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Elastic and inelastic He-atom scattering has been used to measure the surface structure and sur-
face dynamics of the layered transition-metal dichalcogenide 2H-TaSe,(001) crystal. The results
cover temperatures from 60 to 140 K. Below 73 =122 K an incommensurate charge-density wave
(CDW) is formed, which becomes commensurate below approximately 90 K. The measured intensi-
ties of the CDW diffraction peaks continuously increase with decreasing temperature below 122 K.
From the diffraction intensities, the temperature-dependent amplitude of the surface potential cor-
rugation is determined. The corrugation amplitude is used as an order parameter and from its tem-
perature dependence, on cooling, a critical exponent of 3=0.33 is extracted. Time-of-flight spectra
are used to determine the surface-phonon dispersion curves. Although the spectra are nearly the
same at 60 and 140 K, a softening in the Rayleigh mode is observed for intermediate temperatures
(around 110 K) at @ =0.53 A~ l, which is near the middle of the Brillouin zone. The difference be-
tween the bulk and the surface dynamics is interpreted through the use of the dispersive linear-
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chain model.

I. INTRODUCTION

A systematic experimental effort has been made to
study the surface structure and dynamics of layered crys-
tals by He-atom elastic and inelastic scattering (HAS). In
the first study in this series the surface-phonon dispersion
curves for the hexagonal-close-packed GaSe(001) surface
were measured and compared to predictions based on
neutron measurements of the bulk.! Although the sur-
face dynamics was expected to be very similar to that of
the bulk because of the nearly-two-dimensional nature of
this layered crystal, the experiments revealed that the
bulk and surface dynamics are considerably different. At
the surface both the acoustic- and optical-phonon disper-
sion curves reveal a softening compared to the bulk
dispersion curves. A dispersive linear-chain model was
subsequently developed to determine how much the bulk
force constants needed to be perturbed in order to repro-
duce the measured surface results."? The surface of
graphite was studied next by this group, and because of
the high phonon energy in graphite (001), only acoustic
modes were measured by HAS.? The Rayleigh mode and
the longitudinal surface mode follow essentially the cor-
responding bulk band edges. However, in a recent repeat
of the graphite measurements it was observed that the
mode labeled S, in Ref. 3 could not be reproduced.* The
new results will be presented in a future paper.’
Electron-energy-loss spectroscopy (EELS) measurements
of the optical modes seems to agree with the correspond-
ing bulk band edges.®

We now have focused our interest on the layered di-
chalcogenides such as TaSe, and Ta$S,, the former being
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the topic of this paper. In general, these materials have a
normal phase at high temperatures, but they undergo a
phase transition to a modulated incommensurate phase
by forming a charge-density wave at a certain transition
temperature T,. At an even lower temperature this in-
commensurate phase may undergo a further phase transi-
tion to a commensurate phase where the modulation
wave vector is a (small) rational fraction of the lattice vec-
tor.” For the individual kinds of the dichalcogenides
there may be additional phases in between.

The dichalcogenide crystal consists of hexagonal-
close-packed sheets of metal atoms and sheets of group-
VI atoms with the metal atoms sandwiched between two
sheets of chalcogenides to form a layer. Because the lay-
ers are only weakly bonded to each other, they form a
nearly-two-dimensional material. These layers can stack
differently depending on their preparation and this leads
to different polytypes. The simplest polytype is the 1T
modification, where all sandwiches stack identically on
each other. In the experiment reported in this work, we
use the 2H modification of TaSe,, where the unit cell con-
sists of six atoms and spans two layers (Fig. 1). There are
large differences between these modifications in electronic
and structural properties. For example, the amplitudes
of the charge-density wave in the reconstructed phase are
much larger in the 17 modification than in the 2H
modification. The group-VI atoms (S or Se) play only a
minor role.” For the surface, this has been demonstrated
by HAS (Refs. 8—11) and later by the scanning tunneling
microscope (STM) technique.'> The HAS results show
for the commensurate phase of 17-TaS,(001) that the su-
perlattice diffraction peaks originating from the CDW
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FIG. 1. Crystal structure of 2H-TaSe, (Ref. 14). (a) Atomic
arrangement of the atoms in the unit cell as seen from above, (b)
side view, and (c) high-symmetry directions forming an irreduc-
ible segment of the surface Brillouin zone.

are as intense as the main Bragg diffraction peaks.®® In
comparison, for 2H-TaSe,(001) the superlattice
diffraction peaks are about 1% of the main Bragg peaks.
Thus the phonon branches, which originate from a super-
lattice peak, are observable in the case of 17-TaS, (Ref.
13), but not for 2H-TaSe, because they are beyond the in-
tensity resolution of our instrument.

