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I. The 4D®2D Time Dependent Discrete Variable Representation (TDDVR) method-

ology on molecule - surface scattering

As we wish to implement the TDDVR method to solve the above couple Time Dependent
Schrodinger Equation (TDSE), the newly formulated methodology for a mean - field type of
situation is briefly demonstrated in the simplest but completely generalized way although the
detailed formulations of the different versions of TDDVR approach are presented successively
elsewhere.' ' The basic technical point of TDDVR dynamics is the movement of grid - points
(trajectories) by using “classical” equations of motion with time - independent width param-
eter of the primitive basis set. The form of TDSE in the adiabatic representation for the

diatom - surface interaction Hamiltonian for the i th set of molecular DOF's on a single Born -
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Oppenheimer surface can be written as the following generalized way:

WAL = B D% ), @

HI (it = Ho+ (U0 OH; + Volz,y, 2, X, Y, Z)|95({xi}, 1)
+ <\Ijj({X£}>t)‘Veff($’y’Z>X’Y’Z>t7TS)’\Ijj({X£}’t)>’
i,J=1,2; i # J,
and

[oiar oo [Tog - 1 @)

with ({x;} = z,y,2,Z) and ({x3} = X,Y) at any time ¢. The wavefunction [¥;({x}},1)]
for the i th set of degrees of freedom (p;) is expanded in terms of products of TDDVR basis
functions [{t, (x%,t)}] for the various k th modes,

i = S G O] en (i) (3)

lilz...p,
The I th basis for the k£ th mode is again expressed with DVR basis multiplied by plane wave

to represent the coordinate, x%, as a function of time, ¢,

U (X t) = O(XGr 1) Z & (@1 )n (k)

= Zf y, )P n(Xior 1),
St) = exp( Py (D, xi(t)]}), ()

where harmonic oscillator eigenfunctions are the primitive basis to construct DVR functions,
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A TDDVR grid - point, X;‘w is determined by eqn (5) using the root, x;,, of Ny th Hermite

polynomial, Hy, (z). Since the roots (2, s) of the polynomial are fixed values, the positions of
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the TDDVR grid - points (X?k s) will change as a function of time due to the time - dependent

i) i | h

The Gauss - Hermite basis, ®,(x%,t), for the k£ th mode as introduced in eqn (4), have the

variables, Y& (t),

following important properties: (a) They form an orthonormal basis,

/ LD (o )l t) = O, (7)

(b) The ground state of the G - H basis is a Gaussian Wave Packet.
The TDDVR basis functions, ¢, s, as defined in eqn (3) for the £ th mode constitute an

orthogonal but not normalized set,

/dxm; (Xint)l/)z;c(xiat) = Oy Anrr (8)
where A; is the normalization factor.

When the molecule - surface interaction Hamiltonian [see eqn (2) in main text] and the TDDVR
representation of wavefunction [equs (3), (4), (5)] are substituted into the TDSE [eqn (1)], the
classical path picture appears naturally along with the quantum equation of motion. The
compact form of TDDVR matrix equation for quantum motion can be obtained by employing

time - dependent variational principle!® as given below:
ihACH = HiC\, (9)
and the matrix equation under a similarity transformation takes the following convenient form,
ihDi(t) = A~V2HIA1/2D}, (10)

where DI = A1/2C!.
The explicit expression of the differential equation (iADi(t) = A~1/2Hi A~1/2D) for an ampli-
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where
Gy = _ Gt i = _ Wi = ~ Wy
k> - 9 k> - 9 ks — 5
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Pi )
i o 1
Lig..lp, — qllQ....lpiH(Alk WEF
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Nk 1
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Fiy, = Y Grolz)V/(n+1)(n+2)é(xy) + Z Enaly)v/n(n = 1)&n(ay)

= D &nla)(2n — 1) (ay)
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Wi = Z Enpr (T )Vn 4+ 18, (2 ) an (@ )Vnén (), (12)

