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The surface diffusion of a potassium dose corresponding to the average
coverage @k = 1.5 on nickel was studied using the field emission technique
in the temperature range of 78-133 K. In general, under such canditions
diffusion proceeds with the sharp moving boundary and the activation energy
Q from 0.16 eV to 0.36 eV dependently on the crystallographic directions.
Free boundary migration with the energy @ < 0.16 eV is expected on the
close-packed regions {111} and {001} already at liquid N2 temperature. The
results are discussed in relation to the atomic structure of the nickel substrate
taking into account the interaction in the adsorption layer.

PACS numbers: 68.35.Fx, 79.70.+g, 79.90.4b

1. Introduction

This work is a complement of experimental studies of the surface diffusion
which were carried out for small potassium doses corresponding to Ok = 0.02
on clean nickel [1]. The present result concerns the surface diffusion of higher
potassium doses giving the average coverage Ok = 1.5 on clean nickel, and it was
obtained by using the field emission microscopy (FEM) method. Studies of the
surface diffusion of potassium on nickel are important in view of many problems
such as the development of equilibrated overlayers, epitaxial growth, adsorption
and desorption kinetics and catalytic processes. As to catalysis: (1) potassium is as

?electronic” promoter affecting the elementary steps of catalytic reaction and
(2) the specific field emitter surface can be treated as a. catalytlc sample consxstmg
of various crystallographic planes [2]:

(285)




286 M. Blaszczyszynowa, R. Blaszczyszyn

2. Experimental

The experiments were done, as previously described [1], in the glass sealed-off
field emission microscope, equipped with a Ti getter, a Bayard-Alpert gauge and
a potassium ampoule. During the measurements the field emission tube was im-
mersed in liquid Ny and the pressure was below 101! torr (10~° Pa). The details
of cleaning the 99.999% Ni emitter have been given in the papers [1, 3].

The surface diffusion of the K~Ni system was investigated by lateral deposi-
tion of a large dose of potassium at 78 K onto a thermally clean Ni tip surface (Fig.
la) and determining the spreading times of the adsorbate as a function of temper-
ature in the range of 99-133 K. The angle between the direction of the potassium
evaporation flux and the tip axis was about 90 degrees. Deposition of K and the
monitoring of the diffusion was done at the field off. The magnitude of the K dose
corresponded to the average coverage Ox = 1.5 after temperature equilibration
of the adsorbate. The activation energy @ for the diffusion was determined from
Arrhenius-like plots for three crystallographic zones of the Ni surface (111)-(001),
(110)-(001) and (111)-(110) as it can be scen in the stereographic projection of
the fcc lattice (111)-oriented (Iig. 1b).

3. Results

According to the well-known relation

(r?) = 4Dt, (1)
(where (r?) stands for the mean square displacement of the moving sharp boundary
within a time ¢ and D the chemical diffusion coefficient) [4] plots of the distance
Az(cx ) versus the square root of the time ¢ are shown in Figs. 2, 3 and 5 for
the zones (111)-(001), (110)-(001) and (111)-(110), respectively. The distance
Az was determined from the field emission patterns (by means of the enlarger)
in arbitrary units a.u. with the accuracy #£1/2 a.u. The distance r on the tip
surface can be found from the tip radius (about 7000 A) and the known angular
separation of the crystal faces identifiable from the symmetry of the field emission
microscopy patterns but it was not attempted to obtain a quantitative relation.
Spreading rates in this case depend on the crystallographic zone line. For instance,
the average rates at the substrate temperature 115 K are 111 A/s, 37 A/s and
5 A/s for the zones (111)-(001), (011)—-(001) and (111)-(011), respectively. Points
in some plots Az versus t1/2, denoted by letters, correspond to field emission
patterns obtained after stepwise heating periods ¢, at the indicated temperatures
T, and are shown in Figs. 1, 4 and 6 for the zones (111)-(001), (110)-(001) and

 (111)-(110), respectively.