The present paper is devoted to the (001) surface of
2H-TaSe,. The phase diagram for bulk 2H-TaSe, (Fig. 2)
shows that the critical temperatures and the observable
CDW phases depend on the temperature treatment of the
crystal. The striped incommensurate phase (S) can only
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FIG. 2. Phase diagram of 2H-TaSe,(001) (Ref. 20). The ob-
servable phases and the critical temperatures of the phase tran-
sitions are dependent on the previous thermal treatment of the
crystal.
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be observed by warming up the crystal from the low-
temperature commensurate phase (C). In the C phase,
the induced reconstruction of the crystal leads to a
(3X3) superlattice, which is attributed to three CDW’s
with commensurate wave vectors rotated by 120° with
respect to each other.” The different kinds of CDW
phases and the critical temperature of the transition
(Ty=122 K) from the normal (N) to the fully incom-
mensurate (I) CDW phase have been verified by many
different experiments and probes.!*”?° The I phase is
characterized also by three CDW’s with wave vectors
which are slightly different from the commensurate ones.
Three CDW’s are also present in the S phase, but here
one wave vector is commensurate while the other two are
incommensurate. The corresponding striped patterns
were first observed by high-resolution electron micros-
copy.3®3! The N-I phase transition is driven by a soften-
ing of the longitudinal-acoustic mode around % of the
Brillouin zone in the ( 100) directions. Therefore the dis-
placement pattern in the I phase is just that of the longi-
tudinal mode at that wave vector. A figure of the dis-
placement pattern is shown in Ref. 14.

From the He-atom angular distribution along the
(100) direction, the intensities of the main Bragg peaks
and the temperature dependence of the superstructure
peaks due to the charge-density wave below 122 K have
been determined. For the N phase at T=140 K, we have
measured the surface-phonon dispersion curves in both
the (100) and (110) directions and we compare the sur-
face modes with the bulk data reported by Moncton
et al.'* Compared to GaSe, the 2H-TaSe, dispersion
curves are much closer to the band edges of the bulk, but
still show interesting anomalies originating at the surface.
In the (100) direction at 60 K in the C phase, the Ray-
leigh mode shows a small deviation with respect to the
140-K dispersion curve in a limited Q-vector range
around one-half of the Brillouin zone. Because of this, a
carefully controlled temperature-dependence study of the
Rayleigh-mode behavior was carried out in this region
over the temperature range from 50 to 300 K.

The remainder of this paper is organized as follows.
Section II describes the experimental arrangement and
the target preparation. In Sec. III, the experimental re-
sults are presented and discussed. Finally, in Sec. IV we
review the theoretical situation. The paper concludes
with a discussion of the implication of this study and sur-
veys the remaining problems.

II. EXPERIMENT

The scattering apparatus has been described previous-
ly.""* The supersonic helium beam is produced in a
high-pressure nozzle (10 um diam) which can be heated
to 380 K and cooled to 55 K by a closed-cycle refrigera-
tor. In this way, beam energies between 12 meV (k; =4.8
A7Y) and 82 meV (k;=12.6 A™!) are available. In most
of our measurements we use a helium beam with an in-
cident energy of E;=71.5 meV (k;=11.7 A™'). The cor-
responding stagnation pressures range from 60 to 400
bars, respectively, to assure a velocity spread [full width
at half maximum (FWHM)] Av /v of about 1% over the
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entire range of stagnation temperatures. The overall reg-
ular resolution of the apparatus is about 0.3°. The mass-
spectrometer detector views the surface at an angle of 90°
with respect to the incident-beam direction. To change
the incident angle, the crystal is rotated around an axis
perpendicular to the scattering plane.