The TDDVR equation of motion for quantum dynamics has the following important character-
istics: (a) The component matrices ({Ax}, {Gx}, {Fx}, {Wk}) of the TDDVR Hamiltonian
matrix [see eqn (11)] are time - independent and need to be evaluated once for all. It may be
noted that the matrices, {Ax}, {Gk} and {Fy} are symmetric hermitian, whereas the matrix,
{Wy}, is antisymmetric but becomes hermitian with its’ prefactor, i(= v/—1); (b) Since the
matrices, {Gy}, are diagonal and associated with the “classical” variables {sz (t)}, the non -
linear dynamics of these “classical” quantities affects the convergence but not the final solution
of the quantum equations of motion; (¢) As the off - diagonal elements of {Fy} and {Wy}
matrices couple the grid - points and dominate the quantum dynamics, any non - linear “clas-
sical” propagation of their associated parameter, {ImA%}, is not desirable, and hence, a time -
independent width parameters are the obvious choice; (d) The contribution of different modes
on a time - dependent amplitude (dgllz....lpi) can be evaluated independently, i.e., Fy and Wy
matrices couple grid - points or basis functions of the £ th mode. This feature allows paral-
lelization of the algorithm, reduces computational cost remarkably and paves the possibility to
pursue relatively large dimensional calculations.

On the other hand, the classical path equations for the k£ th mode, those appear along with the
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quantum equation of motion, can be written as

= . Px;;(t)
Xilt) = — - (13)
Pu(t) = Wi} i (1), (14)

dxi  o=x.0
where my, is either the reduced (u) or the total (M) mass of the diatom and X;’F(t) is the
quantum force. A rigorous expression of the quantum force, XZF(t) for the “classical” equation

of motion is derived by using Dirac - Frenkel variational principle,'® i.e., by minimizing the

following integral with respect to sz,

L= <—m%§“’“—H({sz},{x;;})w({xz},t))

2R ey pabwdd o) ] v (15)

The explicit expression of " (¢) thus obtained is

W =Y G, (DG, )
Lyl gy, dp,
2(Im AL [ () Shis hImA; Sialy
X {7’“{5(2, Pl 5(3/] - k[Rl o _T*']}
; o Alk I 0 k kAlklk i1},
S(l * (1)

i Ll gl
f LY Gt Gy, ()

lilo. . lp,

i i 2)*
- Z qllQ..lk..lpi (t) qllg..lz..lpi (t)’s'l(kl);€ :| Y (16)

lila. Ayl dp,

where

Ry = Y &(w)&(wy)2p
S = L smele) [ @40 D0k = K40, e

T, = pr (21, ) &5 (w1 2p/q)*p(Xkat)(Xk — X5, () @q (Xi: ), (17)
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with
/Cbp(xk, (X — X&) Py (Xh, t)dX), = A T At VP + 1p114 + VPOp-14}
k
¥ (i i i i i h
/q)p(xk>t)(xk — Xe () ®g (X}, )X}, = T A X {V({p+1)(p+2)0p24
+ (217 + 1)5p,q + v p(p - 1)5p727q}

[ B0 00 - GOPR O 0E = G VG DT 20+ iy

3(p+ 1)\/P+ 10ps1,4 + 3pV/Pop-1,4
VP —1)(p — 2)8,-3,4}- (18)

Matrices R, S, T and A are time - independent and need to be calculated once for all the
time. It is important to note that the time - dependence of XZF arises from the time - dependent

coefficients {C7,, ;, , ()} only.

