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Near-Surface X-Ray Critical Scattering from a NH4Br (110) Surface

B. Burandt and W. Press
Institut fur Ezperimentalphysik, Universitat Kiel, 2800 Kiel, Germany

S. Haussuhl
Institut filr Kristallographie, Universitat Koln, 5000 Ko ln, 'Germany

(Received 16 March 1993)

We present the first observations of near-surface critical phenomena of a phase transition in a
molecular solid showing both an order-disorder and a strong displacive component. The surface x-
ray scattering experiments were performed on an NH4Br single crystal (T, = 235 K). For the order
parameter they show a crossover from a power law with the bulk critical exponent P = 0.3 + 0.05 to
a surface behavior with exponent Pz ——0.8 + O.l. From the diffuse intensity we have determined the
critical exponents g1 = 1.3 + 0.15, v = 0.5 + 0.15 and the correlation length (+ = 4 + 0.5 A.

PACS numbers: 61.50.Ks, 61.10.Lx, 64, 70.Kb

In the past few years there has been great interest in
the critical behavior of phase transitions in the near-
surface region. The broken translational symmetry at
the surface leads to a modified criticality [1, 2]. There
are three possible types of phase transitions induced by
the surface: (i) the "ordinary" transition with the same
transition temperatures in the bulk and at the surface,
(ii) the "extraordinary" case where the ordering of the
surface occurs at a higher temperature ("surface tran-
sition") than in the bulk, and (iii) the "special" tran-
sition representing a multicritical point separating the
types mentioned above. For each of these transitions
new surface-related critical exponents occur. However,
the length scale of the critical Buctuations remains to be
the bulk correlation length (. In the case of the ordinary
transition there is only one additional exponent, while
the other surface exponents can be expressed as cornbi-
nations of the new one and the bulk values via scaling
relations. In theoretical studies many detailed predic-
tions have been made also introducing new methods for
precision determinations of critical parameters [1,3]. For
experimental investigations of critical phenomena at sur-
faces Dietrich and Wagner proposed x-ray and neutron
difFraction [4]. A detailed review of both theoretical and
experimental aspects concerning the surface scattering is
given by Dosch [5].

So far the experiments were concentrated on magnetic
systems and order-disorder transitions in alloys. The first
observations of the temperature behavior of the surface
order parameter have been made on the magnetization of
Ni surfaces by Celotta et aL [6] and Alvarado et al. [7].
Especially the latter yielded the predicted power law with
the critical exponent Pq = 0.825 6 0.04. Surface x-ray
scattering investigations on the order-disorder transitions
in Cu3Au and, more related to second order phase tran-
sitions, Fe3Al were carried out by Dosch and co-workers
[8, 9] and verified the theoretical predictions even better.
In particular, all surface exponents could be determined
independently and the scaling relations could be tested

[9]. Furthermore, Toennies and Vollmer [10] performed a
helium atom scattering study on a KMnF3 surface. For
this structural (distortive) phase transition their exper-
iment yielded Pq ——0.63 + 0.03. This exponent is too
small for an ordinary transition in the Heisenberg model
but in reasonable agreement with the (also too small)
experimental bulk value.

In this work we report the first study of near-surface
critical phenomena of a phase transition in a molecular
solid. NH4Br shows at T, = 235 K a nearly continuous
order-disorder transition with a strong displacive com-
ponent. In many respects this is an ideal example for
studying the surface-induced critical exponents as pre-
dicted for continuous phase transitions.

When cooling bulk NH4Br from the orientationally
disordered room temperature phase (cubic, space group
Pm3m), the orientation of the ammonium tetrahedra be-
comes antiferro-ordered in the ab plane and ferro-ordered
along the c axis (tetragonal, space group P4/nmn). In
addition to this order-disorder aspect there is a small
displacement of the bromine ions [11,12] which is part of
the ordering mode and hence the order parameter. An
appropriate description of the critical Buctuations of this
pseudospin system is given by the 3D Ising model. How-
ever, this transition has a small first order component. In
bulk experiments the temperature dependence of the or-
der parameter was observed with an exponent of P = 0.25
[13]. This is less than the Ising value P = 0.32 and prob-
ably due to the first order component. In our difFraction
experiments we observe the displacive transition via the
coupling of the x rays to the bromine displacements, but
not to the orientational order.