3.1. Diffusion along zone Ni(111)-(001)

Figure 1c shows the field emission patterns for the clean nickel emitter after
deposition of the potassium dose at 78 K corresponding to Ok = 1.5. The arrow
indicates the direction of the K deposition. One can see that the boundary of
the original deposit at 78 K is highly anisotropic and the adsorbate covers some
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Fig. 1. TField emission patterns, characteristic of: (a) clean nickel; (¢) with initial potas-
sium deposit at 78 K (Bx = 1.5); (d)~(j) after heating at 98 K with the dominant
diffusion along the zone (010)-(111); (k)~(r) after heating of the tip of (c) at 99 K with
the dominant diffusion along zones {010} — {011}; (s)-(v) after heating of the tip of (c)
at 99 K with the dominant diffusion around the (001) face; (w) after heating of the tip
of (c) at 101 K; ¢ represents the diffusion time; (b) stereographic projection of the fcc
lattice (111)-oriented.
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Fig. 2. Plots of average distance Az versus the square root of the spreading time i1/2
for the zone Ni(111)-(001) at several temperatures. The horizontal dashed lines indicate
the diffusion interval chosen for determining the activation energy. Points denoted by
the letters correspond to the field emission patterns shown in Fig. 1.

regions on the shadow side of the emitter reaching the most closely packed Ni(111)
plane via (131)—(111) zone. This indicates that the diffusion occurs on some regions
during the deposition process at liquid nitrogen temperature. Typical stages in the
progress of diffusion along the zone Ni (111)-(001) are shown in Figs. 1d-1v for
the temperature range from 98 K to 101 K, where ¢ is the heating time. Heating at
these temperatures produces adsorbate spreading with a sharp boundary along the
atomically rough surface zone. This trend is reproducible at higher temperatures.

The spreading rate of the sharp boundary is not uniform along this crys-
tallographic zone. Plots of Az versus t1/? in Fig. 2 indicate that the boundary
moves fastest in the stretch between the (113) and (001) planes and is distinctly
moderated on some regions between the (112) and (113) planes and near the (001)
plane. It can be also deduced from Figs. 1 and 2 that when the boundary motion
in the vicinal (112) plane is moderate enhanced diffusion occurs along the zone
(010)-(111) (Fig. 1e-1h). It is manilested by the increase of the emission from the
(111) region in relation to the entire emitting surface. The emission from the (111)
plane dominates completely alter ¢ = 85 s when the work function for this plane
with potassium is to be minimum (Fig. 1i). Similarly, when the adsorbate reaches
the vicinals of the (113) plane (Az = 14 a.u.) its motion seems to be stopped and
simultaneously the difTusion of the boundary proceeds along the zones (010)-(011)
(Fig. 1k-1p). The prolonged time of spreading leads to the arrival of the K atoms
at the (001) plane (Figs 1s-1w). Figure 1w corresponds to the maximum emission
of the plane when the plane shows a work function minimum similarly to the case
of the {111} planes.
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Fig. 3. Plots of average distance Az versus the square root of the spreading time ¢1/2
{or the zone Ni(011)—(001) at several temperatures. The horizontal dashed lines indicate

the diffusion interval chosen for determining the activation energy. Points denoted by
the letters correspond to the field emission patterns shown in Fig. 4.

(a) t=500" (b) t=790" (c) t=900" (d) t=1080"

(e) t=1320" (f) t=1620"

Fig. 4. (a)-(f) Nickel surface of Tig. 1c after heating time ¢ at 105 K with the dominant
diffusion of K along the zone Ni(011)-(001).

