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X-ray study of Kr and Xe adsorbed on the basal plane of nickel chloride 
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DepartmentojChemistry, Okayama UniversityojScience, 1-1 Ridai-cho, Okayama 700, Japan 

(Received 20 July 1987; accepted 23 September 1987) 

X-ray scattering has been used to investigate the structures and phase transitions ofXe and Kr 
films adsorbed on the basal plane of NiCI2 • The x-ray scattering measurements were carried 
out both as a function of temperature at fixed coverage and as a function of coverage at fixed 
temperature in the monolayer and bilayer coverage regimes. The results indicate that both the 
m~nolayers of Xe an.d Kr adsorbed on the basal plane of NiCl2 form a 2D solid of the simple 
tnangular structure lDcommensurate with the substrate and 2D melting is first order in the 
incommensurate solid ofXe but continuous in that ofKr. With the addition of the second
layer atoms the interparticle distance of the adsorbed atoms reduces and the crystallinity of the 
incommensurate solid improves. 

I. INTRODUCTION 

Monolayers of gases adsorbed on the basal plane of 
graphite have been studied extensively by thermodynamic 
and structural techniques, because they show the structures 
and phase transitions characteristic of two-dimensional 
(2D) phases. Lamellar halides have a structure and proper
ties very similar to those of graphite, namely a high anisotro
py and a low chemical reactivity of their basal plane. From 
the point of view of physical adsorption of rare gases, the 
main difference from graphite consists in the relative dimen
sions of the adsorbed atom and of the superficial species of 
the substrate. In order to characterize the mismatch between 
the wavelength of the substrate corrugation and the neigh
bor separation favored by the adsorbed atoms, Larher and 
collaborators l

-
3 define the dimensional incompatibility i as 

i = (a - d)ld, where a is the lattice constant of the basal 
plane of the substrate and d is the nearest-neighbor separa
tion in the ( III ) plane of the bulk fcc crystal of the adsorbed 
species. Thus a negative i corresponds to large adsorbed 
atoms and a positive i to small atoms. In the experimental 
systems of Ar, Kr, and Xe films on lamellar halides com
posed of various chemical constituents i ranged from - 0.2 
to + 0.2. From systematic thermodynamic studies of rare 
gas monolayers, Larher and collaborators have shown that 
the 2D condensation is followed by a second first-order tran
sition within the dense layer only at the low dimensional 
incompatibilities below about - 0.17 and conjectured that 
2D melting of incommensurate monolayers is first order for 
i< - 0.17 but continuous for - 0.17 < i< - 0.07. How
ever, no structural information is currently available within 
the range of incompatibilities below about - 0.07, except 
for preliminary neutron diffraction studies4, of CD4 -NiCI2 

and Ar-NiCI2 systems. For i> - 0.07, adsorbed gases seem 
to form a commensurate solid phase.3 Asadas and Niskanen6 

have discussed the nature of the transitions observed in the 
adsorption isotherms of rare-gas monolayers physisorbed on 
the lamellar halides. 

In this paper we describe a set of x-ray scattering mea
surements on Kr and Xe on NiCl2 in the monolayer and 

0) Address for correspondence: Department of Chemistry, Okayama Uni
versity of Science, 1-1 Ridai-cho, Okayama 700, Japan. 

bilayer coverage regimes. The Xe-NiCI2 system corre
sponds to the lowest dimensional incompatibility ( - 0.21) 
within the class studied so far and reveals a first-order transi
tion within a dense monolayer, while the Kr-NiCI2 system 
(i = - 0.14) does not show any feature at all which could 
indicate the existence of such a phase transition. In mono
layer Xe on NiCI2 , Robert and Larherl had a first observa
tion of such a transition for rare-gases on a surface other than 
the basal plane of graphite and conjectured that it is a solid
solid transition rather than a solid-liquid one. In a subse
quent paper, however, Tessier and Larher2 reached the idea 
that it is a first-order melting of an incommensurate solid 
monolayer. As we shall show, our data seem to support 
many of the conclusions reached in the pioneering work of 
Larher and collaborators. 