I1. Propagation and Projection

The initial wavefunction [eqn (18a) in the main text] can be expressed in terms of TDDVR

basis functions as given below:

qjl(x> Y, =, Z> tO) = Z CllJKL(tO)wI(x)wJ(y)wK(Z)wL(Z)’

I1JKL

If we define the amplitude of the wavefunction only at the TDDVR grid points, the function
takes the following form due to orthogonality relationship of the basis functions known at the

grid points:

C} t
Uy (xr, 97, 25, Z1,t0) = %A}CIAZJA;{KA%D
(1
= Myjmj(euzo¢IJK)<PGWP(ZLJ0), (20)
r1JK

which in turn gives the following expression for the initial amplitude of the wavefunction:

1
d}JKL (to) = ImA LK

9o(r155)Yim; (017K, 17K )
VAL AY JAG A2

where ImA = (%) (ImAxlmAy]mAzImAz)fé.

Qowp(ZL, to), (21)
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When we wish to calculate energy resolved state-to-state transition probabilities, we need to
project on the product of plane waves, vibrational wave functions of a Morse oscillator (g,(r))

and wave functions of spherical harmonics (Y (0, ¢)),

1 ) 1
U(z,y,2,2,t) = Z C;j;m,v/,j/,m; (t) oL eXp[Zk;utZ] ;gv/ (T)Y;'/,m;. (0,9)
LA

= Y Cxc(t)) Op(END(E")D Do(Eh)P()
Q

1JKL P

X

Y Pr(&)B(E) Y 0s(E)D(E7) (22)

S

Multiplying both side by \/(12_70 exp[—ikout 2]+ 9uY ', (0, ®) in eqn (22) and then, integrating over

derdevderdeé? , we produce the simplified form of the expansion coefficient (C,;t st (t)):
1
Cljout,v,j,mj (t) = \/—2_7T I;[] CIJKL(t) IZQRQ);‘ (ff)@a (fg)q)j%(ff()
1
<[] 590070, 0.0)80(€) B (€ Br(E e de "
< S O3(ED) [ expl-ibneZj0sle))dE” (23)
S

Since [ d&k®r (€%)®,,(€%) = 1, and approximately we have [ d¢* — Zl/Afi at the roots (£F)

of the Hermite polynomial, we can further modify eqn (23) as:

1 drikr
o V2r IJZKL VAGAYAG AT
1

X —gv(rIJK)Y;:nj (Ors1¢; orax) exp(—ikout Z1)
TTIK

X exp {%[PSZ(ZL - Zc)]},

(24)
Similarly, we derive the expression of the incoming flux at zero time as:
9\ 1/4
Ol;-n,vjmj (tO) = (;) (ImA) AZ exp[i(k:m — ko)Zc - AQZ(km - ]{30)2]
o TIing(TIJK)Y}mj(QIJKa ¢IJK)' (25)

\% A?IAzJA%K
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where k;, and k,,; indicate the incoming and outgoing wave vectors, respectively.
III. A “stochastic” treatment for the formulation of phonon energy transfer

The energy transfer from the incoming molecule to the solid is given by:
ABpn=2 D D Puy(Bu = Eg) Py (26)
k  ng ng

where P,o is the k th mode transition probability from quantum state n) to ny, of a Linearly

n —>7’Lk
Forced Harmonic Oscillator (LFHO) and the “stochastic” treatment?**! of such model provides

the following form of transition probability in terms of modified Bessel function (/j):

1 2 1 1
Pn = —espletn a4 Dol x o[t Dot D] e
g Pk Pk 2

within the harmonic approximation, the following energy difference between the two quantum

states appears as:
By, — Eno = hwy(ng — ny), (28)

and the occupation probability, Do in the nY th state for the & th mode at temperature, T
could be determined either by Boltzmann [Eq. (9)] or by Bose - Einstein [Eq. (10)] probability

factor.

