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A phase transition at the surface of KMnF;(001) is observed by helium-atom-scattering diffraction
and surface-phonon-dispersion-curve measurements at 7; =191 K. This transition temperature is only
slightly above the corresponding bulk phase transition at 7?=187.5 K. As in the bulk, the phase transi-
tion is found to be weakly first order and is driven by the softening of the Rayleigh mode at the M point.
Critical scattering is observed up to 320 K. At temperatures higher than =420 K an irreversible change
in the diffraction intensity is observed, indicating a transition to a partially disordered surface.

I. INTRODUCTION

Many perovskites exhibit bulk structural phase transi-
tions driven by the softening of a phonon mode. During
the past 20 years neutron scattering and x-ray scattering
as well as other methods such as ESR, NMR, Moéssbauer,
and light scattering reported in the reviews of Cowley!
and Miiller? have been extensively employed to study the
phenomena accompanying these phase transitions. On
cooling below room temperature KMnF; undergoes two
structural phase transitions, both accompanied by the
softening of a particular phonon mode. In the early neu-
tron experiments of Shirane et al.® the first transition
was observed to occur at T2~ 186 K due to the softening
of the I'ys mode at the R point, which is the zone bound-
ary in the (111) direction. The second transition was
found at =90 K due to the softening of the M; mode,
which is at the zone boundary in the (110) direction.?
Slightly differing values of the transition temperatures
have since been reported in the literature. A more recent
paper of Nicholls and Cowley* reports T°=187.5 K. In
early studies the second transition was reported to be at
91.5 K, whereas in a more recent paper Hidaka et al.%
found it at 88 K.

The bulk phase transition at 7~ 186 K is weakly first
order, as indicated by a sudden jump in the diffraction in-
tensity at the position of the superstructure peak of the
low temperature phase.® After this initial jump, howev-
er, the intensity increases strongly over a wide range of
decreasing temperatures. Above the phase transition a
strong softening of the I';5 mode is observed and the low
temperature phase has the displacement pattern of this
mode.” Thus, aside from the small initial jump in the
diffraction peak intensity the overall behavior is more
typical of a second-order phase transition. At the 90-K
phase transition a softening of a phonon mode also
occurs, but the diffracted intensity of the corresponding
superstructure peak jumps immediately to its final value
indicating a strong first-order phase transition. >

Starting at about 50 K above the 186-K phase transi-
tion an elastic component is observed in neutron scatter-
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ing experiments. This peak critically diverges in intensity
as the temperature approaches T? from above.” It was
found that the width of this “‘central peak” is extremely
small. For SrTiO;, which is very similar to KMnF;, the
neutron backscattering experiments by Topler et al.®
gave an upper limit of 0.08 ueV, whereas in a Mossbauer
y-ray experiment the upper limit is reported to be 0.015
ueV.?  Similar investigations on KMnF; are more
difficult because of the first-order character of the phase
transition and the strongly overdamped soft phonon close
to the phase transition temperature whereas in SrTiO;
the phase transition is pure second order. Presently,
there exist mainly three different theories to explain this
“central peak.” The first group of theories attempts to
explain the central peak through an anharmonic phonon
perturbation theory!® but fails to explain the extraordi-
narily small energy width of the central peak. In the oth-
er theories the existence of two different time scales is as-
sumed, a short-time scale of small vibrations around the
equilibrium positions of the ions corresponding to the
overdamped soft phonon, which occurs near the phase
transition, and a long-time scale associated with the dy-
namics of precursor clusters having locally the symmetry
of the low temperature phase. In the second set of
theories the central peak is attributed to the cluster dy-
namics of a perfect crystal, T whereas in the third set of
theories the presence of symmetry-breaking defects stabi-
lizes the clusters resulting in a narrowing of the central
peak.!? Only the latter theory can explain the extremely
small energy width of the central component in SrTiO,
and KMnF;. In addition, the cluster formation induces a
second length scale into the system in addition to the soft
phonon correlation length. In x-ray experiments this
second length scale is observable as a sharp peak at the
superstructure peak position a few degrees above T su-
perimposed on the broader soft phonon induced peak.*!?
A recent paper of Gibaud et al.!'* demonstrates that the
central component observed in the neutron spectra and
the sharp peaks observed in the x-ray experiments have
the same origin despite the different temperature range at
which they are observed.
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Compared to the bulk only little is known about the
surface structure and dynamics of perovskite crystals.
Figure 1 shows the structure of the unit cell of the
KMnF; crystal. Also shown are the two possible surfaces
which are produced when the crystal is cleaved in the
(001) plane. One surface designated I or KF surface con-
tains only K and F ions while the other surface II (MnF,
surface) contains the Mn ions as well as F ions. The sur-
face Brillouin zone and the irreducible part of it are
shown in Fig. 1(c).

Recently the relaxation of the interlayer distance of
SrTiO,(001) has been measured by low electron energy
diffraction (LEED).!> The results agree well with the
shell model calculations of Prade et al.'® The latter au-
thors have also investigated theoretically the surface re-
laxation and dynamics of several perovskite surfaces in-
cluding KMnF;(001) for which a surface soft phonon
mode was predicted at the M point.!” It was suggested
that the phase transition associated with the softening of
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FIG. 1. (a) KMnF; unit cell and (001) plane of cleavage (b)
structure of the two different possible cleavage surfaces. The
Rayleigh mode is twofold degenerate at M. The arrows indicate
the sagittal plane part of the displacement pattern of the Ray-
leigh mode at M for a wave vector along the {110) direction,
which is indicated by the dashed diagonal line in (a). The shear
horizontal part of the displacements is obtained by rotating the
unit cell by an angle of 90° around an axis perpendicular to the
surface. (c) The surface Brillouin zone. The high symmetry
points and the directions are indicated in the irreducible part of
the Brillouin zone.
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this mode is at somewhat higher temperatures than the
bulk transition.'® The influence of the surface termina-
tion and the possibility of a different transition tempera-
ture at the surface were previously discussed by Dar-
lington and O’Connor’ who have measured a marked
dependence of the central peak intensity upon the x-ray
energy for SrTiO;. This was interpreted by assuming the
existence of a thin surface layer which reconstructs at
higher temperatures than the rest of the bulk and grows
in thickness as the bulk transition temperature is ap-
proached. We will show in this paper that the
KMnF;(001) surface reconstructs at only slightly higher
temperatures than the bulk.

In the present experiments we have applied the method
of helium scattering (HAS) to a study of the structure
and dynamics of the KMnF;(001) surface over a wide
range of temperatures from 125 K to =500 K. Com-
pared to the more widespread methods of electron
scattering HAS has the advantage that it is entirely non-
destructive, an important consideration in view of the
sensitivity of ionic crystals to electron stimulated desorp-
tion of ions from the surface. Moreover as demonstrated
in the past HAS can be used for diffraction studies as well
as high resolution measurements of surface phonon
dispersion relations on all surfaces whereas the electron
inelastic scattering (EELS) is difficult to apply to insula-
tors and many semiconductors. !>?° Finally HAS has the
advantage over other surface techniques in that it is
uniquely sensitive to surface defects. 2!

This paper is organized as follows. After a short
description of the experimental setup we report the re-
sults on the determination of the surface phase transition
temperature. In Sec. III we present the results of the in-
tensity behavior of the superstructure peaks below the
surface phase transition temperature and the critical
scattering above that temperature. The surface dynamics
of KMnF; above and below the phase transition as well
as the temperature dependence of the soft mode is dis-
cussed in Sec. IV. Finally evidence for the instability of
the KMnF;(001) surface at temperatures above ~420 K
is presented in Sec. V. A summary and conclusions fol-
low in Sec. VL.

II. EXPERIMENTAL

The helium atom scattering apparatus is similar to that
described in Ref. 22. A highly monoenergetic beam is
produced by a supersonic expansion of helium gas from a
pressure of 40 to 450 bar, depending on the nozzle tem-
perature, through a 10-um nozzle into the vacuum result-
ing in a relative FWHM velocity spread of the beam of
~0.5%. With a closed cycle refrigerator and a computer
controlled resistive heater the temperature of the nozzle
can be varied from =35 K to =350 K corresponding to
kinetic energies of the helium atoms from =~8 meV to
~80 meV. After scattering from the crystal surface the
helium atoms are detected at the end of a 142.8-cm-long
flight tube by a sensitive homemade magnetic mass spec-
trometer. The angle between the incident beam and the
scattered beam is fixed at 90° and the incident and final
angles of the helium beam with respect to the surface
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normal can be changed by rotating the crystal. The in-
cident beam is collimated to 0.28° and the scattered beam
is collimated to 0.17° with respect to the crystal.