Altogether, 25 different crystal samples, typically with
an area of several mm?, and up to 1 mm thick, were tried
in this work. The first samples were cleaved in air by the
standard sticky-tape technique described in an earlier pa-
per.3 However, nearly all of the work described in this
paper was based on measurements made on one crystal
which was cleaved in vacuum as described below. Of the
other samples, only two, both cleaved in air, gave reason-
ably sharp diffraction peaks so that a series of measure-
ments could be made.”> The other samples were poor
cleaves with marginal scattered intensity and did not pro-
vide useful data. There were no significant differences in
the measurements for crystals produced with the two
different preparation methods.

For cleaving in vacuum, one side of the sample was
first mounted on a stainless-steel holder by a conducting
epoxy glue.>* On the other surface, a small lever of glass
was glued. In vacuum the crystal was then cleaved by
pushing the glass lever against a fixed support inside the
chamber. Before cleavage the vacuum system was baked
at approximately 100°C for 20 h and before every series
of measurements the crystal was heated to 150°C.
Higher temperatures were avoided to prevent damage to
the crystal. The background pressure in the scattering
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FIG. 3. Angular distributions of the intensity of scattered
helium atoms in the {110) direction [panels (a) and (c)] and in
the (100) direction [panels (b) and (d)]. Panels (a) (T=140 K)
and (b) (T=135 K) are above the phase transition temperature
Ty, while panels (c) (T=100 K) and (d) (T =150 K) lie below T.
Each of the panels shows both an angular distribution with all
of the peaks and also a magnified version of the angular distri-
bution. In the magnified curves, the first-order superstructure
peaks are clearly visible along {100) [panel (d)] where they
have an amplitude at T=50 K of ~1% of the main lattice
peaks. In the (110) direction [panel (c)] no superstructure peak
is observed below T,. The incident wave vector is k; =11.5 A~
for the {110) direction and k;=11.7 A" for the (100) direc-
tion. All of the main Bragg peaks have been labeled along with
two of the superlattice peaks which will be further discussed.
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chamber was about 107! Torr. To further reduce
residual-gas contamination, the target was surrounded by
a liquid-nitrogen cold shield. The mass-spectrometer
detector chamber had a background pressure of 4 X 10~ !!
Torr, mostly due to hydrogen. The He partial pressure
was estimated to be approximately only 5X 10" Torr,
which gave a background count at mass 4 of about 30
counts/sec. At the specular peak the He signal was
about 2 X 10° counts/sec. Near the specular peak the in-
elastic time-of-flight (TOF) signal was typically 10°
counts/sec for the best target and depended somewhat on
target temperature and beam conditions. At the
Brillouin-zone edge, the inelastic count rate was much
smaller, and only about 30 counts/sec above the back-
ground.

Temperature regulation at the target was improved
with respect to previous measurements''*? by using a Ni-
Cr/Ni thermocouple in a computer-controlled feedback
system which regulated the heating of the target against
the cooling produced by liquid nitrogen or liquid helium
in the range 50-140 K. The uncertainty in temperature
was about +0.5 at 300 K and +2 K at 60 K, respectively,
whereas the temperature fluctuations, as measured by the
thermocouple, could be stabilized to +0.3 K.

At 140-K target temperature, there was no change in
the specular intensity over periods of 10—14 h. However,
when the target was at 60 K, the signal dropped by about
25% over the same period, but then returned to its origi-
nal strength after a 1-h bakeout at 150°C.

III. RESULTS AND DISCUSSION

A. Angular distributions

Figure 3 shows typical angular distributions for the
(100) direction and the {110) direction both above and
below the normal-incommensurate phase transition. A
considerable effort has been concentrated on angular dis-
tribution measurements in the ( 100) direction at surface
temperatures between 50 and 140 K. Within the experi-
mental error all the main Bragg peak intensities show the
same pure exponential decay with increasing temperature
due to the Debye-Waller attenuation.