We divide the contribution for phonon excitation (n, > nf), AE}, and de - excitation (ny, < nj),
AFEy,, consider Boltzmann probability (BP) factor for the initial state distribution and
substitute Eq. (9), (27) and (28) in the Eq. (26) to obtain:

AEL, = Z hwkpk (1 — z Z Z zk ng — nk
ny

X exp|—(ng +np +1)/pe] x Iy {%\/(nk + 1)(”2 + 1)] : (29)

which can be simplified to

n9 m
AES, = Zhwkpgl(l—zk)zz,zkk mexp(——)
k m ng

Pk

X expl—(2nf +1)/pu] x Iy L%\/ (1 + o+ 3)|
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with m = ny — nf. The double sum in Eq. (30) can be replaced by a double integral to bring

an intermediate result:

AEY, = Zhwkpkl(l—zk)/o dm m/o dn) z,?g
k

X exp[—(2n) + 1 +m)/px] x Lo {%\/(m +nf + %)(ng + %)] : (31)

which turns into the following expression under substitution, z = n + %:
1 0o 00 9
AE}L, = Zhwkzk 2p (1 — zk.)/ dm m/ dx z exp|—(2z +m)/px] x Iy {— (m + a:)x}
% 0 0 Pk

1 o o 2 2
= Zhwkzk 5,0,;1(1 — zk)/ dm mexp(—ﬂ)/ dx 2} exp(——x) x Iy [—\/ (m + x)x} :
A 0 0 Pk Pk

Pk
(32)

The last part of the above integral can be calculated using the following standard integral??

| v expl-an) < oy T o)~ S X eohle Ve L

as given below:

o 2 2
A = / dx zj, exp(——x) x Iy [— (m+ x)x}
0 Pk Pk

_ /OOO dz exp {— (% +hwkﬁ)x} < Iy [% (m+x)x]

_ L [g{pi T e — ﬁk}], (34)

73

and substituted back to Eq. (32) to obtain:

1 1
Z hwy 2y, 2 pgl—
k o)

1
— —3 -1
= g hwiz, 2 py,
k

o 2
AEL, = (1-— zk)/ dm m exp(—ﬂ) exp [ﬂ{— + hwy — a,(cl)}]
0 Pk 2 " py

=) [ dm e | (s — /a1 (35)

o

where a,(:) = Bh*w? + 4Bhwipy .
The final form of phonon energy transfer for £ th mode in the creation process after substituting

the standard integration??
/ dyy xexp(—ay) = —, (36)
0

10
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over m with analytical simplification becomes:

4h _1
AEf = % (1= )z 7 (Bhwy — \JalV) 2 (37a)

Pr\/ a;(gl)

and similarly, the expression for annihilation processes appears,

4hwk

Pr\/ &;(Cl)

Therefore, we find the total energy transfer from the incoming molecule to phonon modes as,

AE; = — (1 — 21) 2 2 (Bhwi + \/al) 2. (37h)

sin h(A
AEp, = AEf, + AEp, = > hwkpkM, (38)
k Ak
where A, = %hwkﬁ. It is quite important to note that energy transfer due to the initial

state distribution of the phonon nodes with BP factor appears to be surface temperature
independent.

When we consider the Bose - Einstein probability (BEP) factor for the initial state
distribution and substitute Eq. (10), (27) and (28) in the Eq. (26), the expression of energy

transfer for creation processes appears as:

n? n? n? n?
AEL = Yl S0k — ) (55 2 )
k Nk 2

% exp[—(n +nl +1)/pi] x Iy [pi ¢ (s + ) + 3)] , (39)

which can be simplified to
m n0 n0 no n0
AE;}L = Zﬁwkpgl Zm exp(—p—) Z(zk’“ + zz k4 ZZ L 22 By
k
k m

0
N

X expl—(2n) +1)/pillo E\/ (m -+ + 3l + 1)], (40)

with m = nj — n). The double sum in Eq. (40) can be replaced by a double integral to obtain

an intermediate result:

N P > J m, [~ gn0 (S Lt sed | dn
Ef, = Z WPy, ; mm exp(—ﬁ) ; ng (2" + 2, 2, "z F ),
k

1

< oxpl-@af 4 0/l x B 2 fom i+ o+ ). (a1)