II. EXPERIMENTAL 

Powdered nickel chloride was prepared by sublimation 
of NiCl2 'xH2 0 (99.999% purity, Rare Metallic Co., Ltd.) 
in a rapid current of nitrogen gas. It has a specific surface 
area of -20 m2/g. About 0.2 g of NiCl2 thus prepared was 
packed in a sample holder of Cu and covered with a 0.1 mm 
thick sheet of Be and then evacuated at 250·C under a vacu
um of 1 X 10-5 Torr for 5 h. After that, the sample holder 
was attached to the cold head of a closed cycle refrigerator 
and sealed in a sample cell with an In 0 ring in a flow of 
nitrogen. The sample cell with a cylindrical Be window was 
used. The x-ray experiments have been carried out with 
CuKa radiation (A. = 1.54 A) in the reflection geometry. 
The resolution was 0.016 A -I full width at half-maximum. 
The x-ray scattering measurements were carried out both as 
a function of temperature at fixed coverage and as a function 
of coverage at fixed temperature. The experimental appara
tus is described in detail elsewhere. 7 

The temperature of the sample was measured with Si 
diode thermometer. Although the relative accuracy of the 
thermometry was rather satisfactory, A.T = 0.05 K, it was 
discovered during the measurements that systematic tem
perature errors were present. The transition pressures of 
gas-liquid in the vapor pressure isotherms of Xe on NiClz 
measured in the present experiment differ from those deter
mined by Tessier,4 the difference of which indicates that the 
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true sample temperature should be estimated by adding 
-1.5 K to the measured one. Throughout this paper, the 
measured temperature is used. 

III. DATA REDUCTION 

As is usual in diffraction studies of overlayers, the signal 
from the film was taken as the difference between counts 
with and without the adsorbate in the cell. In order to do this 
properly, it was necessary to correct the data for gas attenu
ation and the gradual lowering of incident x-ray intensity. 
This was done by scaling the observed scattering to the inten
sity of the (101) NiCl2 peak, the latter being assumed to be 
essentially unaffected by diffraction from the adsorbed film. 

The diffraction pattern of the 20 lattice was calculated 
according to the powder-averaged Lorentzian line shape for 
a completely random powder.8 Although this is not physical 
for incommensurate monolayer solids such as Kr and Xe on 
NiCI2, Heiney et aC have demonstrated that the power-law 
line shape expected for a floating solid is well represented by 
a sharp powder-averaged Lorentzian convoluted with the 
instrumental resolution function and that the latter form is 
computationally more simple. Lorentzian line shape was 
convoluted numerically with the resolution function and 
corrected for a polarization factor and the absorption effect 
of the Be cover. The least-squares fitting was done by using 
the program system SALS developed by Nakagawa and 
Oyanagi.1O The fitting parameters were the scattering ampli
tude A, the peak position QQ, and the inverse correlation 
length (peak width) K. In most of the least-squares fitting 
procedure, we included an additional minor parameter of a 
uniform background to allow for possibility of incomplete 
subtraction of background. This generally makes the residu
al sum of squares smaller but has little effect on the final 
result except for the inverse correlation length. The inverse 
correlation length tends to become smaller by the inclusion 
of a uniform background. 
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FIG. 1. Adsorption isotherms ofXe and Kr on NiCI2 • 

IV. RESULTS AND DISCUSSION 

A.Constant-temperature run 

First, the adsorption ofXe and Kr on NiCl2 was studied 
as a function of vapor pressure at constant temperatures. 
Figure I shows the adsorption isotherms which were mea
sured coincidentally with the scattering experiments. The 
Xe isotherm reveals a small step due to a first-order transi
tion within a dense monolayer, while the Kr isotherm does 
not show any feature at all which could indicate the exis
tence of such a phase transition. This confirmed the results 
of Larher and collaborators. I

-
3 From systematic thermody

namic studies,2,3 they conjectured that both the monolayers 
ofXe and Kr form incommensurate solids and the 20 melt
ing is first order for the Xe monolayer and continuous for the 
Kr monolayer. Both the isotherms exhibit two layering tran
sitions before the bulk vapor pressure is achieved. 

At each vapor-pressure point, a x-ray scan was per
formed from 1.35 to 1.90 A -I for Xe and from 1.49 to 1.97 
A -I for Kr. The diffraction profiles from these two runs are 
shown in Figs. 2 and 3 for Xe and Kr, respectively. The 
abscissa of these figures represents the magnitude of the scat
tering vector, Q = 417' sin () /...t. The solid lines in these figures 
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FIG. 2. X-ray scattering profiles ofXe on NiCl2 as a function of pressure at 
T = 106.2 K. The dashed line in the 1.323 Torr scan represents the contri
bution from the 2D phase to the overall profile. 
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FIG. 3. X-ray scattering profiles ofKr on NiClz as a function of pressure at 
T = 78.1 K. The dashed line in the 1. 769 Torr scan represents the contribu
tion from the 20 phase to the overall profile. 