For x rays the index of refraction is slightly less than
unity and so the phenomenon of total external reBec-
tion occurs. Below the critical angle n, the electromag-
netic wave is exponentially damped in the z direction
and propagates along the surface. For a larger angle of
incidence o., the x rays penetrate deeper into the crystal.
The scattering depth A is given by
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A = ilm(Q, )i

Here Q, denotes the momentum transfer parallel to
the surface normal inside the crystal. Within the dis-
torted wave Born approximation [5], the scattering law

S(Q„Qii) is modified by the Fresnel transmission func-
tions T, and Tf of the incident and outgoing fields, re-
spectively, and therefore the scattered intensity is given
by

(2)

In Fig. 1 the scattering depth A is displayed as a func-
tion of the incident angle o., and exit angle Q.f. The inset
shows the scattering geometry of a grazing incidence ex-
periment.

The investigated sample was a flat plate with [110]ori-
entation and dimensions of about 10 x 10 x 3 mm3. The
surface quality presents a rather serious problem. Bulk
diffraction experiments showed a rocking curve with a
broad intensity distribution with a width of about 0.1—
0.5', indicating the existence of several slightly misori-
ented crystallites. The as-grown crystal surface was too
rough to observe any x-ray total external reflection. Af-

ter the treatment described below, the sample showed a
maximum reflectivity of only about 0.1%, which is very
small compared to surfaces of high quality (&&10%). The
surface preparation started with a polishing procedure
with A120s powder down to 0.05 pm, which led to an
optically flat surface. Afterwards, the sample was sput-
tered with argon ions and annealed in difFerent steps.
The so-prepared sample was transferred under UHV con-
ditions into a baby chamber with a cylindrical beryllium
window, ion pump, and a liquid nitrogen cryostat. This
UHV cell was taken to Hamburg and mounted on the
diffractometer without breaking the vacuum.

The surface sensitive experiments were carried out us-

ing synchrotron radiation from the storage ring DORIS
III on the wiggler beamline Wl (station RQWI) at HASY-
LAB, Hamburg. In particular, the temperature depen-
dence of the (2 & 1) superlattice reflection and the critical
difFuse scattering in the vicinity of this reciprocal point
were observed. By choosing difFerent incident angles and
detecting the nf-resolved signal with a position sensitive
detector the scattering depth was varied. The horizontal
resolution in Q space was determined by the size of the
slits (1 mm) and is about 3 x 10 4 A. i at the lattice
point (2 2 1) for a wavelength of 1.67 A. The temperature
stability was computer controlled within +0.08 K.

The surface Bragg reflections showed a relatively broad
Q.f proMe compared to the expected line shape for a flat
surface. This can be explained by the mosaic spread of
the sample. By translating the sample along the surface
the width of this curve varied significantly. To achieve
best results, the part of the surface with the sharpest
profile was chosen. But, unfortunately, diferent crystal-
lites have diferent surface normals, which leads to some
uncertainty in a., and nf. This limits the extent to which
a depth profiling from the nf-resolved measurements can
be done. In the following, the analyzed data refer to exit
angle integrated intensities while the scattering depth is
only controlled by the angle of incidence.

In Fig. 2 some radial scans around the (2 21) super-
lattice reflection are shown for temperatures below, at,
and above T, with a scattering depth of about 100 A.
The analysis of the data has been done after separat-
ing the Bragg intensity (long-range order) from the dif-
fuse critical scattering (short-range order). Well below
T, (the data are not shown here) only a narrow Gaussian
shaped intensity distribution in Q space occurs along the
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FIG. 1. Scattering depth A for NH4Br (A=1.67 A). The
inset shows the grazing incidence scattering geometry.
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FIG. 2. Radial scans along
qadi

= Qii —G~ &i for a scat-

tering depth of about 100 A at T = T, —1.5 K, T = T„and
T = T, +5.3 K. The solid lines represent the fitted line shapes
using the models given in the text.
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in-plane momentum t~ansfe~ qll
= ~II —Gi i i. The su-

. 22
perlattice reflections have a resolution limited full width
at half maximum of about 5x10 s A. . Their inten-
sity decrease reflects the decay of the long-range order.
Close to T, diffuse scattering from the critical fluctua-
tions becomes visible below the Bragg peaks. These two
components can be seen clearly in Fig. 2 for T = T, —1.5
K. At T„ the line shape is determined by a characteristic
power law (see below); above T, only the critical (diffuse)
scattering remains.