The base pressure in the target chamber was about
5X 107! mbar. With the helium beam on the helium
partial pressure increases to 3X 10~ ® mbar. Temperature
measurements of the crystal were performed with a thin
0.1-mm diam. NiCr-Ni thermocouple. The thermocou-
ple was attached to the crystal by inserting into a drilled
hole which was plugged up tightly with KMnF; powder
(see Fig. 2). A temperature stability of better than 50 mK
was achieved by a computer controlled feedback system.
The thermocouple was calibrated against liquid nitrogen
and room temperature.

For time-of-flight (TOF) measurements a chopper can
be moved into the incident beam between nozzle and
crystal. Most of the measurements were performed at a
beam energy of E;=19.1 meV (incident wave vector
k;=6.05 A™') and some at E;=33.9 meV (k;=8.05
A7), The effective energy and wave-vector resolution
depend on the incident angle and the energy loss.?* The
energy resolution is somewhat better than in the earlier
work?? mainly due to the use of a shorter ionization re-
gion in the mass spectrometer. At an average value of
E;=19.1 meV and incident angles near the specular
direction the resolution was determined to be 8AE=0.5
meV and 8AK=0.07 A~! (FWHM) for the longest axis
of the resolution ellipsoid. Because of the large anisotro-
py of the resolution ellipsoid, however, points in the
(AE,AK) plane with 8AE ~0.2 meV and 8AK ~0.01 A™!
can be resolved under favorable kinematic conditions.?*

KMnF; was chosen for this initial study since it is one
of the few perovskites which do not contain oxygen.
Oxygen-containing perovskites like SrTiO; have the ten-
dency to lose some of their oxygen on heating®® and
moreover the SrTiO;(001) surface seems to be chemical
reactive.?® The KMnF; crystals were obtained from
Cavendish Laboratories, Oxford, U.K.?”

(a) Sample mounting
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The crystals were cleaved under ultrahigh vacuum con-
ditions in situ after bakeout of the chamber with the aid
of an externally controlled forceps arrangement and for
reasons discussed later, were never heated above 340 K
after cleavage. Under these conditions the crystal surface
was found to be entirely inert against contamination from
the residual gas in the chamber. Previous experiments
with crystals cleaved in air gave no satisfactory results
since the crystal surface appeared to roughen or decom-
pose during the subsequent bakeout of the chamber. Al-
together we have used three crystals cut from the same
boule.

Although our apparatus was equipped with a LEED
and an Auger system neither of these standard surface
techniques were employed to characterize the crystal sur-
face. Because KMnF; is a good insulator a small amount
of charge carriers must be generated to avoid charging of
the surface. In previous work on SrTiOj; this was done by
a partial reduction of the crystal in a hydrogen atmo-
sphere at elevated temperatures to form color centers? or
by bombardment with electrons of several 100 V. The ir-
radiation of the surface with an electron beam of the
Auger or LEED system however introduces additional
defects on the surface. As has been shown extensively in
previous work the HAS specular intensity is very sensi-
tive to the defect concentrations on the surface’® and
such defects would significantly attenuate the beam. For
this reason only the entirely nondestructive helium beam
was used to characterize the surface. The great sensitivi-
ty of HAS can be explained by the fact that a single sur-
face defect has a large cross section which is much larger
than the area of a substrate surface cell. The observation
of no significant decrease of the specular and the Bragg
peak intensities over periods of several weeks of measur-
ing time indicates that the surface is very inert toward
the residual gas.

HAS angular distributions provide a more direct
method to detect small concentrations of inherent surface
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FIG. 2. (a) Schematic view of the ample holder. The copper cylinder can be cooled from behind. The dashed part of the crystal
was removed when cleaving the crystal. The shape of the crystal prior to cleavage is drawn in (b).
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defects which were always found to be present even on
the surfaces of crystals cleaved in vacuum.?? Figure 3
shows a series of angular distributions across the specular
peak and the first-order diffraction peak taken on succes-
sive days after cleaving the crystal. All measurements
were done at a crystal surface temperature 7°=320 K
and incident wave vector k;=6.05 A™! in the (110) az-
imuth direction. For the first 2 days the crystal was held
at 320 K. Immediately after cleaving the crystal the
specular peak and, less clearly, the diffraction peak
showed broad satellite peaks. These satellites shifted
with time toward the specular and the diffraction peak,
respectively. After 2 days at 320 K these satellites had
almost disappeared and the specular intensity increased.
This process can be accelerated by heating the crystal up
to 340 K for several hours. A possible explanation for
the occurrence of these satellite peaks is the existence of
small islands of the two different surface types—KF and
MnF,—produced by the cleaving procedure (see Fig. 1).
These islands may either grow with time or the smaller
islands evaporate resulting in a smaller number of larger
islands. The decrease of the broad intensity maximum
seen at 6, ~52° is discussed in Sec. III. A sensitive way to
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FIG. 3. He atom angular distributions of the total intensity
along the (110) direction at different times after cleavage: (a)
immediately after cleavage, (b) after 1 day, (c) after 2 days, (d)
after 4 days, (e) after 20 days. All angular scans were measured
Qt_%ZO K and with an incident beam wave vector of k; =6.05
A . While the intensity of the specular and the Bragg peaks at
0,=59.4° increases, the intensity around the superstructure
peak position at 6;=52.2° of the low temperature phase de-
creases.
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detect the height and density of surface steps is provided
by the measurements of the specular intensity as a func-
tion of the beam energy. Constructive and destructive in-
terference of waves scattered from terraces separated by
steps of different heights can interfere and lead to an os-
cillatory behavior.*® Thus the amplitude of the specular
intensity oscillations is a measure of the step concentra-
tion and the spacing a measure of the step height. The
specular intensity versus the incident wave vector of the
He beam plotted in Fig. 4 reveals large oscillations due to
interferences between islands of different height. Al-
though the lattice spacing of the two levels is the same
the analysis of these oscillations gives, in fact, two
different step heights of 2.36 and 1.83 A which add up to
the lattice constant =4.19 A (Ref. 31) of the cubic unit
cell, i.e., the distance between two KF or MnF, faces.
Thus, because of the symmetry of the unit cell (see Fig. 1)
a single step corresponds to a distance between atomic
planes of La=2.095 A. The observed difference in step
heights cannot be explained by the small difference in the
relaxation of the positions of the nuclei of about 1% of
the lattice constant or less.!” To understand the
difference we note that the He atoms are scattered from
the small charge distributions of the surface atoms of the
order of 10™* electrons/a.u.> which prevail at distances
of 3—4 A from the nuclei of the outermost layer.3? Thus
the observed step height difference of 0.26 A must most

Intensity (108counts/s ps)

Incident Wave vector (A1)

(b)

(I1) MnF, 0@ O @ O 1.8151«
(I} KF o o O o O
Iy MMRO202 02020202020

FIG. 4. (a) He atom specular intensity versus incident wave
vector at 310 K. The large oscillations are due to interference
between adjacent terraces. The smooth solid curve represents
the results of aosi_nllulation with two different steps of heights of
1.83 and 2.36 A  with equal concentration. For comparison
the dashed curve shows a simulatig)rl 1based on a single step
height equal to the unit cell of 4.19 A . (b) illustrates the pro-
posed origin of the two different step heights.
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likely be attributed to differences in the spill out of the
charge distributions for the two surfaces which lead to
different effective average turning points of the He atoms
with respect to the position of the nuclei. The observed
difference in the step heights between KF on top of MnF,
(1.83 A) and vice versa (2.36 A) is most likely due to the
different number of F~ ions, which dominates the in-
teraction with the He atoms*® in the KF and MnF, lay-
ers. The good. fit of spacing of the undulation in the spec-
ular intensity shown by the smooth solid curve in Fig. 4
also rules out the existence of double steps and we esti-
mate that they contribute less than 10% of the single
steps. A greater amount would lead to additional closer
lying maxima in the intensity versus incident wave-vector
curve. Moreover the data are only consistent with the as-
sumption that both types of surfaces contribute with ap-
proximately equal weight to the scattering. Since the
measurements were done immediately after cleavage and
positional adjustment of the crystal there is no reason to
assume an inequality in the areas of the two surface
types. Repeating the measurement after several days
gave basically the same result. This changes only when
heating the crystal above room temperature as is dis-
cussed in Sec. V.

In principle it is possible to deduce the terrace width
distribution and the step concentration from the shape
and amplitude of the broad satellite peaks close to the
specular peak and the Bragg peaks in the angular distri-
butions and the variation of the specular intensity with
the incident wave vector in a similar way as in the spot
profile analysis of LEED measurements.>* We did not at-
tempt such an analysis because of the relatively fast
change of these structures with time. Moreover the ini-
tial concentrations were different for the different crystal
surfaces used in this investigation. In the present case
the analysis of the data is greatly complicated by the oc-
currence of the two different step heights on the surface.
From the wave-vector position of the satellite peaks in
Fig. 3 an initial average width of the terraces of the order
of =100 A can be roughly estimated.