To estimate the corrugation amplitude, we perform an
eikonal-approximation calculation using the corrugation
function as given by Cantini.!! Since no significant asym-
metry in the angular distributions is observed, the second
term in Cantini’s corrugation function containing the de-
viation from the hexagonal symmetry was neglected
keeping the following corrugation function:

§(R)=2§, |cos +cos

27 2m
a ay

+cos 2T#(y—x) (1)

with a=3.44 A, the lattice vector of 2H-TaSe,. With
this expression we obtained a fit of the data which is com-
parable to that achieved by Cantini et al. Our value of
§0=0.041+0.01 A~ is also very close to their value of
0.06 A™!. We note, however, that in both cases some of
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the large peaks are reproduced only to within a factor of
2. A better fit would probably be possible by using a real-
istic soft potential.

In the expanded curve of Fig 3(d), additional sharp
peaks between the main lattice peaks are visible corre-
sponding to the (3X3) superlattice formed by the three
charge-density waves. These peaks are only visible in the
(100) direction, whereas in the (110) direction only
weak second-order superlattice peaks are expected [Fig.
3(c)]."* The intensities of the superstructure peaks are
less than 1% of the main lattice peaks, indicating a very
small additional corrugation induced by the formation of
the charge-density waves below the transition tempera-
ture T, =122 K. Therefore, only first-order peaks are ob-
servable in these experiments; however, the second-order
peaks have been detected in neutron-scattering experi-
ments.'* These superlattice peaks have a strong tempera-
ture dependence. Figure 4 shows some angular distribu-
tions for increasing temperatures, extending from the C
phase (T=58 K and 80 K) through the S (T=98 K) and
the I phase (T=119 K) to the N phase (T'=135 K).
Through all of these phases the intensity of the superlat-
tice peaks decreases continuously with increasing temper-
ature and becomes zero in the N phase. To account for
the Debye-Waller attenuation of the superlattice peaks,
we assume that it is described by the measured attenua-

(200)  (100) (000)
11 T T
st | 3
wiem T=135K
il
sk
T=119K
N Of |
T o !
X St !
— T=98K
> L |
z oW u
= T=80K
o
10t
5- | T=58K
|
|
0 1 L 1 A

4 2 0 -2 -4
Parallel Momentum Transfer AK(A™)

FIG. 4. A series of angular distributions showing the scat-
tered intensity vs the parallel momentum transfer Ak in the
(100) direction taken for increasing crystal temperatures. The
scale is magnified, which cuts off the specular and the main
Bragg peaks. Between the main lattice peaks (m,0,0) the super-
structure peaks are shown at m i% positions; however, only two
are labeled. At T=58 K the intensity of the superstructure
peak is about 1% of the main lattice diffraction peaks.
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tion of the nearest main lattice peak. Thus the Debye-
Waller effect can be approximately eliminated by taking
the ratio of the areas under the maxima. The results for
the (—4%,0,0) and the (3,0,0) peaks are shown in Fig. 5.
The superstructure peaks first appear below the critical
temperature for the phase transition from the N to the I
CDW phase (T, =122 K).

The comparison between the integrated intensity nor-
malized to the nearest Bragg peak for increasing and de-
creasing temperatures, as shown in Fig. 5, indicates a
small amount of hysteresis in the temperature range
88=<T=113 K(0.7=T/T;,=0.9). The existence of the
S phase in this range for increasing crystal temperatures
suggests that it is responsible for this difference. In this
experiment only continuous intensity changes were ob-
served, whereas in the neutron bulk data a discontinuous
step was observed.!* However, the presence of the hys-
teresis strongly indicates a first-order phase transition for
the commensurate-incommensurate phase transition.
This is in agreement with the x-ray measurements of
Fleming et al.’> From the relative intensities of the su-
perstructure peaks we derive the excess corrugation in-
duced by the charge-density wave, {cpw. According to
the procedure derived by Cantini,'! this is given, in the
(100) direction, by

, (2)

where (m,0,0) denotes the normal lattice G vectors and
(m+1,0,0) denotes the CDW-induced satellite G vec-
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FIG. 5. Temperature dependence of the ratios of the intensi-
ties for the (—$,0,0) and (2,0,0) superlattice peaks relative to
the closest Bragg peak intensities. The squares correspond to
the normalized ratios for increasing temperature, the circles for
decreasing temperature. Small hysteresis loops are seen around
the S-I transition temperature (113 K), and in the region of the
I-C (88 K) and the C-S (92 K) transitions.
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9m+1,3,0,0 18 the corresponding momentum transfer nor-
mal to the surface. The scattering amplitude Sg; is relat-
ed to the measured probability P by

