considered three ammonia cluster sizes

18, 100, and 1000. In all cases, the structure calculatio®. Frequency spectra

started from a well-defined initial configuration, which was
initially heated to 100 K, in order to relax the surface mol-
ecules, and then cooled for approximately 10 ps with a timd
step of 104 ps, by removing 1% of the kinetic energy at
each time step.

In the structure calculation of théNH,),g cluster, the
initial configuration of the annealing process was just the
equilibrium configuration we have reported in Ref. 11 and
which was obtained by considering rigid ammonia mono-
mers and the same NHNH; intermolecular potential as in
the present study. The final equilibrium configuration yielded
by the present simulation considering nonrigid monomers is
more compact, as expected, showing a binding energy of
—427.8 kd/mol(as compared to the initial value 6f392.5
kJ/mo)).

For (NH3) 190 and (NH) 1000 the initial configurations
have been chosen to be spheres cut from crystalline ammo-
nia. Electron diffraction studies with large clusters of several
thousands of molecules clearly demonstrate that these clus-
ters adopt the cubic structure of the bulk, space group
P2,3.24 This solid-state structure of ammonia was extracted
from the neutron diffraction study of Reed and Haffis,
while the rest of the details of the annealing procedure have
been the ones described above. The binding energies ob-

The low-energy spectrum of the intermolecular modes of
he ammonia clusters was determined by calculating the Fou-
rier transform of the velocity autocorrelation function based
on MD trajectories. The results for=18 and 100 at finite

SRR i R R
serEitnthe e
R L T
S S R AR
AL RS R R
¢ ¢ ¢ Rs'u ‘: :- 4 ¥
BE BE ) o P ¥ et ?@*‘%}?’Q

FIG. 5. Calculated structure of tH&lH3) g0 Cluster.
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n =100
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100
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surface %0
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__;,\ n=18
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c
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o
n=18 8 8
bond stretching - =
@ 50
n=18 | | | | |
angle bending % 5 10 15 200 5 10 15 20
b/A b/A
| J

. P I M i . ' ) . N
0 10 20 30 40 50 60 70 FIG. 7. Th: a;]/elr_age deflection fﬁnct:cﬂmnd thef average |fntﬁra_ct|on time
Energy / meV between the helium atom and the cluster as function of the impact param-
eter.(a),(b) n=18, cluster temperaturg,= 30 K; (c),(d) n=100, T,=50 K.

Th llisi is i h 4., V.
FIG. 6. Fourier transform of the autocorrelation function of different mo- e collision energy is in both casés=94.8 me

tions and different ammonia clusters. From top to bottam:100, velocity;

NN angular bending. The lueter temperatire s 50 K and 30 K. respecihe O-O siretch of the hydrogen bonds. To verify these sug-
tively. gestions for ammonia clusters, we have calculated the power
spectra of the angular motion of three adjacent N atoms and
the N-N stretch motion. The results are also shown in Fig. 6.
The bond stretching is largest in the third peak and goes

temperatures are shown in Fig. 6. The spectrurm of18 own in the direction of the two smaller peaks. In contrast
exhibits two broad peaks, one in the range between 6 and : L P ‘ o
the angular bending motion is more or less equally distrib-

meV with a shoulder at 12 meV and one around 20 meV. The

spectrum o= 100 looks similar with the exception that the uted over the three peaks. We conclude that the first two
fall off at high energies is shifted from 22 to 28 meV. If we peaks are dominated by the bending motion, while the third

restrict the vibrational modes to those at the surface, thgne_at the h|-ghest energy is more influenced by the stret.chmg
- ) . . - motion. But in contrast to the results for water, the two kinds
spectrum ofn=100 is nearly identical to that ofi=18,

which mainly consists of surface modes with peaks at 7 me\},)f motions cannot be completely disentangled.