III. CRITICAL SCATTERING AND
TEMPERATURE DEPENDENCE OF THE
SUPERSTRUCTURE PEAKS

A. Determination of the surface transition temperature

Figure 5 shows a series of angular distributions direc-
tion of the total scattered intensity in the {110) direction
at different temperatures. Some weak extra structures
are visible between the Bragg peaks even at 240 K. Most
of these are inelastic maxima due to “kinematic focusing”
which results from special kinematic conditions.>> With
decreasing temperatures additional Bragg peaks grow at
the half-order positions below 180 K, increasing in inten-
sity on further cooling. The inelastic background and
especially the structures due to the kinematic focusing
effects makes it difficult to determine the exact surface
phase transition temperature from the total scattering in-
tensity. Therefore, the inelastic part of the total scattered
intensity was separated off by the time-of-flight tech-
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nique. Figure 6 shows the intensity in the range of +£10
ps around the flight time corresponding to the elastic
scattered peak which has been plotted versus the incident
angle around the (110) superstructure peak. This time
interval is equivalent to an energy range of +0.25 meV
which is about equal to the half width of the instrumental
energy resolution. Figure 6 shows that a broad peak in-
creases gradually with decreasing temperature. At the
highest temperature of 7=310 K this broad very weak
maximum is still observable at a parallel momentum
transfer of AK=1.06 A~!. With decreasing temperature
the width of this peak decreases slightly. This is hard to
see in Fig. 6 because of the very low intensities. At 190 K
and below an additional sharp Bragg peak grows on top
of the broad one. The width of this additional super-
structure peak is determined by the angular resolution of
the apparatus and the intensity of this peak increases
very rapidly on further cooling. The intensity of the su-
perstructure peak increases nearly continuously from the
phase transition at 19141 K (see below) as the tempera-
ture is reduced further.

To determine the order of the phase transition, the
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FIG. 5. Series of total intensity angular distributions along
the (110) direction converted to a wave vector (AK) scale at
various crystal temperatures. Below 180 K the half-order su-
perstructure peaks are clearly visible. The weak additional
structure between the diffraction peaks indicated by arrows in
the 7°=280 K angular distribution, is due to “kinematic focus-
ing” effects. For _alll angular distributions the incident wave vec-
tor is k;=6.05 A . Note the logarithmic intensity scale.
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FIG. 6. Series of elastic angular distributions in the vicinity
of the (310) diffraction peak position at different crystal tem-
perature. k; =6.05 A7 The energy width of the elastic win-
dow is £0.25 meV. The dashed line indicates the constant back-
ground at 310 K.

elastic intensity of the (110) Bragg peak was also mea-
sured as a function of temperature. The result is shown
in Fig. 7 together with the intensity of the peak at the
(£10) position. At the phase transition temperature a
finite jump is clearly seen in the intensity of the (110)
Bragg peak indicating a first-order transition. For the
($30) superstructure peak we cannot rule out a possible
small discontinuous jump at T which is not resolved.
On further cooling this peak appears to grow nearly
linear in intensity. Therefore we conclude that the sur-
face phase transition is of weak first order as in the bulk.3
The extrapolated linear rise of the (+10) peak back to
zero intensity indicates the surface phase transition tem-
perature to be T:=191x1 K. This transition tempera-
ture remains unchanged within the experimental accura-
cy even after several cooling and heating cycles through
the phase transition. This value lies 3.5+1 K above the
highest published value for the bulk phase transition of
T?=187.5+£0.08 K.* Since the difference is greater than
the reported variations of the bulk transition temperature
and greater than the estimated errors in our temperature
measurements, we feel that this difference is significant.
However, it is known from bulk measurements, that cer-
tain types of defects can significantly change the transi-
tion temperature.3® Since as discussed in connection with
Figs. 3 and 4 the defect concentration of the cleaved
KMnF;(001) surface is rather high, we can therefore not
entirely rule out that the increased transition temperature
at the surface is due to a larger concentration of defects
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FIG. 7. Elastic intensity of the (110) Bragg peak and the
(%-;—0) superstructure peak as a function of the crystal tempera-
ture. k;=6.05 A~ '. The (1+10) data are also plotted in a
magnified scale.

at the surface. For this reason a direct comparison of the
TS and T? values on the same crystal would be highly
desirable but was not possible in the present experiments.

B. Theoretical aspects of phase transitions at surfaces

The critical behavior of the order parameter 7, the sus-
ceptibility y, and other properties in the bulk can be de-
scribed by power laws with certain critical exponents
which depend only on the symmetry of the system. Thus,
the relevant quantities of all second-order phase transi-
tions in the same universality class can be described by
power laws

B
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T—T,
—= , o)
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with universal exponent 8 and y. The surface breaks the
translational symmetry of the crystal perpendicular to
the surface plane. As a consequence the local quantities
such as the displacement from lattice sites may differ at
the surface from the values deep in the bulk. Surface
probes such as LEED and HAS measure the order pa-
rameter and the susceptibility at the surface denoted as
7, and X, in Ref. 37 describing the critical behavior at
the surface. The critical behavior of 7, and Y, ; differ
from that of the surface order parameter 7, and surface
susceptibility Y;, which describe the integral difference
between the local quantities and the quantities deep in
the bulk.

At the surface the interaction between the atoms is
changed because of missing neighbors compared to the
bulk. Therefore the free energy per unit cell is reduced at
the surface. However, relaxation of the atomic layers can
more than compensate for the reduction and lead to an
increase in the free energy. In mean-field theory this
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change can be accounted for by the so-called extrapola-
tion length A.37 Depending on whether A is positive,
infinite, or negative, different critical behavior are expect-
ed to occur at the surface. In the case of an ordinary
phase transition A >0 and the magnitude of the order pa-
rameter is reduced with respect to its value in the bulk.
In the case of the special phase transition A= o0 and the
order parameter is unchanged at the surface, whereas in
the extraordinary phase transition A <O the order param-
eter is enlarged in a thin layer at the surface and decays
to a constant nonzero value in the bulk. In this latter sit-
uation already at a temperature 7T; above the bulk transi-
tion temperature T a transition occur in a thin layer of
the surface preceding the extraordinary transition. This
transition is called a surface phase transition. In the tem-
perature interval between T° and T? the order parameter
is only nonzero at the surface and decays exponentially
with an exponent proportional to A into the bulk where
the transition has not yet occurred.

These phase transitions have different critical ex-
ponents. Mean-field theory yields the following ex-
ponents for the local order parameter 7, and for the local
susceptibility x,,;: B,=1, y;;=—4 for the ordinary
transition; B,=1, y,,=1 for the special transition;
B1=1, y,,1=0 for the extraordinary transition and 8, =1,
¥1,1=5 for the surface transition.3” The values for the
bulk transition in the mean-field approximation are
By=L1andy,=1.7

In bulk KMnF; the order parameter is three dimen-
sional and the Heisenberg model is approximately applic-
able.’® The theoretical exponents for this model are
B, =0.365 and y, =1.386,* i.e., the B, is smaller and v,
is greater than the mean-field value. The exact critical
exponents 3; and v ; for the Heisenberg model with sur-
face anisotropy are not known. However, Monte Carlo
calculations reveals values about 3;,=0.8=0.1 for the or-
dinary transition.*! Renormalization-group results are
more accurate and give [;=0.85+0.03 and
¥1,1=—0.28+0.03.** In comparison the values for the
3D Ising model are §;=0.79+£0.1 and y, ;= —0.33%0.1.
For the Heisenberg model there exists no long-range or-
der above T? and therefore no surface transition. How-
ever, an anisotropy term in the Hamiltonian may restore
surface order above T?.%

C. Superstructure peak intensities below
the phase transition temperature T

In scattering experiments with point scatters like x-
rays and neutrons the interaction potential can be simply
described as a sum of a pairwise interaction potentials be-
tween the projectile and a sample atom and the scattered
intensities can be calculated within the Born approxima-
tion. Therefore, the critical exponent 8 can be derived
directly from the temperature dependence of the mea-
sured intensity of the superstructure peaks induced by
the transition. In the case of HAS neither the assump-
tion of an interaction potential as a sum of atomic pair
potentials nor the Born approximation holds in general
because the He atoms are scattered from the extended
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charge distribution of the surface atoms. However, it has
been shown experimentally that the pair potential ansatz
is nevertheless a remarkably good approximation for ion-
ic crystal surfaces.*® For helium scattering the Born ap-
proximation must be replaced by the distorted wave Born
approximation (DWBA) where the z component of the
scattered plane wave is replaced by the true wave func-
tion of the lateral averaged interaction potential.*> It can
be shown, that in the DWBA the scattered intensity at
the superstructure peak is still proportional to the square
of the order parameter as will be demonstrated in the Ap-
pendix. The above considerations indicate that in general
the cross section does not separate into a temperature in-
dependent scattering matrix element and a Debye-Waller
factor containing all the temperature dependence except
that of the order parameter. For every special case one
has to check experimentally the validity of the extrapola-
tion of the temperature dependence from high tempera-
tures to the region around the transition temperature.
Because of such inherent approximations the results on
critical exponents obtained with HAS do not necessarily
have the same accuracy, as for example, those obtained
from neutron or x-ray scattering experiments. Figure 8
shows that the intensities of the main Bragg peaks have
no strong temperature dependence aside from the small
dip close to the transition between 130 and 210 K. This
fortuitous result enables us to ignore completely the
influence of the Debye-Waller factor near the transition
temperature.