Pg=e 7%|S,|%ane, (3)

where 6; is the incident angle for the corresponding
diffraction peak (in our apparatus the sum of the incident
and the final angle is 90°). The exponential term is the
Debye-Waller factor, a slowly varying function of G
which approximately cancels out in the ratio of Eq. (2)
and can, therefore, be neglected. The experimental re-
sults for the excess corrugation, derived from two of the
most prominent satellites, ($,0,0) and (—4%,0,0), are
plotted in Fig. 6 as a function of the logarithm of
1—T/T, for both decreasing (left part) and increasing
temperature (right part). The corrugation determined by
Cantini!! at 20 K (open circle) is seen to be in good agree-
ment with the value extrapolated from our measure-
ments.

For decreasing temperatures, but above the I-C transi-
tion, the excess corrugation can be well fitted by a
straight line corresponding to a critical parameter 8=
However, the experimental error is such that a fitting
with the mean-field value =1 (Ref. 36) is also possible at
temperatures close to the onset critical temperature T,.
For increasing temperatures, the CDW amplitudes devi-
ate from those for decreasing temperature due to the ap-
pearance of the striped phase between 92 and 113 K.
Therefore, the extrapolation to =T is disturbed by the
hysteresis of the I-S phase transitions and no critical ex-
ponent may be inferred. It is interesting to note that the
value B= 5 corresponds to that predicted for the (3D)-xy

decreasing T (K)
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(3D denotes three dimensional) model and is found in
structural phase transitions of perovskites from cubic to
tetragonal or to trigonal symmetry.’” It also occurs
in CDW systems, where the CDW amplitude serves
as a two-component order parameter, e.g., in
tetrathiafulvalene-tetracyanoquinodimethane (TTF-
TCNQ) crystals.’®3 1In these crystals, a CDW develops
below 54 K through a second-order phase transition.
The CDW is tridimensional, but the low-point symmetry
of the lattice (C,, ) with a preferential direction implies a
two-component order parameter and a second-order
phase transition. The present results for 2H-TaSe, are in-
dicative of a low-symmetry incommensurate CDW,
namely they disagree with the earlier proposals of a hex-
agonal symmetry for the incommensurate phase stem-
ming from x-ray analysis.>> On the contrary, our data
agree with the more recent direct observations of the in-
commensurate phase by microscopic techniques,!%3%40:4!
In particular, Chen et al.®® have found that the incom-
mensurate phase on the cooling cycle does not show the
hexagonal symmetry, as indicated by early x-ray-
diffraction results, but instead, an orthorhombic symme-
try on a microscopic scale (point group D,,). The
CDW-induced phase transition from the N to the C phase
is structurally characterized in the bulk by a shift of the
Se atoms in the z direction as determined by different
methods to be 0.009 A (Ref. 42) and 0.017 A.!* For the
surface layer, He-atom diffraction yields a value of 0.025
A extrapolated to 0 K.!%!#3 In the case of the incom-
mensurate structures there should be a small shift in the
phase because of the incommensurability of the CDW
wave vector. This small shift is not seen in our experi-
ment because of the present resolution of about 1% at
these incident energies for our apparatus.

increasing T(K)
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FIG. 6. Double-logarithmic plot of the charge-density-wave amplitude {cpw vs 1—
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B. Time-of-flight spectra at T =140 K

About 100 He-atom TOF spectra were measured for
the normal phase of the 2H-TaSe, surface along the two
high-symmetry directions of the surface Brillouin zone.
Figure 7 shows a series of typical TOF spectra, which
have been transformed to an energy scale. Each spec-
trum in Fig. 7 represents a 2-h measurement at constant
incident angle 6;, and constant target temperature
T=140 K. The initial beam energies were E; =53.4 and
71.5 meV, for the (110) and (100) directions, respec-
tively. All spectra have a diffuse elastic peak and one or
two low-energy phonon peaks which are attributed to the
acoustic, transverse-polarized Rayleigh mode. In some of
the spectra there are higher-energy peaks which are attri-
buted to optical-phonon modes. The resulting dispersion
curves are plotted in Fig. 8 and compared with Feldman’s
calculations of the bulk-phonon modes* based on the
neutron data of Moncton et al.'* and Raman data on the
optical modes.** ™7 Overall, there is good agreement, ex-
cept that the Rayleigh mode at the zone boundary is con-
siderably lower than the corresponding Z; acoustic bulk
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FIG. 7. Energy-transformed TOF spectra for 2H-TaSe,(001)
for several incident angles 6, at constant target temperature
T=140 K. (a) Incident energy E,=53.4 meV for the {(110)
direction, (b) incident energy E,=71.5 meV for the (100)
direction. The arrows mark the phonon peaks; the peak at
AE =0 corresponds to diffuse elastic scattering.