are fits to a Lorentzian line shape or a composite line shape of 
a 2D phase and a bulk solid; the latter will be described later. 
When the vapor pressure of Xe is increased, the diffraction 
peak abruptly becomes sharper coincidentally with the ap
pearance of the small step in the isotherm. At P = 0.435 
Torr, the peak is quite broad characteristic of a 2D liquid. At 
P = 0.46 Torr, a relatively sharp peak centered at 1.59 A -I 
appears; this seems to overlap onto the former broad peak. 
As the pressure is increased to P = 1.30 Torr, both the peak 
intensity and position increases gradually. The diffraction 
profile of a sawtooth shape observed is typical of a 2D solid. 
With further increase in pressure up to the occurrence of the 
second layering transition, the peak centered at 1.60 A -I 
shifts to 1.63 A -I, while the peak intensity of the 2D phase 
remains constant to within the errors. Such a behavior in 
intensity is compatible with the model that the second-layer 
atoms locate above the centers of the triangles of the first
layer atoms. II Around the second layering transition, a 
broad peak of symmetrical shape appears around Q = 1.74 
A -I, as shown in the 1.323 Torr scan. As the pressureofXe 
increases, this peak grows in intensity while the 2D scatter
ing remains constant. From the shape and position, the extra 
peak can be indexed as ( III ) reflection of solid bulk Xe. The 
contribution to the scattering from bulk Xe has been calcu
lated in terms of the defect-broadening model developed by 
Ergun. 12 This model gives the lattice constant A and the 
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FIG. 4. Fitted parameters for the di1fraction groups of Xe on NiClz as a 

function of pressure at T = 106.2 K. Upper panel is the inverse correlation 
length and lower panel the peak position. 

mean defect-free distance L. The best-fitted values of A 
(6.255 ± 0.011 A) were reasonably consistent with the pub
lished valuel3 of solid bulk Xe at the same temperature. It is 
surprising that the bulk first appears at a vapor pressure well 
below the saturated vapor pressure of bulk xenon. 

Similar results were obtained for the Kr isotherms, ex
cept for the liquid-solid transition region. In the transition 
region the diffraction peak seems to continuously become 
sharper with increasing pressure, although the signal-to
noise ratio is poor. 

From the peak position and its variation as a function of 
coverage, it is almost certain that the monolayers of Xe and 
Kr adsorbed on the basal plane of NiCl2 form a 2D solid of 
the simple triangular structure incommensurate with the 
substrate, although we have not observed higher order 
Bragg peaks to confirm it. All the 2D peak profiles were 
fitted to the powder-averaged Lorentzian scattering func
tion as described above. Fitted values of K and Qo from Lor
entzian fits to the scans are shown in Figs. 4 and 5 for Xe and 
Kr, respectively. The inverse correlation length ofXe drops 
rather discontinuously from K = 0.055 A -I at P = 0.43 Torr 
to K = 0.011 A -I at P = 0.46 Torr, while that of Kr de
creases continuously from K = 0.07 A -I at P = 0.21 Torr to 
K = 0.01 A-I atP= 0.75 Torr. A first-order transition will 
manifest itself as a discontinuous change in the scattering 
profiles as a function of pressure; that is, a discontinuous 
jump in the fitted correlation length as a function of pressure 
is the signature of a first-order transition, while a continuous 
evolution of the correlation length indicates a continuous 
transition. However, even a first-order transition may show 
some rounding due to macroscopic disorder, resulting in ap-
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function of pressure at T = 78.1 K. Upper panel is the inverse correlation 
length and lower panel the peak position. 

parent two-phase coexistence. We infer that 2D melting is 
first order in the incommensurate solid of Xe on NiCl2 but 
continuous in that ofK.r on NiCI2 • In a first-order solidifica
tion transition region diffraction peaks must be described as 
the sums of a sharp "solid" peak and a broad "fluid" peak. 
However, we cannot show fits to a two-Lorentzian compos
ite line in the transition region as a definitive model, because 
the quality of our x-ray data is not good enough to extract a 
true line shape. 

When the second layer of Xe or K.r is formed, the peak 
position and the correlation length (inverse of K) abruptly 
increases. This indicates that with the addition of the 
second-layer atoms the interparticle distance of the adsorbed 
atoms reduces and the crystallinity of the incommensurate 
solid improves. Such a discontinuity has not been observed 
for the Xe film on graphite. 14 Under the assumption of the 
simple triangular structure, we can calculate the nearest
neighbor distance in the 2D solid. It discontinuously 
changes from 4.51 to 4.45 A for Xe, and from 4.15 to 4.lO A 
for Kr, respectively, before and after the formation of the 
second layer. At the bilayer formation, the nearest-neighbor 
distances are still distinctly larger than those of the corre
sponding bulk solids under their vapor pressures,13 that is, 
4.42 A at lO6 K for Xe and 4.06 A at 78 K for Kr, respective
ly. 