12 meV, and 20 meV. Thus the additional modes around 2% Vibrational excitation
meV are attributed to volume modes. '

These results can be compared with those obtained for In order to determine which part of the calculated fre-
solid ammonia. Here four spectral lines are observed at 13.uency distribution has been excited in the collisions with
meV (A), 16.0 meV E), 17.5 meV §), and 22.8 meV ) helium atoms, we have calculated classical trajectories and
by Raman and infrared spectroscopy with their respectivanalyzed them in terms of the deflection anglethe inter-
symmetry in parenthesé$Two broad distributions centered action timer, and the energy lossE. In total about 200 000
around 12 meV and 18 meV result from inelastic neutrontrajectories have been calculated for each of the figures that
scattering’’ The theoretical interpretation attributes these vi-follow to present the doubly differential cross section
brations to the translational motion of the heavy nitrogen(do/dw) g . In case of deviations from this number, we will
atoms?®?° Since all these excitations are volume modesmention that.
there is only a weak correlation between the cluster and the Figure 7 shows the results for the average scattering
bulk modes. The low-energy mode at 7 meV is a specifiangle # and the interaction time as function of the impact
surface mode of the clusters, while the one at 25 meV iparameterb for the two systems He(NH3) o0 (¢),(d) and
definitely a volume mode. Those modes between these twHe+(NHs) 15 (8),(b). The cluster temperature & =50 and
limits are surface modes in the cluster and volume modes iB0 K, respectively, and the collision energy-94.8 meV in
the crystal. both cases. In both deflection functions, the scattering angle

For water clusters, simple models were invoked to sugat b=0 is much smaller than 180°. This is a well-known
gest that the lowest-frequency modes correspond teffect, which was observed previous® and originates
O---O---O bending skeletal vibrations between adjacent hyfrom the roughness of the cluster surface that scatters the
drogen bonds, while the next group of states corresponds teelium atoms in a distribution of directions. The interaction
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FIG. 8. Calculated cross sections for H@NH5) 1o, as a function of the  FIG. 9. Calculated cross sections for H@NH3),5 as a function of the
energy transfeAE for different scattering angleg in the c.m. system. The  energy transfeAE for different scattering angle in the c.m. system. The
collision energy is 94.8 meV and the cluster temperaiiye 1 K. collision energy is 94.8 meV and the cluster temperaiyre 1 K.

time is almost constant for small impact parameters, rises toange is governed by the angular motion of adjacent N at-
a maximum, and then falls off to zero when the helium atomoms. This result is quite similar to that observed for water
does not hit the cluster directly anymore. The maximum oc<lusters in this size range where only the bending motion of
curs when the helium atom enters the attractive part of théhe O atoms is excitetiWith increasing deflection angle, the
potential. As expected, the value at which the falloff occursenergy transfer is completely dominated by multiphonon ex-
is larger for the larger cluster. citations up to the point where no intensity is left at the

The energy transfer from the helium atom to the clustemposition of the single-phonon excitation.
n=100 is displayed in Fig. 8 for a series of c.m. scattering  The results for two other cluster sizes=18 andn
angles fromd=17.5° to 87.5°. The events were sampled in=1000, taken under otherwise similar conditions, are shown
angular intervals oft2.5° and the width of the energy boxes in Fig. 9 and 10. The general picture of the results ffior
is 1.0 meV. The collision energy is 94.8 meV and the cluster=18 is very similar to the one obtained far=100. Forn
temperatureT,=1 K. As expected, the vibrational energy =1000, where only the small angular range from 0° to 30°
transfer is small in the forward direction, since the couplingwas covered by cutting the impact parameter igr20 A
is very weak for these large impact parameters. With increasand where, in addition, only 12 800 trajectories have been
ing scattering angle, the amount of elastic scatteringl|t calculated, the peaks are less pronounced and broader. But
=0 decreases, while the energy transfer rapidly increasethe behavior is similar taking into account the less reliable
This is certainly an effect of the stronger coupling for the statistics.
more direct collisions. At deflection angles between 20° and  Finally, the results of two other important changes are
30° the peak of the distribution occurs at 6 meV. With in- presented in Figs. 11 and 12 far=100. These are the in-
creasing scattering angle it moves to 15 meV at 47.5° and 38uence of the cluster temperature and the collision energy on
meV at 87.5°. The latter distribution extends to energy transthe energy transfer. We estimated initially the temperature of
fers of about 60 meV. our ammonia cluster§,=50 K from the value obtained re-