Plots of Int versus 1/T for the zone (111)-(001) are shown in Fig. 7. The
time t is the one found from the plots in Fig. 2 for the difference Az from 18
to 25 a.u. The respective activation energy of diffusion @, equals (0.16 £ 0.02)
eV. Similar value of the @ was determined for the entire diffusion region. Figure 2
shows that if the adsorbate is less available (at a lower temperature), K atoms first
migrate boundary free on the close-packed {111} and {001} planes and then with
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Fig. 5. Plots of average distance Az versus the square root of the spreading time e
for the zone Ni(111)-(011) at several temperatures. The horizontal dashed lines indicate
the diffusion interval chosen for determining the activation energy. Points denoted by
the letters correspond to the field emission patterns shown in Fig. 6.
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Fig. 6. (a)-(g) Nickel surface ol Fig. 1c after heating time ¢ at 133 K with the dominant
diffusion of K along the zone Ni(111)-(011); (g) state of the surface corresponding to
the end point of diffusion; (h) “pseudoclean” pattern obtained after heating at 450 K.

the sharp boundary on the atomically rough surface regions, e.g. over the edges
of close-packed faces or terraces and the like. The diffusion on these close-packed
planes proceeds so rapidly that activation energy measurements could not be made
in the investigated temperature range of 98-133 K.

3.2. DifJusion along zone Ni(011)-(001)

Plots of Az versus t}/2 for the crystallographic zone (011)-(001) (Fig. 3)
show that the spreading of potassium was uniform, i.e. the boundary motion obeys
the relation (1) on all the zone. An Arrhenius plot for this zone is presented in
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Fig. 7. Respective activation energy Q2 = (0.20+0.02) eV was determined for the
diffusion range shown in Fig. 3.
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Fig. 7.  Arrhenius plots for K diffusion along the Ni zones indicated and for equilibra-
tion of the whole original K deposit, Q.ot, corresponding to the field emitter pattern
shown in Fig. 6.

3.3. Diffusion along zone Ni (111)-(011)

Plots of Az versus t!/2 for the zone (111)~(011) are shown in Fig. 5. The
boundary motion does not obey the relation (1). This seems to indicate some
variation in the chemical diffusion coeflicient D. It depends on the ratio of the site
number in the second or higher layer (physisorbed layer) to that in the first layer
(chemisorbed layer) [4] and in this case it can alter because of: (1) the deposit (or
its reservoir) is not infinite so that it becomes depleted; (2) the number of trap
sites is not constant in this zone. Despite this we determine the diffusion activation
energy for two diffusion ranges: from the initial deposit to the end point and for the
small diffusion range corresponding to'the difference of the Az from 2.5 to 3 a.u.
(end point), see Fig. 5. The diflusion for these stages occurs with the activation
energies of Q3 = (0.2740.02) eV and Q5 = (0.36 4 0.02) eV, respectively (Fig. 7).
It is probably safer to accept the first value as the representative energy for the
diffusion of potassmm corresponding to Ok = £1.5 eV along the Ni (111)-(011)
zone.

4. Discussion

In general, two categories of chemical diffusion are distinquished [5]: (1)
for large initial deposits diffusion occurs with a sharp boundary and (2) if the
initial deposit corresponds to the submonolayer coverage, boundary free migration
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is observed. The sharp boundary diffusion mechanism works for the diffusion of
atoms in the upper layer to the edge of the covered region where they are trapped
on the bare surface over which the migration barrier is high. The distinction can
also arise owing to the effect of lateral interactions between adatoms [6].

, TABLE
Summary of results on diffusion experiments.
Diffusion Region Temp. Average | Activation Ref.
type of surface potassium energy
coverage | of surface
diffusion
T[K] Ok [] QleV]
K on Ni- '
boundary | (111)-(001) 98-121 1.5 0.16 4 0.02 | this work
s (011)-(001) 98-125 1.5 0.20 % 0.02 -y
- (111)-(011) 101-133 1.5 0.27+0.02 -
e average 08-133 1.5 0.23£0.01 =
boundary | {111}, {001} <78 <1 <0.16 -
free average 211-254 0.02 0.44 £ 0.05 (1]