Below the phase transition temperature the intensity of
the superstructure peaks increases by about 1.5 orders of
magnitude as the temperature drops from the transition
down to ~140 K which can be seen in Fig. 7. For pur-
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FIG. 8. Semilogarithmic plot of the total intensities of the
specular (circles) and two main Bragg peaks [(1 10) squares and
(110) triangles] as a function of crystal temperature. The verti-
cal dot-dashed line indicates the experimental determined tem-
perature of the phase transition.
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FIG. 9. Normalized intensities of the superstructure peaks vs crystal temperature. The solid lines are 923}0 a power law. Curves
a and b were obtained from fits of peaks in the angular distributions of the total intensity with k;=8.05 A~ for the (110) (squares)
and (_{ ;0) (circles) superstructure peaks. Curve c (triangles) and d (crosses) were obtained from elastic angular distributions with
k;=6.05 A" at the (%%0) superstructure peak where the inelastic part of the intensity was separated off by the time-of-flight tech-
nique with an energy window of +0.25 meV. The curves and data points are normalized to 1 at 0 K. The region around 7, is plotted
in the inset in a magnified scale. As discussed in the text the critical exponent 3, is the same for all four curves.

poses of determining the critical exponent 3, in Fig. 9 the
normalized intensities of the {}10} superstructure peaks
are plotted versus the temperature. In each of the four
sets of data points the intensities of the superstructure
peaks has been integrated over the peak width and divid-
ed by the factor I, of the fit, so that the intensity extrapo-
lated to 0 K is 1. This was done to compare data ob-
tained by the different methods explained below. The
data corresponding to curves a [for the ({10) peak] and b
[for the (}- ;O) peak] are obtained from angular distribu-
tions of the total intensity. Close to the transition it is
hard to get reliable values for the superstructure peaks
due to the relatively large background. In order to cir-
cumvent this problem, the time-of-flight technique was
used to separate off the inelastic part. These data for the
elastic peaks are labeled as curves ¢ and d [both for the
(£10) peak]. Whereas prior to the measurements of
curves a, b, and ¢ the crystal was never heated higher
than 320 K after cleaving, the data of curve d were ob-
tained after annealing the crystal at 340 K for several
hours which smoothens the crystal surface as reported
above. In all cases the contributions from the inelastic
and diffuse background have been interpolated and sub-
tracted off. The solid lines are least-square fits of the data
points to a power law:

T—1 %

, (2)
TC

I=I,

with the fit parameters I, T,, and 3;. We note that the
absolute intensities of the experimental data points corre-
sponding to curve d are increased approximately by a fac-
tor of 2 with respect to curve ¢ but that 8, remains un-
changed. Obviously the different defect concentration
has no influence to the critical behavior. The derived re-
sults for B, for all four curves are presented in Table I. In
the evaluation of the intensities we have neglected com-
pletely the influence of the Debye-Waller factor. For
curves a and b an additional value of 3, is listed. This
value was obtained by accounting approximately for the
Debye-Waller factor by dividing the superstructure peak
intensity by the specular intensity. Within the experi-
mental errors there are no significant differences in the

TABLE 1. Summary of the measured values of the extrapo-
lated temperature 7T, and the critical exponent ;.

Curve Bragg peak T B

a (310 193.6+1.5  0.65+0.08
with Debye-Waller correction 194.3+1.5 0.6240.08
b (X Io 193.3£1.8  0.68+0.10
with Debye-Waller correction 193.2+1.5 0.6410.08
c (330 193.14£0.3  0.64+0.03
d (330 192.5+0.3  0.62%0.02

Averages: 192.84+0.3 0.631+0.03
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value of B; and T, with respect to the uncorrected values
of curves @ and b. The fitted transition temperature T} is
about 2 K higher than the true measured surface transi-
tion temperature. This difference is due to the weak
first-order character of the transition.

Our average value for the surface 8,=0.63+0.03 is
lower than the mean-field value expected for an extraor-
dinary phase transition (8;=1) but more than two times
larger than the experimental bulk value of
B, =0.26+0.02 (Ref. 4) and B, =0.2857+0.0006.* The
theoretical bulk value is 8,=0.365 in the Heisenberg
model.** Because T is very close to T it is conceivable
that there are contributions from the two phase transi-
tions, the surface and the extraordinary transition. If this
is the case then the observed value is an average value of
the two 3,’s of both transitions.

We note that for the Heisenberg model there exists no
surface transition. However, the large experimental
value of B, is also consistent with an ordinary phase tran-
sition. The theoretical predicted value for this case,
B;=0.8510.03,*? is higher than the experimental value
but this discrepancy is also present in the bulk and is ex-
plained by fact that the bulk transition is of slightly first
order and occurs in the vicinity of a tricritical point at
which the critical exponents are changed.* This is also
true for the surface. Scaling the theoretical value for f3,
with the quotient of the theoretical and experimental
value for B, gives an estimated value of B;=~0.67, which
is in reasonable agreement with our experimental result.
All this is valid only for the case of an ordinary phase
transition. But if the difference of about 3.5 K in the
transition temperature 7T, with respect to the bulk transi-
tion temperature T is real an extraordinary phase transi-
tion occurs preceded by a surface transition at a higher
temperature. There exists no theoretical predictions ex-
cept those of the mean-field theory for the critical ex-
ponents for this case and because of the small difference
between T? and T it might be difficult to get meaningful
quantitative results on 3.

D. Critical scattering above T

Above T; the elastic intensity at the superstructure
peak position does not vanish entirely and the remaining
small broad signal has a strong temperature dependence
as can be seen in Figs. 6 and 7. A part of this intensity is
due to the diffuse scattering from defects such as impuri-
ties, vacancies, and steps. The temperature dependence
of this contribution is however not expected to have a
singularity at 7. and can be well described by an ex-
ponential Debye-Waller factor. Since it has no strong an-
gular dependence it only contributes to the uniform back-
ground indicated as dashed lines in Fig. 6. The remain-
ing structural part is attributed to the critical scattering.
As discussed in the Introduction in the bulk the central
component (“central peak”) at temperatures close to 70
has a very small width both in energy and wave vector
which is even smaller than the resolution of ordinary neu-
tron experiments of typically 0.1 meV and 0.015 A~ 1.1
Since our resolution both in energy and wave vector is
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less this central component could not be separated off
from the ordinary soft phonon induced critical scattering.
Thus, the intensity of the observed broad peak is prob-
ably a mixture of the central peak and the overdamped
soft surface phonon, as will be discussed in Sec. IV.

Due to the kinematic conditions in our experiment no
soft phonon induced broadening of the diffuse elastic
peak could be observed at the superstructure peak posi-
tion. Figure 10 shows TOF spectra of the elastic peak at
the M point at increasing temperatures from 7°=310 K
for the lowest curve to 7°=188 K for the topmost curve.
No broadening of this peak due to contributions of the
soft mode are observable along this scan curve. As has
been shown by Gesi et al.** the width of the diffuse
scattering around a half-order peak is very anisotropic
and is much larger in the MX direction. The half width
of the out-of-plane wave-vector resolution is with
8AK ,;=0.06 A~ ! not larger than | the in-plane resolution.
Therefore the broad tail in the MX directions is not in-
cluded in the TOF spectra.

In Fig. 11 the intensity and the wave vector half width
of this peak are plotted in a double logarithmic scale
versus the reduced temperature (T —T;)/T.. The uni-
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FIG. 10. A series of TOF spectra around the (110)
(6;=37.95°) superstructure pealg at various crystal tempera-
tures measured with k;=6.05 A . While the intensity in-
creases with decreasing surface temperatures no broadening of
the peak is observable. The scan curve and the half width of the
resolution function for these TOF spectra are depicted in the in-
set together with a schematic plot of the soft phonon dispersion
curve. The elliptic curve represents the half width of the resolu-
tion function.
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AL ToT T ed that analogous to the bulk behavior a softening of a

, [ o0 . particular phonon mode should also be observable at the

= 10 E_ \D\u\c\ 7 surface. Before we discuss the temperature dependence

> F ° T of the phonon modes in the (110) direction we first re-

§ [ — \ . — port the experimental results on the high temperature
S r T phase.