If we compare the calculated energy transfer with thecently from the deexcitation of water clusters in collisions
frequency distribution of the Fourier transform of the veloc-with helium® We found T,=69-101 K in the size range
ity autocorrelation function of Fig. 6 for this cluster size, it is (n)=80-194. Since the binding energy is somewhat smaller
immediately clear that the scattering at large deflectiorfor ammonia, the lower valu&.=50 K was specified. There
angles is dominated by multiphonon excitations. Accordings, however, another value available obtained by electron dif-
to the detailed results obtained for the scattering of heliunfraction studies of much larger ammonia clusters in the size
atoms from argon clustefs, the full spectrum for the exci- range of some thousands of molecules=@ nm). The au-
tation of a single phonon is already reached at about 20%hors calculated that the cluster temperaturgs 115 K for
This means that only the first part of the available frequencyur experimental time scalé$.Based on these results, we
spectrum is excited in helium atom scattering. The frequencgstimate a value off ;=105 K for smaller clustergn)
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FIG. 10. Calculated cross sections for -H@Hs) 900 @s a function of the
energy transfeAE for different scattering anglegin the c.m. system. The
collision energy is 83.4 meV and the cluster temperaiiye 1 K.
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FIG. 12. Calculated cross sections for H@Hs),q as a function of the

energy transfeAE for different scattering anglegin the c.m. system. The
collision energy is 50.5 meV and the cluster temperaiye 105 K.

results forT,= 105 K are only marginally broader than those

and 105 K leads qualitatively to the same angular distribufor 50 K. Thus we plotted in Fig. 11 only the results by
tions with similar positions of the maximum but much =105 K.

broader widths caused by the increased internal motion. The The effect of the lower collision energy, when going

big change takes place betwekn=1 K and 50 K, while the
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FIG. 11. Calculated cross sections for H@&Hs)190 as a function of the
energy transfeAE for different scattering anglegin the c.m. system. The
collision energy is 94.8 meV and the cluster temperaiye 105 K.
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from 94.8 to 50.5 meV, is displayed in Fig. 12. It leads to a
drastic shift of the maxima of the distribution by 10-20 meV
towards smaller values. Apparently the quant®¥/E is
constant, a result that is also found in many energy transfer
processes in atom-molecule scatterihg.

The calculations, in particular those for=100, have
been carried out by averaging over many trajectories. Aside
from the usual initial-state distributions, the additional sam-
pling over the different vibrational kinetic energies that cor-
respond to the finite cluster temperatures leads to a number
of different initial configurations, although we start from the
same geometric configuration.

Finally, we have to discuss the reliability of the classical
calculation. There are mainly two drawbacks in these calcu-
lations. The first has to do with the boxing problem. The
energy of the first vibrational state is clearly separated from
the elastic value. In the classical calculation, all energies are
available and, therefore, especially the region between the
elastic peak and the appearance of the first inelastic transition
is not correctly reproduced. Second, classical mechanics
does not account for the zero-point energy. If it is artificially
added to account for the correct energy balance, it can flow
into other modes. Detailed calculations for the system
He+Ar, revealed that the first effect plays indeed a role in
this type of helium-cluster collisions and leads, for small
angles and single-phonon excitations, to an incorrect descrip-
tion. In fact, the rise of the cross section due to the first
inelastic transitions occurs at too small energy losses. In con-
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FIG. 13. Energy loss spectra for the averaged cluster @ize-1040 at ratory deflection angl®=30° but transformed into the center-of-mass sys-