G. BRUSDEYLINS et al. 41

K <10> r

I
|
f
. |
2 } 14
"'E’ }°°°°oo —
2 l g
| 3 w
> l s
o i o
o 2
c | faa]
w | =
s | e
S 1or ° |
= | o
[/ : 1
5 l
|
|
(AETET TR PN EPET NS AR |
00 05 1.055

182515 10 05 00
Phonon Wave Vector Q(A”')

FIG. 8. Experimental data of the phonon modes along the
border of the irreducible part of the surface Brillouin zone in
the normal state (T =140 K). The lattice-dynamical calculation
by Feldman (Ref. 44) based on the fit of the available bulk data
for the (100) direction is also included. Only those bands
which have a component in the saggittal plane are plotted
(striped area, 2; symmetry; dotted area, 2, symmetry).

band edge. A new fit of these data as well as of the avail-
able neutron and optical data, by means of the dispersive
linear-chain (DLC) method,? is given in Sec. III D.

Along the (110) direction we were not able to mea-
sure the dispersion curve of the Rayleigh mode up to the
Brillouin-zone boundary because the inelastic intensity
was too low. Our data for this mode, owhich are also
shown in Fig. 8, are limited to Q <0.85 A~ !, where it is
in good agreement with the bulk-phonon data [which are
available only for wave vectors <0.6 A~! (Ref. 14)].
Only one optical branch, at 23 meV, was detectable in the
(110) direction.

C. Time-of-flight spectra at 60 K and temperature dependence
of the Rayleigh mode

Phonon dispersion curves were also measured for the
commensurate (3X3) phase at T=60 K (Fig. 9, open
squares) and were found to be nearly identical to those
for the normal phase at T=140 K (Fig. 9, solid dots).
There is a small softening of the Rayleigh mode at 140 K
with respect to the 60-K measurements in the region
0.5<Q<0.6 A~'. This wave-vector region has been
previously studied in detail as a function of tempera-
ture.*®* As can be seen in Fig. 10(a), the greatest softening
occurs at a wave vector of Q, ~0.53 A~ ' and T=110 K.
As shown in Fig. 10(b), the softening in the bulk is re-
stricted to the longitudinal mode and occurs at Q, =0.7
A~ If we assume that the anomaly is due to the Kohn-
type mechanism, the different wave vector for the anoma-
ly of the surface Rayleigh mode indicates that the
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FIG. 9. Experimental data of the phonon modes along the
T M ({100)) direction at 140 K (solid circles) and 60 K (open
squares). All data points, from energy loss and/or gain over the
extended Brillouin zone, are included.

surface-electronic states at the Fermi energy have a
wave-vector “nesting” at a different wave vector than the
bulk electronic states.*®

Another possible explanation of the anomaly at
0=0.53 A 7! was a hybridization of the Rayleigh mode
with a temperature-dependent surface longitudinal mode.
Actually no distinct surface longitudinal mode was
detected, presumably because of its lower excitation cross
section as compared to the transverse Rayleigh mode.
However, a series of TOF spectra taken at 60 K for slow-
ly increasing 6, suggests the presence of a weak double
structure in the Rayleigh peak (Fig. 11) which we attri-
bute to a crossing of the Rayleigh mode with a surface
longitudinal mode. The frequencies of this mode, as de-
duced from this interpretation, are displayed in Fig. 12
(crosses) together with the other 60 K experimental
points. From the data we can rather precisely determine
the crossing of the two modes to occur at a wave vector
of 0.6 A~'. The crossing in the bulk is also observed at
0.6 A™' (at 300 K) (Ref. 14) and not at 0.53 A™". At 60
K the minimum in the 3; mode has about the same ener-
gy as at 300 K, namely about 7 meV, and therefore the
surface longitudinal mode coincides, within the experi-
mental error, with the bulk 2, mode. Although it is ex-
pected that the crossing shifts towards lower Q values for
temperatures closer to the normal-incommensurate
phase-transition temperature, as can be argued from Fig.
10, a clear separation from the anomaly of the Rayleigh
mode is still expected.
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D. Dispersive linear-chain fit