= D\o 100 < Figure 12 shows a series of TOF spectra along the

= 3 N = (100) direction at 320 K. The phonon peaks can be

¢ © I identified with the aid of the scan curves shown at the top

‘:‘:-’ 102 L ] E of Fig. 12. These indicate for each incident angle 6; the

- E o og kinematically allowed points in the energy transfer-

s r o—o—5 8 o | parallel momentum transfer plane. Also shown as solid

2 [ _o—o T - lines at the top of Fig. 12 are the approximate dispersion

L curves which can be derived from the scattering angles
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FIG. 11. Elastic intensity (the two upper curves, left scale)
and full width at half maximum FWHM (the lower curve, right
scale) of the critical scattering at the (1 10) (squares) and (; }'O)
(circles) superstructure peak as a function of the reduced tem-
perature (T —T;)/T; with T;=191 K. The solid lines are
guidelines to the eye. The difference in the intensities of the
critical scattering of the two curves are due to different defect
concentrations of the sample. The measurements of the (; }-0)
peak were done at a later time.

form background indicated as a dashed line in Fig. 6 has
been subtracted off. The peaks were fitted by a Gaussian
curve. The intensity of the critical scattering for the
(110) is lower than the intensity for the (410) superstruc-
ture peak because the data for the (110) peak were taken
at a later time after cleavage of the crystal. As men-
tioned in Sec. II the intensity of the critical scattering de-
creases while the intensity of the Bragg peaks increases at
the expense of the broad satellites close to these peaks
which are due to defects. This observation and the lack
of broadening of the diffuse elastic peak in the TOF spec-
tra suggests that a major part of the critical scattering
was induced by defects which is further confirmed by the
fact that the soft phonon induced part has only a small
cross section in helium scattering as will be discussed in
Sec. IV. Because of these reasons no attempt was made
to derive values for y ;.

IV. DISPERSION CURVES AND
TEMPERATURE DEPENDENCE OF THE
RAYLEIGH PHONON

A. Phonon dispersion curves in the high temperature phase

In this section we discuss the surface phonon disper-
sion curves resulting from TOF measurements in the
(100) and (110) directions. While in the {100) direc-
tion no strong temperature dependence is expected, in the
(110) direction the surface Brillouin zone is reduced by
one half in the low temperature phase consistent with the
observed superstructure peaks. Since the phase transition
in the bulk is more of the displacive character, we expect-
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FIG. 12. A series of TOF spectra taken at Ag;=1° intervals
converted to an energy Erlansfer scale in the (100) direction at

s=320 K (k;=6.07 A ). For the assignment of the phonon
peaks the scan curves are plotted together with the dispersion
curves derived from the data. The phonon peaks of the different
branches are labeled as R for the Rayleigh mode, L for the lon-
gitudinal resonance, and O for the optical in the TOF spectra.
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meV two additional weak modes are observed. One lies
about 2 meV above and parallel to the Rayleigh mode
and is only seen at intermediate wave vectors Q. Energy
loss peaks for this mode are clearly observed in the TOF
spectra at 6; =40°, 39°, and 38° at positions corresponding
to negative AK values. In the 6,=38° TOF spectrum a
very weak peak indicated by an arrow close to the Ray-
leigh loss peak can be attributed to the +AK branch of
the same mode. At lower temperatures this peak be-
comes more apparent (see Fig. 13 below). The highest
mode is nearly flat at a frequency of about 12 meV. In
addition an elastic peak is seen at AE=0 due to scatter-
ing from defects.?! Figure 13 shows the same series of
TOF spectra as in Fig. 12 but at 140 K. No changes in
peak position were observed when the crystal was cooled
below the phase transition temperature. The strong in-
crease of the diffuse elastic peak relative to the inelastic
peaks may be explained by the fact that in the low tem-
perature phase the defect concentration is enlarged due
to the creation of domain walls at the phase transition.
The increase of the one phonon intensities at the expense
of the multiphonon background is attributed to the re-
duced Debye-Waller factor. Otherwise no significant
changes are apparent.

Before discussing the dispersion curves we note that
since the surface breaks the bulk symmetry the projected
bulk bands do not have the same high symmetry as the
corresponding bulk bands in directions parallel to the
surface. In the two high symmetry directions of the (001)
surface, the I'X ({100)) and the I'M ({110)) directions,

12 T T R [ T T
>
(7]
€
4
[ i
c
3 420
(8]
P
= L1°
>
‘0
5 40°
=
39°
L I 38°

-10 -5 0 5 10
Energy Transfer (meV)

FIG. 13. Same as in Fig. 12 but at 140 K.
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the symmetry group is C;, i.e., the mirror plane in the
sagittal plane is the only symmetry operation which
leaves the wave vector invariant. Surface and bulk modes
either transform into themselves, in which case they are
called sagittal plane modes, or change sign in which case
they are called shear-horizontal modes. It is only possi-
ble to distinguish between these two symmetries of the
bulk bands and surface modes. Nevertheless we denote
every projected bulk band by the symmetry of the bulk
mode in the corresponding direction parallel to the sur-
face keeping in mind that the symmetry does not hold
strictly for the whole projected band. However, the sur-
face mode which splits off from a particular bulk band
has a similar displacement pattern as the bulk mode in
that direction if it is not separated too much from the
corresponding bulk mode. This enables us to approxi-
mately assign a polarization to most surface modes
without any calculation.

In Fig. 14 all data points in the (100) directions are
plotted in a plot of energy versus phonon wave vector to-
gether with the theoretical predicted surface modes. !’
The dashed lines correspond to theoretical surface modes
of surface I and the solid lines to theoretical modes of
surface II. The Rayleigh mode for both surfaces are
nearly identical. The bulk modes in the {(100) direc-
tion** are indicated by hatched boundaries, which are the
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FIG. 14. Comparison of experimental and theoretical disper-
sion curves in a surface phonon energy #iw vs wave vector Q plot
in the (100) direction. The boundaries represent the edges of
the bulk bands. The notation refers to the mode symmetries in
the I'X direction in the bulk. The heavy dashed and solid lines
are the predicted dispersion curves of the surface modes (Ref.
17) for surface I and surface II, respectively. The squares corre-
spond to measurements at k;=8.05 A" and T°=165 K, the
open circles to measurements at k; =6.07 A ' and T°=140 K
and the solid circles to measurements at k;=6.07 A™" and
Z"‘_=1 320 K. For the Rayleigh mode only the data at k;=8.05
A and T°=165 K are plotted since the other measurements

were indistinguishable from these points.
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edges of the projected bulk bands except for the As(TA)
mode at wave vectors above ~0.5 A~!. Because of the
strong softening of the transverse acoustic =; (TO) mode
in the (110) direction the projected bulk modes, not
shown in Fig. 14, extend to lower energies than the
A4(TA) mode in the same region of wave vectors. This
band has shear-horizontal polarization and is not excited
in the sagittal plane scattering for surface I. For surface
II their excitation is not forbidden by symmetry but we
did not observe any intensity corresponding to these
modes. The A; mode is twofold degenerate in the ( 100)
direction and represents the band edge of the sagittal
plane polarized bulk band.

All the experimental data points in Fig. 14 lie very
close to bulk band edges so that the experimentally ob-
served surface modes are easily assigned to the corre-
sponding bulk modes. Whereas the experimentally ob-
served Rayleigh mode is slightly below the transverse
acoustic A; bulk mode the flat mode is close to the As
bulk transverse optical mode and well above the predict-
ed location of the corresponding surface mode. In the
phonon wave-vector region between 0.25 and 0.4 A~ ! a
third mode can be resolved. This mode lies slightly below
the longitudinal acoustic bulk band edge and thus is as-
signed to a longitudinal surface mode. In the theoretical
calculations of Ref. 17 no surface mode or resonance has
been identified (see Figs. 12 and 13 of Ref. 17) which can
be attributed to this observed mode. Since it is not al-
ways easy to identify surface resonances from slab calcu-
lations it is still possible that such a mode exists for the
interatomic interaction model used in the calculations.