:caborac:qn; dfr?ecno? angf]les i tranglgz fl.rMSTrfo :?.730 — tranfr—] tem. The histograms are the corresponding calculated cross sections for
ormea Into the center-ol-mass sys ¢solid lines. e histograms are e —_ 1 5 e gifferent collision energies and cluster temperatures are indi-
calculated cross section far=1000 for the c.m. variables which correspond cated
to the indicated laboratory scattering angles. '

trast, multiphonon excitations are equally well reproduced byare sampled in bins of 3.3 meV according to the experimen-
classical mechanics and quantum calculatibns. tal resolution and according to the c.m. contributions to the

Since the present experiments are dominated by mulmeasured laboratory angles. The outcomes are also shown in
tiphonon excitations, this part is certainly reproduced well byFig. 13. For the smaller deflection angles 5°, 6.5°, and 10°,
the classical calculation. In addition, the collision energy iswhere the coupling is weak, there is good agreement be-
in the present experiments up to a factor of 4 higher than thatveen experiment and calculations. At 15° and 20°, the re-
used in the calculation of HeAr,,. This effect should be gime of excitation of single vibrational quanta, we find too
again in favor of a reliable description of the scattering pro-high intensity for small inelastic transitions, the expected
cess by classical mechanics. The only problem left is théoxing problem of the classical calculation. In addition, the
incorrect reproduction of the energy transfer at small scatterintensity for large energy transfers is too small. For the larg-
ing angles close to the elastic scattering peak. In order test angles measured, 25° and 30°, where multiphonon exci-
observe this effect the energy resolution must be quite highation starts to occur, the agreement at small transfers up to
as was the case for HeAr,,, where the transition of 1.6 15 meV is better but the intensity at large transfers is also
meV could be clearly resolved at a collision energy of 25missing here. The main reason for the discrepancy is not so
meV. In the present experiments, with the same type of tranmuch the different energies but certainly the unphysical clus-
sitions but collision energies of 50 and 90 meV, the resoluter temperaturel,=1 K of the calculations. Since a new
tion is worse and thus the effect is less pronounced. calculation forn=1000 was too time consuming, we will
compare the smaller cluster size directly with the calcula-
tions atT,=105 K.

We compare the measurements that always contain a dis-

The most detailed experimental results have been obribution of cluster sizes with calculations based on a single
tained for the average cluster size)=1040. The energy size. This is justified by the fact that the angular distribution
loss spectra at seven laboratory deflection angles and collef the intermolecular vibrational energy transfer only mar-
sion energy oE=99.8 meV are presented in Fig. 13 as solidginally depends on the cluster size under otherwise equal
lines. Here the cross sections which are proportional to theonditions. This is nicely demonstrated in the comparison of
fitted amplitudes are also averaged over the experimentddig. 8 and Fig. 9 forn=100 andn=18, which exhibits
resolution of the apparatus. They can directly be comparedearly the same pattern.
with the calculations for Heé (NH3),000 at an energy o The resulting energy loss spectra for the average cluster
=83.4 meV and temperatuiie,.= 1 K. The results of Fig. 10 size(n)=92 of the measurement of Fig. 2 and the corrected

VI. COMPARISON WITH EXPERIMENT
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T ' ' VIl. DISCUSSION AND CONCLUSIONS

We have investigated the vibrational energy transfer of
the low-energy intermolecular modes of ammonia clusters in
collisions with helium atoms using classical trajectories. The
vibrational spectrum that was obtained from the Fourier
transform of the velocity autocorrelation function of different
trajectories consisted of peaks at 7, 12, and 20 meV. From
this spectrum only the range between 7 and 12 meV is ex-
) , | , cited in helium collisions. These are predominantly the sur-
200 300 400 500 face modes of the angular motions of adjacent N atoms be-
longing to three different molecules in the cluster. At small
deflection angles from 5° to 10° the coupling is too weak to
excite this part of the spectrum. The range from 15° to 25° is
dominated by single vibrational transitions. For angles larger
than 25°, multiquantum excitations occur and at even larger
angles the maximum intensity is already shifted away from
the position of the single excitations. The comparison with
the experimental data for= 1000 reveals that the agreement
is good for the small-angle region. In the single-excitation
. | , | . . . range the calculations predict too small energy transfers, due
150 200 250 300 350 to boxing problems, below the first inelastic quantum chan-