The present experimental results include both acoustic
and optical modes in TaSe,. They provide the first mea-
surements of the optical modes and although they might
seem slightly softer than the corresponding bulk bands,
they complement the existing room-temperature neutron
data'* which have been obtained only in the acoustic re-
gion and the Raman data®*~* taken at Q=0 (Fig. 12,
open circles). We have used the neutron, Raman, and
our optical mode results with the dispersive linear-chain
method to obtain a new fit to the bulk dispersion curves.

Phonon Wave Vector (A
0.3 0.4 0.5 0.6 0.7
l T T

Phonon Energy (meV)

oLl 111
0.0 02 04
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g W
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FIG. 10. (a) The temperature-dependent Rayleigh-mode
dispersion over a limited Q-vector range (top scale), revealing
the anomalous softening at Q5~0.53 A" solid circles, 140 K;
solid squares, 120 K; open squares, 115 K; open circles, 110 K;
lozenges, 100 K; triangles, 70 K. The interpolating thick solid
lines are guides for the eye. The thin lines are the scan curves at
different incident angles. (b) The experimental points (solid
points) for the Rayleigh mode in 2H-TaSe,(001) along {100) at
140 K. The solid lines are the transverse- (2;) and longitudinal-
(=,) acoustic bulk modes (from Ref. 14). The dashed lines show
the Rayleigh-mode (S,) dispersion curve and its temperature-
dependent anomaly for 110 and 120 K. For comparison, the
temperature dependence of the bulk 3, anomaly at Q,=~0.7
A" is also shown (Ref. 14). The dotted line is our qualitative
interpretation.
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This calculation is described in a separate paper.** In
Fig. 12 we compare the experimental data to the calculat-
ed bulk bands of 2; and =, symmetries, having a polar-
ization in the sagittal plane (the vertical striped area is
for the shear vertical, and the oblique striped area for
longitudinal polarization).

For the sake of clarity, we have reproduced only the
60-K He-atom scattering data (solid squares). They in-
clude three isolated high-energy points around 38 meV.
The paucity of high-energy points can be explained by
the fact that above 35 meV phonon peaks are hard to
detect due to the weak intensity. Among all the TOF
spectra, only three showed reliable peaks which deter-
mine the position of the upper branch in the fitting pro-
cedure of the bulk bands. A similar procedure has been
used to fit the Rayleigh branch (heavy solid line) in order
to infer the nature of the surface perturbation. The most
salient feature in the bulk structure is the well-known
deep anomaly in the bulk LA (Z,) band which goes
below the bulk TA (2;) band and the Rayleigh branch
above 0=0.6 AL

2H-Ta Se, (001) <100>
k, = 11.7 A
E, = 715 meV
H T = 60K
[
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FIG. 11. Energy-transformed TOF-spectra for incident an-
gles in the region of the crossing between a longitudinal-
acoustic and the Rayleigh mode. The dashed lines suggest a
double structure in the region where the shear-vertical Rayleigh
mode and the longitudinal mode are hybridized and both are
observable.

On the other hand, the Rayleigh branch shows a
significant softening at the zone boundary. As discussed
in Ref. 49, the surface perturbation responsible for such
softening has to be concentrated in the Ta atomic sheet
where an appreciable attraction is switched on presum-
ably due to some rearrangement of the free-electron
charge at the surface. A similar situation is found in the
fitting of the longitudinal bulk bands, including the LA
anomaly, which is consistent with the occurrence of a
CDW instability in the gas of the conduction electrons in
the Ta sheet.