In interpreting these experiments, it is important to
realize that the scattering signal contains nearly equal
contributions from the KF as well as from the MnF, sur-
faces (see Sec. II). Since no broadening of the Rayleigh
mode is observed within the experimental error of ~0.2
meV it appears that the Rayleigh modes of both surfaces
either have almost exactly the same dispersion curves or
the intensity of one of them is much smaller than the oth-
er. The lowering of the Rayleigh mode with respect to
the bulk band edge is about 7%. This is comparable with
the lowering of the Rayleigh mode in the alkali halides. ¢
For example, in KF at the M point theory predicts that
the Rayleigh mode is 11% below the transverse bulk
band edge. 4748

The (110) azimuthal direction is more interesting be-
cause of the phase transition and the appearance of su-
perstructure peaks. A series of TOF spectra at 280 K
and appropriate scan curves are shown in Fig. 15. The
predominant inelastic peak in all of the spectra is as-
signed to the Rayleigh mode. A second mode at slightly
higher phonon energies is well resolved at the energy loss
side of the spectra and attributed to a longitudinal mode.
In addition, between the diffuse elastic peak and the Ray-
leigh energy loss peak a broad maximum indicated by an
S is observed at 8;=35° and 34°. The data obtained in
this direction at 320 and 280 K were identical and both
are presented in Fig. 16 together with the theoretical pre-
dicted surface modes and some of the bulk bands. Up to
Q <0.8 A7 the lower-lying experimental data points fol-
low essentially the 3,(TA) bulk band edge. At larger Q
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values the intensity of this mode decreases rapidly and it
becomes undetectable. There it becomes a resonance and
because of mixing with bulk modes its amplitude at the
surface is greatly reduced.

The additional experimental points 2 meV above the
Rayleigh mode in the Q interval between 0.3 and 0.5 A !
can be assigned to a longitudinal surface mode peeled off
from the 2, longitudinal acoustic bulk band. A few very
weak points were observed in the first part of the Bril-
louin zone in the vicinity of the 2, optical bulk band
edge. The small discrepancy in the theoretical Rayleigh
mode, which lies below the experimental points in the
first part of the Brillouin zone is perhaps not so surpris-
ing, since the interaction model used in the calculations is
a central force shell model, which cannot reproduce the
large violation of the Cauchy relations in KMnF; and
therefore does not precisely fit the velocity of sound in
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FIG. 15. Series of TOF spectra converted to an energy
transfer scale in the (110) direction at 75=280 K at various in-
cident angles. The corresponding scan curves and the experi-
mental dispersion curves are plotted on the top. k;=6.03 AL
The phonon peaks are labeled as R for the Rayleigh mode, L for
the longitudinal mode, and S for the “soft mode” close to M.
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FIG. 16. Comparison of experimental and theoretical disper-
sion curves in surface phonon energy %o vs wave vector Q plot
in the (110) direction in the high temperature phase. The
meaning of the hatched, solid, and dashed curves is the same as
in Fig. 14. The dashed boundary indicates the projected band
edged of the A, bulk mode in the (111) direction. The squares
denote measurements at 7°=320 K and k; =6.05 A"~ and solid
circles, measurements at T°=280 K and k,=6.03 A~

the bulk.

The lowest energy transfer experimental data points,
indicated with an R in Fig. 15, lie just below the 2,(TA)
band edge and then become a resonance at wave vectors
larger than Q>0.8 A7 while the predicted Rayleigh
mode for surface I, indicated as a dashed curve in Fig. 16,
bends off to lower energies even below the lowest bulk
band. The weak broad points at low energy transfer in
Fig. 15 are close to this bulk band edge, but lie above the
predicted Rayleigh mode for surface I. In the following
we want to explain why the intensities of the experimen-
tal data points for the mode indicated by an S in this Q-
vector region are so weak and why the experimental ob-
served mode indicated by R in Fig. 15 seems to cross the
S mode in Fig. 15. We discuss whether the observed S
mode is a surface mode of surface I or surface II or nei-
ther of those but only the bulk band edge.

The observed surface mode indicated by an S can origi-
nate from the 2;(TA) band edge as well as from the edge
of the A, bulk mode in the {111) direction projected
onto the (001) surface plane, shown in Fig. 16 as a dashed
boundary. In the former case the surface mode has SH
polarization. For simple crystals it is impossible to excite
such an SH mode with HAS in the sagittal plane scatter-
ing geometry because the polarization vector has no com-
ponent in the direction of the surface normal and is per-
pendicular to the Q vector. For more complicated crys-
tals like KMnF; this is no longer strictly true. A group-
theoretical analysis*® shows that for the =4(TA) mode the
displacement of the atoms in the surface I (KF) are strict-
ly perpendicular to the wave vector and the surface nor-
mal but the displacements of the atoms in the surface II
may have also longitudinal components. Therefore this
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mode can only be seen from surface II. In principle pure
longitudinal modes are accessible to HAS but with much
smaller cross sections than modes with polarization per-
pendicular to the surface.’® Therefore this mode would
produce only a weak peak in the HAS TOF spectra.

However, because of the strong softening of the longi-
tudinal optical bulk A, mode the corresponding projected
bulk band edge extends to very low energies for wave vec-
tors in the second half of the Brillouin zone. In that re-
gion the band edge coincides nearly with the =, trans-
verse band edge shown in Fig. 16. The A, mode is two-
fold degenerate and the projection of this band onto the
surface plane has a SH polarized as well as a SP polarized
part. At the M point the SP polarized part of this bulk
band has only longitudinal components for surface I and
therefore has only a small HAS cross section.

For atoms of surface II the polarization vector of the
SP polarized part as well as the SH polarized part of the
projected A, bulk band have components perpendicular
to the surface which is the preferred polarization for
HAS. However, the calculations of Reiger et al.!” do not
predict a surface localized mode for this surface. A weak
localization at the surface implies a small vibration am-
plitude of the atoms of the topmost layer resulting in a
small inelastic cross section for this mode.

The above considerations show that in any of the dis-
cussed cases only a weak scattering intensity is expected
for the S mode in agreement with the experimental result.
However, we cannot decide which surface contributes
more to this branch. While the modes for surface II pos-
sess the preferred polarization the theory predicts higher
localization for the surface I. We cannot rule out that we
simply observe the bulk band edge for surface II.

The 2,(TA) mode has a vertical polarization and the
surface mode originating from this band gives rise to
strong phonon intensities in the HAS spectra. At Q ~0.6

! the projection of this band on the surface crosses the
prOJectlon of the A, mode which has an SP as well as an
SH polarized part. Therefore the corresponding SP po-
larized surface mode (Rayleigh mode) changes its charac-
ter and bends over to the soft mode originating from the
projected A, band. However no gap in the crossing re-
gion could be observed. The assignment of the experi-
mentally observed S mode to the Rayleigh mode is con-
sistent with symmetry considerations discussed above,
but contributions from the SH polarized surface mode
are also possible in which case the two surface modes can
cross each other. The two contributions cannot be
separated in our experiment due to resolution limitations.
However, the gap, i.e., the energy distance of the Ray-
leigh mode to the bulk band edge at Q ~0.6 A~ ! must be
smaller than 1 meV.

As in the (100) direction no significant broadening of
the experimental Rayleigh mode is observed indicating
either that this mode has the same energy in both sur-
faces or that the cross section is much smaller for one of
the two surfaces. No significant experimental evidence is
found for the predicted resonance at 11.5 meV near I for
surface II. We have also tried to find higher optical
modes by using higher incident beam energy up to =60
meV. However, with increasing incident energy the mul-



9846

tiphonon background increases rapidly and apparently
masks any additional single phonon peaks.

B. Phonon dispersion curves in the low
temperature phase and the temperature
dependence of the Rayleigh mode

In the (100) direction there are no significant changes
in the phonon spectra between the low temperature phase
and the high temperature phase. Figure 13 reveals no
significant differences in the TOF spectra compared to
that of the high temperature phase as discussed earlier.
In the low temperature phase the area of the Brillouin
zone is halved because of the V'2X V2 R45° superstruc-
ture. Some additional backfolded surface modes such as
the Lucas mode are predicted by the theory!® since the
MX direction is mapped onto the I'X direction. Howev-
er, in the low energy region accessible to HAS no addi-
tional phonon modes with high intensity are expected.

In the (110) direction the M point is folded back onto
the T point. Figure 17 shows a series of TOF spectra in
the low temperature phase at 7°=170 K. As in the other
direction no additional modes were observed in the ex-
periment except some weak structures at =~ + 10 meV (in-
dicated by arrows in Fig. 17) close to T as can be seen by
comparing Fig. 17 with Fig. 15. However, this mode
cannot be assigned unambiguously to a backfolded mode.
This mode could be due to the 11.5-meV mode of surface
IT already predicted for the high temperature phase near
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FIG. 17. Same as Fig. 15 but at 7°=170 K. In the low tem-
perature phase an additional very weak mode can be resolved
indicated by arrows in the TOF spectra.
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the T point. Possibly it has been observed in the low
temperature phase because of the temperature-induced
increase of the single phonon intensities. The only other
major changes are the increases in intensity relative to
the other phonon peaks of the broad part of the Rayleigh
mode (S mode).