11
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which turns into the following expression under substitution, z = n{ + %:
[T LN =3 | 2w—1 | 3T—5 | _4z-2
AE}L, = Zhwkp,: / dm m exp(——)/ dv (z, > +2,"" +2z, *+2"""--)
A 0 Pk Jo

2x 2
X exp[——] X Iy|—+/(m+ )z |, (42)

Pk Pk
The above standard integrals®?, Eq(33) and Eq(36), are substituted in Eq(42), integrated over
x and m and simplified analytically to obtain the final form of phonon energy transfer for £ th

mode in the creation process as:

o T, —2
AES = hwgpp' Y daf” "z, 7{%?‘1%6—\/ a;i”)} : (432)
n=1

and similarly, the expression for annihilation processes appears,

00 1, -2
AE, = —hwp, Z 4&;(;1) 721; : {”hwkﬁ + a](cn):| ; (43b)
n=1

where
a,(cn) = n*Fh’wi + AnBhwipy .

Thus, the total phonon energy is expressed as:

oo ;1;”
AEpy = AEf, + ABp, = Y ksTpr ) L, (44)
k n=1

where zj, = exp(3hwyf).
Thus, the energy transfer due to the inclusion of BEP factor for the initial state distribution

of the phonon modes brings the surface temperature dependence.

IV. Additional results

In Fig. 6, we display the theoretically calculated reaction probabilities of the incoming Hs
molecule with initial state v = 1 and 7 = 0 as function of different initial kinetic energies
considering rigid surface and the surface including phonon modes at different temperatures.
These results for (a) Cu(100) surface with 300K and 1000K, (b) Cu(110) surface with 190K
and 1000K, and (c) Cu(111) surface with 120K and 925K are compared with the correspond-
ing experimentally measured sticking probabilities. The figures clearly demonstrate that the

calculated quantities lower estimate the experimental probabilities for all collisional energies

12
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except at lower and higher limits, and remain temperature independent. Fig. 7 depicts the
vibrational survival (v' = 1) and de - excitation (v/ = 0) probabilities as function of initial ki-
netic energies for rigid surfaces and the surfaces [Cu(1nn)] with different temperatures. Those
figures show that the elastic/inelastic transition probabilities undergo noticeable change from
the rigid surface to the surface including phonon modes with different temperatures for various
surface planes (1nn). Fig. 8, 9 and 10 present the rovibrational elastic/inelastic transition
probabilities as function of initial kinetic energies for the copper surface with 100, 110 and 111
planes, respectively and indicate substantial difference from rigid surface to the surface with
various temperatures. It is quite reasonable to explain the temperature independent sticking
probabilities (see Fig. 6) and substantially temperature dependent transition probabilities (see
Fig. 7 -10) in term of phonon energy transferred from the diatom to the solid as functions of
time (see Fig. 11) for different collisional energies and as functions of initial kinetic energies (see
Fig. 12) with various surface temperatures. In case of Hy(v = 1, j = 0) - Cu(1nn) systems, the
amount of overall energy transferred due to the inclusion of phonon modes for specific initial
collisional energy and temperature appears enough to increase the transition probabilities but

not the sticking probabilities.
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Table I The barrier heights (E;) and their locations (r, and Z) are given for Hy dissociating
with its molecular axis kept parallel to the Cu(Ilnn) surface. The numbers in the parenthesis

are the results of Wiesenekker et al.'7, Salin et al.'® and Diaz et al.* for Cu(100), Cu(110) and
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Cu(111) surfaces, respectively.

Impact site | Dissociation to E, (V) r, ) z, (R)
bridge hollow 0.50 (0.48) 1.22 (1.23) 1.05 (1.05)
’g hollow bridge 0.55 (0.63) 1.20(1.00) 1.17(1.14)
—
::)’ top bridge 1.10(0.72) 1.35(1.43) 1.45 (1.40)
bridge top 1.23(1.37) 1.88 (2.09) 152 (1.52)
g top short bridge 125 1.37 145
3 | shortbridge hollow 0.72(0.63) 122 1.00
) bridge hollow 0.38(0.63) 1.08 (1.03) 130(1.17)
% top bridge 0.80 (0.89) 132 (140) 1.48(1.39)
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Figure caption

Fig. 1. Top view of the (a) Cu(100), (b) Cu(110) and (c) Cu(111) surfaces consist of 133,
134, 134 atoms, respectively. First, second and third layer are indicated by circle, square and

triangle, respectively.