To determine the temperature behavior of the order
parameter below T, we have analyzed the sharp long-
range order component. The diffuse scattering was fitted
by a Lorentzian line shape and subtracted. The inte-
grated Bragg intensity follows a simple power law:

I ~ )I —&/&. (" (3)
with exponents 2Pi at the surface and 2P in the bulk. A
log-log plot for a scattering depth of 100 A (Fig. 3) shows
a crossover from bulk behavior to the predicted surface
behavior at a temperature of about 1.8 +0.5 K below T, .
At low temperatures we find an exponent P = 0.3 6 0.05
(3D Ising, P = 0.32). Near T„ the exponent changes
to Pi ——0.8 6 0.1. This must be compared with the
theoretical value of Pi = 0.80 in the ordinary case [14).
Below this crossover temperature the correlation length
is small compared to the scattering depth A = 100 A.. At
T = T, —1.8 K the increasing correlation length reaches
a value of about 25 A (see below). This is in the range of
the scattering depth and therefore the surface scattering
starts to dominate [14].

Almost exactly at the critical temperature the line
shape should follow another power law,

I oc a —
biqii/

"i~ (4)

The best fit, as shown in Fig. 2, was achieved with an
exponent pic

= 1.3 + 0.15. In this fit a small contribution
(about 10%) of Bragg scattering has been included. This
may be due to a small spread of critical temperatures
possibly from tetragonal strain at the surface. The de-
rived exponent should be compared with the theoretical
value of ilii = 1.48 [14].

Above T, there remains diffuse scattering due to the
critical fluctuations. Though theory predicts a more
complicated qii profile for the diffuse scattering in near-
surface regions [15, 16], a Lorentzian line shape gave a
reasonable fit to the data. This seems to be a good ap-
proximation when bulk behavior dominates that is not
too close to T, . From the temperature dependence of
the peak width we deduced the decay of the correlation
length using the power law

(5)

with a critical amplitude (o+ = 4 + 0.5 A and an exponent
v = 0.5 + 0.15 (3D Ising, v = 0.63 [14]). The asymptotic
surface behavior should be visible when the correlation
length is in the range of the scattering depth. Assuming
(&+ = 2(o the correlation length amounts to about 25
A. at the crossover temperature below T, . This value
is less than the scattering depth, but possibly due to
experimental uncertainties.

The temperature dependence of the diffuse scattering
at (0.49,0.49,1) is shown in Fig. 4 for two different in-
cident angles, 0.5o., and 2.4o, The former corresponds
to a maximal scattering depth of about 100 A (see Fig.
1) and is dominated by surface scattering; the latter
shows bulk dominated behavior with a scattering depth
of about 3000 A.. Within error both curves peak at the
same critical temperature. This indicates the presence
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FIG. 3. Integrated Bragg intensity at (- ~1) for a scatter-

ing depth of about 100 A. The solid lines show the power laws
for bulk and surface behavior with exponents 2P = 0.6 and
2@i ——1.6, respectively.

FIG. 4. Diffuse intensity at (0.49,0.49,1) for n, = 0.5n,
(A = 100 A) and n, = 2.4n, (A = 3000 A). Both curves peak
at the same critical temperature T, = 235 K. (The solid lines
are only a guide to the eye. )
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TABLE I. Critical point exponents in near-surface re-
gions, The experimental values for NH4Br are compared with
results from renormalization group theories [14].

We are also indebted to F. Wagner for a critical reading
of the manuscript and S. Dietrich for his support in the-
oretical details.

Critical
exponent

Theory
(3D Ising, ordinary transition)

0.80
1.48
0.63

Experiment
0.80+0.1
1.3 +0.15
0.5 +0.15

of an ordinary transition at the surface. The intensity
follows a cusplike behavior as predicted by theory [15]
which is quite different from the (resolution limited) di-
vergence in the bulk. (The solid lines are only a guide to
the eye. )

In conclusion, we have observed the near-surface crit-
ical behavior of a phase transition in a molecular crys-
tal showing both an order-disorder aspect and a strong
displacive component. Both the unchanged transition
temperature T;"' = T, "' and the magnitude of the ex-
perimentally determined critical exponents are consistent
with the predictions of an ordinary transition within the
universality class of 3D Ising models (see Table I). Ap-
parently, it is difficult to obtain a high surface quality
of NH4Br crystals. This limits both the counting statis-
tics and the possibility of the depth profiling. While not
providing a serious test of scaling relations, our data nev-
ertheless are the first results for the near-surface transi-
tion of a molecular crystal. Further experiments near the
tricritical point of ND4Cl are planned.
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