In the simple picture of a pure soft-mode-induced
phase transition the soft mode is expected to go to zero
energy at the phase transition temperature. At lower
temperatures the energy of this mode increases again and
in addition at M which is the new I'’ point of the recon-
structed surface at low temperatures a new Rayleigh
mode originates from the superstructure peak at I''. In
the case of KMnF; the energy of the soft phonon does
not go to zero because of the weak first-order character of
the transition but qualitatively the same behavior is ex-
pected. The intensity of the new Rayleigh mode is then
expected to be superimposed on top of the “soft phonon”
mode of the high temperature phase. Although possibly
present it was not possible to resolve these two com-
ponents. Even at 125 K the width of these broad peaks
remains essentially unchanged.

However, a true softening of the Rayleigh mode in the
high temperature phase is observed as can be scen from
Fig. 18. TOF spectra are plotted with decreasing temper-
ature from the top to the bottom. Whereas at an incident
angle of 35° the mode is visible at all temperatures, at 36°,
where the scan curve is closer to the M point at zero en-
ergy loss, this mode becomes only visible in Fig. 18 at
temperatures of 170 and 220 K. At 220 K the tempera-
ture is well above the transition temperature so that no
backfolded Rayleigh mode exists. The position of the
“soft phonon” peak does not change with temperature at
35°. This is explained by the fact that this peak actually
consists of two unresolved peaks of the same branch with
positive and negative phonon wave vectors. The scan
curve cuts the branches at different energies and there-
fore masks almost all of the temperature dependence of
the low energy part.

The question whether the soft phonon originates from
the surface I or from surface II cannot be answered une-
quivocally by our measurements as discussed above. The
assumption that the observed soft mode is due to scatter-
ing from surface II would remove the discrepancy for this
mode between theory and experiment because then we
simply observe more or less the bulk band edge of the =,
mode rather than the true Rayleigh mode which exists
only at surface I in this region. But the authors of Ref.
17 expected a much higher transition temperature of
T:=214 K than actually observed. A correction for the
observed transition temperature would shift the Rayleigh
mode more toward the bulk band edge close to M and
bring the results closer into agreement even if the experi-
mental soft mode is mainly due to surface I.5!

Figure 19 shows the experimental dispersion curves
below the phase transition. Because of the higher pho-
non intensity the surface resonance which follows the
3,(TA) bulk band edge is observable up to M. As in the
high temperature phase all observed modes presumably
have sagittal plane polarization. Therefore the surface
modes cannot cross each other. However, a gap in the
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FIG. 18. Series of TOF spectra converted to an energy transfer scale at (a) 6,=35" and (b) 6, =36" with surface temperatures be-
tween T°=320 and 170 K. The 6,=36° measurements scan through the M point at a lower absolute energy transfer than the mea-
surements at 6, =35°. The measured transition temperature at the surface is 7, =191 K.

crossing region at Q =~0.6 A7 'is not resolved. The slope
of the Rayleigh mode at the M point (the new I’ point) is
much different from that at T indicating that the back-
folded Rayleigh mode is not dominant. In Fig. 19 the
slope of the Rayleigh mode is indicated by dashed lines.
We found no hints for backfolded modes in the whole AK
space.

V. THERMAL INSTABILITY OF THE
SURFACE AT HIGHER TEMPERATURES

As shown in Sec. II the crystal surface has a large
amount of structural defects immediately after cleavage,
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FIG. 19. Comparison of experimental and theoretical disper-
sion curves in a surface phonon energy #iw vs wave vector Q plot
for the (110) direction in the low temperature phase. Open
squares denote measurements at T°=125 K, solid circles at
T°=170 K. The slope of the Rayleigh mode is indicated by
dashed lines originating from T and at M, the new T’ point.
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FIG. 20. Angular distributions in the (100) direction at
T°=320 K and k;=6.03 A |, (a) the crystal was never heated
above T°=320 K after cleavage, (b) after the crystal was heated
to T°=487 K. In the magnified scale additional half-order
peaks are visible. Note that this direction is different from that
on which the 191-K phase transition induced superstructure
occurs.
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as indicated by broad satellites on the specular and the
diffraction peaks in the (110) direction. These satellites
disappear partially after several days at 320 K and after a
few hours at 340 K. In all measurements discussed above
the crystal was never heated beyond 340 K. When how-
ever the crystal was heated to higher temperatures the in-
tensity of the diffraction peak decreased drastically by
more than an order of magnitude. This is shown in Fig.
20 where the angular distributions at 320 K in the (100)
direction are plotted in (a) before heating and in (b) after
heating the crystal to 487 K which is well below the melt-
ing point at T=1286 K.’? While the defect induced
broadening of the specular peak vanished after heating,
the change in the shape of the background indicates an
increase of the diffuse elastic component of the intensity
as was confirmed by TOF measurements. In the total an-
gular distribution of the heated crystal shown in Fig.
20(b) a weak superstructure of double lattice spacing was
observed. Note that this direction is different from that
on which the 191-K phase transition occurs. An angular
distribution of only the elastic component reveals that
these additional peaks are due to elastic scattering and
therefore are related to a structural change. This super-
structure however only appears to be an intermediate
state since after a second heating to =500 K it disap-
pears again. No sharp threshold temperature could be
identified for the onset of this disordered state of the sur-
face.

In Fig. 21 the specular intensity is plotted versus the
surface temperature. The intensity decreases initially ex-
ponential up to 380 K but then the slope decreases until
at about 420 K the intensity drops very rapidly. On cool-
ing of the crystal the intensity recovers partially but the
slope is smaller than the initial slope on the heating cycle.
The lowest curve was measured after changing the nozzle
some days after the upper two measurements. Therefore

108}
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FIG. 21. Specular intensity vs crystal temperature in the
{100) direction at k;=6.03 A . The crystal was first heated to
T°=487 K at a rate of 0.01 K/sec (uppermost curve) and subse-
quently cooled at 0.008 K/sec. During a second heating of the
crystal (lowest curve) the temperature was held constant at
points A and B for approximately 2 hr. No change of the inten-
sity was observed indicating that mass transport on the crystal
surface was in equilibrium during the heating of the crystal.
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the absolute intensities are not fully comparable. The
slope of the curve is unchanged with respect to the
second curve indicating a nearly reversible change of the
intensity on the second heating. In all case the tempera-
ture was changed very slowly (about 0.01 K/sec), so that
it would appear reasonable to assume that the curves are
measured under conditions of thermodynamic equilibri-
um at each time. At the points 4 and B the temperature
was held constant about 2 h for each point. No further
decrease of the intensity was observed in either case.

The mechanism of this irreversible change of the sur-
face structure remains unclear. We cannot decide wheth-
er atoms evaporate from the surface or the surface be-
comes partially disordered due to diffusion processes at
the surface. The alkali halide (001) surfaces are not
known to exhibit a thermally induced surface disorder at
temperatures far below their melting points. At not too
high temperatures only molecules at step edges evapo-
rate, which does not lead to an increase in the surface dis-
order. For NaCl, which has a bulk melting point of 1073
K evaporation from step edges occur at temperatures
higher than 450 K.>* But even at 720 K the average step
distance is of the order of 1000 A, which is larger than
the transfer width of our HAS instrument. On the other
hand very recent measurements in our group give some
hints, that thermal-induced irreversible surface disorder
may also occur on the MgO(001) surface. For the
KMnF;(001) surface the behavior of the specular intensi-
ty versus the incident wave vector indicates that the sur-
face that had been heated above T =480 K has many ter-
races separated by large step heights as shown in Fig. 22.
The fast oscillations of about 0.2 A™! correspond to the
interference between areas with a height difference of five
lattice constants.
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FIG. 22. Specular intensity vs incident wave vector measured
at T°=320 K after the crystal had been heated to T°=487 K.
The fast oscillations of about 0.2 A™! are induced by the in-
terference between adjacent terraces with a difference in height
of about five double layers (5X4.19 A). The solid curve shown
for comparison is the result of a simulation with this step
height.
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VI. CONCLUSION

The present measurements are the first detailed
structural and dynamical investigations on a pristine un-
disturbed in-vacuum cleaved perovskite surface. Recent-
ly Bickel et al.'> reported extensive detailed LEED
structural observation on the SrTiO;(001) surface which
had been prepared by an elaborate in situ preparation
procedure. Their procedure which is similar to that used
to prepare metal surfaces consisted in alternate cycles of
sputtering and subsequent annealing in hydrogen and ox-
ygen. It is known that such a process can lead to changes
in the stoichiometry and structure at the surface and even
in the bulk.”?® For KMnF; which is generally thought
to be more stable than SrTiO; our experiments reveal
that even a rather moderate heating of the crystal can
lead to drastic changes in the surface structure. Thus we
feel that in future work on perovskites extreme care must
be used to assure an undisturbed ideal surface. Moreover
because of the extreme sensitivity of these surfaces it
would appear that helium atom scattering is the preferred
diffraction technique. As opposed to electron scattering
it is entirely nondestructive and compared to electrons
and x rays only sensitive to the outermost surface layer.