Fig. 2. The contour plot of EDIM - fit ground adiabatic PES for H, interacting on bridge site
and dissociating to hollow site of (a) Cu(100), (b) Cu(110) and (c) Cu(111) surface, respectively.

Fig. 3. Average distance ((Z(t))) from the centre of mass position of the Hy(v=0, j=0) to the
top layer of the Cu(100) surface and bond length ((r(¢))) of diatom as functions of time (a)
for collisional energy 0.40 eV with higher (solid line) and lower (dashed line) number of basis
functions, whereas (b) for collisional energy 0.70 eV with ImA values 2.0 amu 7! (solid line)

and 0.1 amu 77! (dashed line) including higher number of basis functions only.

Fig. 4. (a) and (b) display the energy transfer (AEp;,) from Hy(v = 0, j = 0) to Cu(100) and

Cu(110) surfaces , respectively as functions of time at two different temperatures.

Fig. 5. (a) and (b) display the energy transfer (AFpy,) at asymptotic time from Hy(v = 0,
j = 0) to Cu(100) and Cu(110) surfaces , respectively as functions of collision energy at two

different temperatures.

Fig. 6. Calculated sticking probability(Psser(E)) for Ho(v = 1, j = 0) on Cu(100), Cu(110)
and Cu(111) surfaces as functions of initial collisional energy are presented in panel (a), (b)

and (c), respectively, whereas experimental results are obtained from Ref. [23, 24].

Fig. 7. The energy resolved state - to - state transition probabilities for vibrationally inelastic,
v=1 — v = 0 (solid line) and elastic, v=1 — v' = 1 (dashed line) collision as functions of

collisional energy of the diatom on Cu(100), Cu(110) and Cu(111) surfaces are presented in
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panel (a), (b) and (c), respectively.

Fig. 8. In case of Cu(100) plane, the calculated state - to - state rovibrational transition
probabilities (v=1, j=0 — ¢/, j') are shown in (a) v'=0, j'=0; (b) v'=0, j'=2 ; (c) v'=0,
j'=4; (d) v'=1, j7'=0; (e) v'=1, j'=2; (f) v'=1, j'=4 for rigid surface and two different surface

temperatures.

Fig. 9. In case of Cu(110) plane, the calculated state - to - state rovibrational transition
probabilities (v=1, j=0 — ¢/, j') are shown in (a) v'=0, j'=0; (b) v'=0, j'=2 ; (c) v'=0,
J'=4; (d) v'=1, j'=0; (e) v'=1, j'=2; (f) v'=1, j'=4 for rigid surface and two different surface

temperatures.

Fig. 10. In case of Cu(111) plane, the calculated state - to - state rovibrational transition
probabilities (v=1, j=0 — o', j') are shown in (a) v'=0, j'=0; (b) v'=0, j’=2; (c) v'=0,
J'=4; (d) v'=1, j'=0; (e) v'=1, j'=2; (f) v'=1, j'=4 for rigid surface and two different surface

temperatures.

Fig. 11. (a), (b) and (c) display the energy transfer (AFEpy) from Hy(v = 1, j = 0) to Cu(100),

Cu(110) and Cu(111) surfaces , respectively as functions of time at two different temperatures.

Fig. 12. (a), (b) and (c) display the energy transfer (AFEpy,) at asymptotic time from Hy(v = 1,
j = 0) to Cu(100), Cu(110) and Cu(111) surfaces , respectively as functions of collision energy

at two different temperatures.
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