Our fit, despite its simplicity, is consistent with the idea
that all the anomalous behavior in 2H-TaSe, comes from
the Coulomb longitudinal interactions in the Ta plane,
which are responsible for the CDW instability, in agree-
ment with recent microscopic calculations.”® Also, the
temperature-dependent anomaly of the Rayleigh wave,
appearing at one-half of the zone, around the CDW tran-
sition temperature, can be attributed to the same mecha-
nism.*® It is important to remark that the anomalies in
the LA and Rayleigh modes may well be governed by the
same mechanisms due to the surface-induced coupling
between shear vertical and longitudinal components im-
plied by elliptical polarization. As a consequence, the X,
rgloclle is observable in the crossing region around Q =0.6
A-

Phonon Energy fiw (meV)
0 (101 rad sec)

2 | R N TR NN R M|
0 02 04 06 08 1.0
Phonon Wave Vector Q(A ™)

FIG. 12. Comparison of He-atom scattering data at 60 K
(solid squares and crosses) and Raman data (open circles) for
2H-TaSe,(001) surface in the (100) direction with the calculat-
ed bulk-phonon bands and the calculated Rayleigh branch
(heavy solid line). The calculation is from the dispersive linear-
chain method (Ref. 49).
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IV. CONCLUSIONS

In this paper we have presented He-atom scattering
studies of the structure and the dynamics of the 2H-
TaSe,(001) surface at various temperatures above and
below the critical value T, for the CDW reconstruction.
The intensity of the superstructure peaks increases con-
tinuously from zero as the temperature is lowered below
T,=122 K, indicating a second-order phase transition.
The temperature dependence of the excess corrugation
induced by the charge-density wave suggests a critical ex-
ponent S=1, but experimental uncertainties are such
that the mean-field value =1 cannot be ruled out. A
small amount of hysteresis is found in the superstructure
peak intensities in connection with the first-order I-C (S-
C) and I-S phase transitions.

Our measured surface-phonon dispersion curves show
that the Rayleigh-mode branch begins to fall below the
bulk band near 0.7 A™' and progressively decreases all
the way out to the Brillouin-zone boundary. This obser-
vation has been interpreted by a simple model linking the
surface perturbation to a force-constant change in the
topmost Ta sheet.*®4

A comparison of the surface-phonon dispersion curves
measured at 140 K for the normal lattice with the mea-
sured phonon dispersion curve for the commensurate
CDW phase at T=60 K shows, in general, identical be-
havior. A deviation has only been detected for a small
range of wave vectors between 0.4 and 0.6 A~'. A care-
ful study of the temperature dependence of the phonon
energies for these relevant wave vectors reveals the ex-
istence of an anomaly at Q ~0.53 A~ 'in the transverse-
acoustic Rayleigh mode,*® whereas the anomaly for the
bulk longitudinal-acoustic branch is present at two-thirds
of the zone. The latter is attributed to a Kohn-anomaly
mechanism involving the conduction electrons of the Ta
sheets*® so that a change in the anomalous features for
the surface region is consistent with our observations that
the surface perturbation is concentrated in the topmost
Ta sheet.

Ernst et al. have observed in W(001) a surface incom-
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mensurate CDW which gradually locks into the substrate
with decreasing temperature, until it drives a ¢(2X2)
surface reconstruction.’! There seems to be a subtle anal-
ogy between W(001) and the surface behavior of
TaSe,(001) since, in both cases, one may speak of a com-
petition between the surface, which contains internal
stresses pulling towards a given (generally incommensu-
rate) superstructure, and the bulk which works as a tem-
plate and tends to lock the surface into a commensurate
phase. The internal surface stress may originate from the
fact that, in general, the surface-electronic state cuts the
Fermi level at a wave vector kpg different from the bulk
kp. For TaSe,, this is inferred from the anomalous
softening of the Rayleigh mode occurring both at around
one-half and at the boundary of the Brillouin zone,
whereas the bulk LA mode is softened at about two-
thirds of the zone. Moreover, the anomaly minimum
occurs somewhat below the bulk transition temperature
T,, say about 110 K, at which temperature the S-I transi-
tion occurs when heating the crystal. Because of this
correspondence, we are tempted to regard such a transi-
tion as triggered by the surface stress originating from an
electron-phonon coupling at a 2kgg different from the
bulk 2k.
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