B. Constant-coverage run 

The Xe( 10) Bragg diffraction profile was measured as a 
function of temperature going through the melting transi
tion for four different coverages of 0.60, 0.74, 0.89, and 0.92 
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FIG. 6. X-ray scattering profiles of Xe on NiClz as a function of tempera
ture at a coverage of 0.74. 

monolayers. Figure 6 shows some of the diffraction peaks for 
the coverage ofO. 74, which is less than the triple point value 
conjectured from the vapor-pressure isotherms measured by 
Robert and Larher. I At 97.0 K, one obtains pure liquid scat
tering. The more diffuse gas phase gives rise to a broad and 
weak background which is unobservable in these experi
ments. As the temperature is lowered through 96 K, there is 
a rather abrupt change in the line shape from liquid to solid 
form. This abrupt transition is also observed at the coverage 
of 0.60. Further decrease in temperature resulted in a gra
dual shift of the peak position to higher scattering vector and 
a gradual sharpening ofthe line shape. At 21.4 K, the peak 
position reached to 1.64 A-I and the inverse correlation 
length decreased to 0.001 A-I. At the coverages of 0.89 and 
0.92, which are larger than the triple point value, the freez
ing transition becomes broader and shifts to higher tempera
ture with increasing coverage. Figures 7 and 8 show the in
verse correlation length and the peak position obtained from 
Lorentzian fits to these scans, respectively. From the pub
lished isotherms, l we can construct the phase diagram of 
submonolayer xenon on NiCI2 , which is very similar to that 
on graphite. The reported value of the 2D triple point is 
98 + 0.5 K and the corresponding coverage is -0.82 in our 
esti~ation of monolayer capacity. Below T = 98 K and cov
erage = 1 the only possible phases are a dilute gas or a mono
layer solid containing a small number of vacancies. A broad 
first-order coexistence region separates these two phases. 
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Above T = 98 K the system makes first-order transitions 
between a dilute gas, a dense liquid, and a monolayer solid. If 
we measure the diffraction peaks of this 20 system as a func
tion of temperature at all coverages less than 0.82, we can 
observe a sudden change of diffraction line shape due to the 
20 triple point melting. For the higher coverages, we predict 
a broad melting transition by crossing the solid-liquid coex
istence region. The results of Fig. 7 completely coincide with 

105 110 

FIG. 7. Inverse correlation length as a func
tion of temperature for submonolayer Xe on 
Ni02 at various coverages. Smooth curves 
are guides for the eye. 

these pedictions. At the coverages of 0.60 and 0.74, the in
verse correlation length abruptly evolve from K = 0.006 A-I 
at 96.2 K to K = 0.04 A-I at 96.8 K. When the coverage is 
increased to 0.89, the phase transition becomes gradual and 
shifted to around 97.5 K. Further increase in coverage up to 
0.92 resulted in a large increase of the transition temperature 
and a broadening of the transition as clearly shown in Fig. 7. 
These results, therefore, unambiguously confirm the exis-
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FIG. S. Peak position as a function of tem
perature for submonolayer Xe on Ni02 at 
various coverages. Smooth curves are 
guides for the eye. 
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tence of a triple point at 96.5 ± 0.3 K. After the correction of 
the estimated error of the temperature, it agrees very closely 
with that (98 ± 0.5 K) obtained by the measurement of the 
adsorption isotherms. I It is evident from Fig. 8 that above 
the melting point the nearest-neighbor distance becomes in
versely proportional to coverage indicating formation of a 
compresssible fluid. 

As Fig. 9 shows, the inverse correlation length of the 2D 
phase ofKr starts to continuously increase around 65 K with 
increasing temperature. This indicates that the Kr film un-

dergoes a continuous melting in contrast with the Xe film. 
The melting temperature around 65 K is comparable to that 
of the incommensurate Kr solid overlayer on MgO. 1S

•
16 It 

has been reported that a first-order melting transition of the 
Kr film on MgO is severely broadened by surface heteroge
neities and the correlation length changes rather continu
ously through the melting point than discontinuously as ex
pected in a first-order melting. However, it is clear that the 
rounding of the transition observed for the Kr film on NiCl2 

does not arise from the substrate heterogeneities, because the 
Xe film on NiCl2 reveals a rather sharp transition due to a 
first-order melting transition. 
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