Time of flight / ps nel. For the multiphonon range these problems disappear, but
FIG. 15. Time-of-flight spectra for the average cluster gize=92 at labo- the intensity for large en_ergy tranSferS is much too small.
ratory deflection angl®=30°. The solid(sum and dashedsingle contri-  This is the general behavior that is already known from de-
butiong lines are calculated cross sections for 100 (see histograms in  tailed investigation of the excitation of argon clusters. Clas-
Fig. 14 transformed into the laboratory system. Upper paBet50.5 meV. sical trajectories are a good approximation for small angles
Lower panel:E=94.8 meV. The cluster temperatureTis=105 K. that are dominated by weak coupling and large angles that
are controlled by multiphonon processes. The discrepancy
with the measurement is mainly traced back to the low clus-
one of Ref. 9 at the higher energy are shown in Fig. 14 aser temperature of 1 K in the calculation. Indeed, if the tem-
solid lines. The results exhibit marked differences in the enperature is increased to 105 K, the comparison of data and
ergy transfer for the two energies. At the lower energy, thecalculations improves fon=100, especially for the lower
distribution peaks at 7 meV with a shoulder at 12 meV. Atcollision energy. But there are still discrepancies at large en-
the higher energy, the peak position is at 12 meV and thergy transfers for the higher collision energy that are defi-
distribution exhibits a long tail up to transfers of 60 meV. nitely caused by multiphonon processes. This is an unex-

We already know from the comparison of the calcula-pected result, since classical trajectories should work well in
tions forn=100 at different temperatures, displayed in Fig.this regime. At these high energies, we are in a regime of
8 and Fig. 11, that the distributions for the higher temperahighly excited intermolecular modes where the anharmonic-
ture are much broader. Therefore we compare in Fig. 14 firgty of the interaction potential plays an important role. Ap-
the results of these calculationst=1 K and 105 K with  parently, this part of the potential is not good enough for
the measured data at the laboratory angle of 30° and collisioreproducing the measurements. We repeated the calculations
energy ofE=94.8 meV. The agreement is much better forwith rigid molecules by using a formalism based on quater-
the higher temperature, but still not satisfying. In particular,nions. In this case, we even observed narrower distributions.
at large energy transfers, the calculated intensity is too weal:herefore not only the intermolecular but also the coupling
The same calculation for the lower collision energy is inbetween the intermolecular and intramolecular motion has to
much better agreement with the data. The peak at 7 meV iglay a role. Thus we conclude that in the regime of high
well reproduced, and only at larger energy transfers is one ahultiphonon excitation at large collision energies both the
the shoulders not well reproduced. inter- and intramolecular potentials have to be improved with

To check the role of the laboratory-c.m. transformationrespect to their anharmonic behavior.
with respect to these discrepancies and to see how far away The calculations, as well as the measurements, show
the calculated results are from the measured data, we haamly a marginal size dependence. This result is completely
carried out the same comparison in the laboratory systendifferent from that observed for argon clusters, where the
The results are displayed in Fig. 15. For the lower collisionsize dependence could be traced back to the collective
energy, the agreement is again quite satisfactory. For thereathing mode of a dense sphé&sgparently the hydrogen-
larger collision energy, the agreement is good in the range dionded network of the ammonia clusters, with their sixfold-
the elastic peak, which mainly consists of the monomer coneoordinated bonds, prevents the cluster from collective exci-
tribution and the smaller inelastic parts. The discrepancietation as in the case of the weakly bound van der Waals
start to appear at larger energy transfers, but they are mudystem, although the shape is spherical. This is similar to the
less pronounced than in the c.m. system. result obtained for water clustefts.

Intensity
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