The results of diffusion experiments of potassium on nickel are summarized
in the Table. In contradiction to the diffusion of K on Ni in the low coverage range
(@k < 1) the diffusion of thick layer (O > 1) proceeds with the sharp boundary
like the other systems e.g. [4, 7, 8]. (The sharp boundary is observed when the jump
distance of adatoms does not exceed the resolution of the microscope 20 A.) The
diffusion of a small K dose (@ < 1) over the entire nickel tip surface requires an
activation energy value higher than for the large dose (@k >) (see the Table). Thus
the adatoms of the first layer are strongly bound to the substrate and immobile in
the low temperature range. Adatoms at the coverages close to the submonolayer
are less bound and more mobile at the lower temperatures. This diffusion picture
is in agreement with the thermal desorption results [9, 2]. The diffusion of large
dose of K on the nickel tip proceeds with the smallest activation energy of 0.16
eV along the zone between {111}-{001} planes which consist mainly of the close
packed terraces of these planes. The roughest zone is the one between planes
{111}-{110} which is reflected in the relatively high diffusion activation energy.
Although the diffusion of large dose proceeded mainly over the first potassium
monolayer the substrate structure is not enough shielded by the first layer and the
high diflusion anisotropy is observed.

It is interesting to discuss the diffusion of K atoms on the Ni(111) and
(001) plancs. It is well-known that adsorption of alkali metals on metals distinctly
reduces the work function of the substrate. The minimum of the work function of
the system corresponds to the coverage Ok < 1 [9, 2]. For the close-packed planes
the reduction is most marked. Figures 1d, 1i and 1w demonstrate the dominating
emission {(the minimum work function) from the close-packed planes (111), (111)
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and (001) respectively. This means that the potassium coverage gradually increases
on these planes. As the dimension of these planes are much greater than the
resolution of the microscope one can expect the diffusion of K atoms on these
close-packed regions to proceed without sharp boundary, i.e. the K atoms are
believed to spread faster in the submonolayer coverage range than in the higher
one with the activation energy Q < 0.16 eV. Let us note that in a macroscopic
substrate experiment in the temperature range 40 K < T < 150 K, Holzl et al.
have determined @ = 0.12 eV for the K/Ni(110) system [10]. ' ’

The general rule that the diffusion barrier for adsorbates is approximately
10% to 40% of the adsorption barrier [5] leads to the conclusion that on the
Ni(111) and (001) planes the diffusion barrier for K atoms should be higher for
Ox < 1 than for the Ox > 1. (The desorption barrier distinctly decreases with
increasing potassium coverage [9, 2].) However, on the atomically smooth surfaces
the differences in the binding energies of K atoms for various adsorption sites which
correspond to the diffusion barrier [11, 6] may be greater in the second layer than
in the submonolayers. L

The work function and structure studies for Na, K and Cs on the Ni(111),
(100) planes confirmed the strong repulsive interaction between these species at
submonolayer coverages [9, 2]. According to the theoretical prediction under such
conditions the diffuse boundary is expected [6]: '

There might be also favorable conditions for other diffusion mechanism —
the one of soliton (collective) propagation mechanism [12, 13]. This way of adsor-
bate spreading was proposed for the diffusion of Ba over the Mo(110) and Li on
W(110) surfaces [14]. This mechanism is also taken into account for discussion of
the field emission flicker noise cross-correlation results of a K submonolayer on the
W(112) plane [15, 16], and W(110) [17].

5. Conclusion

It is interesting to note the following facts for a large initial potassium dose
which gives the average coverage Ok = 1.5 on the Ni field emitter: :

- (1) K atoms migrate with the highest rate on the closest-packed regions of
-the Ni surface without a sharp diffusion boundary in the submonolayer coverage
range with the activation energy @ < 0.16 eV. The diffusion proceeds at liquid
nitrogen temperature.

(2) On the rough regions of the Ni sample K atoms migrate at temperature
T > 98 K with a sharp anisotropic boundary. The activation energy increases in the
sequence @y < Q2 < @3 for the zones (111)-(001), (011)-(001) and (111)-(011),
respectively.

(3) The activation energy of the equilibration of this deposit Q¢or = (0.23 £
0.01) eV is considerably lower than the value of @ = (0.44 £ 0.05) eV obtained for
the diffusion of a small potassium dose (O = 0.02) [1].
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