The temperature dependence of the measured
diffraction peak intensities reveals a surface phase transi-
tion at T:=191 K at which the surface reconstructs to a
¢(2X2) superstructure. The measured transition temper-
ature 77 lies above the highest reported value for the bulk
transition 72. But since we were not able to measure the
bulk and the surface transition simultaneously we cannot,
in view of the reported small differences in T? for
different samples, completely rule out that T equals T?.
The critical exponent [3;=0.631+0.03 derived from the
superstructure peak intensities are considerably higher
than the bulk value of $=0.285710.0006 but this is pre-
dicted if either T:>T? or TS=T?. Assuming an ordi-
nary phase transition, a value of 8,~=0.67 can be estimat-
ed from theoretical values for the Heisenberg model and
the experimental bulk value for 8, which is in reasonable
agreement with our experimental result on 3;. However,
if a surface transition exists it may be difficult to derive a
reliable value for ; because of the small difference in
temperature for TS and T?. A combined HAS x-ray
diffraction experiment would be desirable to clarify the
question if a surface transition exists or not.

The experimental observed surface phonon dispersion
curves agree with the predictions of Reiger et al.!?
within the experimental accuracy and the limitations of
the model used in their calculations. At room tempera-
ture the experimental energy of the Rayleigh mode at the
M point lies below the calculated value. This is con-
sistent with the smaller value of the experimental T
compared to the theoretical value. Taking into account
the true T in the calculation the energy of this mode
would shift in the right direction. Since up to now almost
no surface phonon with a pure longitudinal polarization
has been observed, it would appear most likely that the
observed intensity close to the bulk band edge of the =,
mode is due to scattering from surface II. There are
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several other minor differences between experiment and
theory. For one the energy of the optical surface mode
along the {100) direction near T lies below the calculat-
ed value by about 2 meV. Moreover the theory does not
predict the observed longitudinal resonance in the {110)
direction. A direct comparison of the measured phonon
intensities with calculations would be desirable. Such
calculations are straightforward if the polarization vec-
tors of the individual modes are known. Unfortunately
they were not reported in the publication of Reiger
et al.’

The present helium atom scattering experiments also
provide new information on the concentration and struc-
ture of defects on the surface. The cleaved surface shows
much greater concentrations of defects compared to the
alkali halide surfaces. Most of the defects disappear at
room temperature after several days. However, after
heating the crystal to temperature higher than 420 K the
difference intensities decrease almost entirely irreversibly.
The diffuse elastic intensity due to defects is increased
strongly after heating the crystal to =480 K and the one
phonon peaks disappear in the TOF spectra, indicating a
large amount of disorder of the surface. This disorder
could be identified as due to the creation of many terraces
separated by steps. The difference in height of these ter-
races is up to five double layers within the transfer width

[}
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1286 K
Cubic Phase
with “Surface disorder”
////////////////////
disorder induced superstructures /
2KV S S S S S S S S S S SSS //
Cubic Phase O} (Pm 3m)
191k |~ Cubic Phasswith T
187K _\\ reconstructed Surface
Tetragonal phase  DJ® (14 /mcm)
90K
Tetragonal phase Df‘h (P4 /mbm)

FIG. 23. Proposed phase diagram of the KMnF;(001) sur-
face. The present work covers the temperature range from
~140 K to =500 K.
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of the apparatus. The mechanism of this change of the
surface is not yet fully understood. Since the changes are
irreversible and persist after cooling at room temperature
they can be studied by microscopic real space techniques
such as atomic force microscopy (AFM) or perhaps elec-
tron microscopy gold decoration techniques. >*

The structural phases of the KMnF;(001) surface are
summarized in the proposed phase digram shown in Fig.
23. Besides the three bulk structural phases (with space
groups O}, D¢, and Dj,, respectively’) the slightly
higher measured phase transition temperature 7; =191 K
at the surface compared to the bulk transition tempera-
ture T°=187.5 K may indicate an additional surface lo-
calized phase. At temperatures higher than =420 K,
which is far below the melting point of 1286 K, the sur-
face becomes gradually disordered.
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APPENDIX

It is demonstrated in the following that in the distorted
wave Born approximation (DWBA) the intensity of the
scattered atoms at the superstructure peak is proportion-
al to the square of the order parameter 7).

do _ 27Tm2|kf|

dQ ﬁ4k iz G

3 [xtkp;2)Ug(2)x(k;52)) 8K, — K, —G)
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The interaction potential in the low temperature phase
can be written as

I/l=2 2 Euk(r_rlkj+ulkj) 4 (A1)
1 «

where v, (r) is the pair potential between the He atom
and the «th type of atoms in the crystal where
;= (Ry;,2y;) is the position of the (lkj)th atom.
1=(L,!1,) runs over all lattice sites, j over all equivalent
atoms in the high temperature phase, and « over all ine-
quivalent atoms of the unit cell. uy,; is the displacement
of the atom with respect to the thermally averaged posi-
tion ry,;. 1),; consists of two parts, one describing the
average position of the (lxj)th atom in the high tempera-
ture phase, ry,; and the other the static displacement ujt3'
from that position in the low temperature phase:

— 40 stat
r]Kj_rIKj +u1Kj . (A2)

r?,q» can be further split up into the location of the origin
of the Ith unit cell and the relative position of the («j)th
atom in that unit cell:

Hy =1ty . (A3)
uj,3 can be expressed as
ufg}t:n exp(iQ-Ry,; )(elZK”,elZKl)+c.c. , (A4)

where 7 is the order parameter, €, =(e; ,€; ) the po-
z z z
larization vector of the soft mode with wave vector Q,
which induces the phase transition, and e, ,, and e, ,, are
z z

the parallel and perpendicular components of the polar-
ization vector. c.c. denotes the conjugated complex of
the preceding term. Within the DWBA the differential
cross section can be written*?

(AS)

where k;, and k, are the z component of the incoming and outgoing wave vectors, respectively, m is the mass of the He
atom, x(k;;z) and x(ky,;z) the z-dependent parts of the wave function for the lateral and thermal averaged potential
V;. The sum runs over all surface reciprocal lattice vectors of the superstructure. The Fourier transform interaction
potential Ug is given by

Ug=3 > 3 fdkzexp(ikzz)exp[——i(G,kz)-(r?,(-l—uf,‘f}t)]exp[—W,’z‘f(G,kz)]v“sz

L «
=333 fdkzexp[ikz(z —z,(:x)]exp( —iG-R(}K)‘DJ-exp[ - W,’z‘j(G,kz )]u“GkZ , (A6)
I, k j
with
@, =exp[inG-e, ,exp( —iQ-R?K)+i1]kze,Z,dexp( —iQ-R?K)—I-c.c. 1, (A7)

where W,’;j (G, k,) is the Debye-Waller factor of the (/,«j)th atom in the unit cell and v"sz is the Fourier transform of

the pair potential v,(r). The phase factor ®; contains all the information on the order parameter 7. Since 7 is small
compared to the lattice vector, ® ; can be expanded
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CXp(—l'G'R?K)CDj:eXp(_iG'R?K)+7]{eXp[—i(G_Q)'R?K](iG'elzK"+ikzelzkl)
—exp[ —i (G+Q)' R}, GG €, g +ik,e )} +O0(n?) . (A8)

For small 7 it is expected that the Debye-Waller factor does not depend on j so that in Eq. (A6) the sum over j can be
factored out. If G also happens to be a Bragg peak G’ of the high temperature phase then 3 ; exp(—i G~R?K)=M , the
quotient of the unit cell area of the low temperature phase and the normal phase. If on the other hand G is a first-order
superstructure peak (G=G'tQ) then 3 ;exp( —iG-R?K)=O and 3 ;exp[—i (GiQ)-R?K]=M. Therefore, the

differential cross section at a superstructure peak G=G’'+Q is given by

do _ 217'm2|kf|

dQ K #k.

iz

|<X(kfz;2)(76(2)x(kfz;2)>|2 ’

with

Uglz)=M3 3 fdkzexp[ikz(z —zgk)]exp[ — W,‘Z‘(G,kz)]v"szi(G-e,zK”+kze,z,d).
I K

z

The matrix element in Eq. (A9) does not depend on the
order parameter 7). Therefore the differential cross sec-
tion is directly proportional to the square of 7. For a su-
perstructure peak with G=G’'—Q the last term in Eq.
(A 10) has to be replaced by its conjugated complex value.
In principle Eq. (A10) cannot be solved analytically since

(A9)

(A10)

[

the Debye-Waller term cannot be factored out of the ma-
trix element because of its k, dependence. But it has
been shown experimentally that in most cases the temper-
ature of the Bragg peaks far away from any phase transi-
tion can be described by the simple exponential Debye-
Waller factor.
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