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Raman spectra have been obtained on 2H-TaSe, at room temperature and in the commen-
surate charge-density-wave, superlattice state. At low temperatures six new low fre-
quency modes are seen having symmetries consistent only with a symmetric, three—
charge-density wave. A microscopic model of the lattice dynamics of this state is fitted
to the four strongest new Raman lines. These are assigned to amplitude and phase modes

of the charge-density wave.

In many layered transition-metal dichalcogen-
ides an electronic instability produces a charge-
density wave (CDW), along with a periodic struc-
tural distortion (PSD) and a superlattice.!”® It
has previously been shown that the CDW’s strong-
ly affect the Raman spectra of these materials.* ¢
This paper studies those new vibrations of the su-
perlattice formed in 2H-TaSe, that couple most
strongly to the CDW. We first present Raman
spectra from six new low-frequency zone-center
phonons induced by the CDW. We then use these
data with symmetry arguments to remove the am-
biguities in the determination of the structure by
electron’' and neutron®'® diffraction. We finally
present a microscopic model of the vibrations of
the Ta ions about their new equilibrium sites.

The diffraction studies on 2/ -TaSe, show a
transition from a normal lattice to one with an
incommensurate CDW at 122 K (T'y;), followed at
90 K (T¢;) by a transition to a commensurate
state.> Fairly strong evidence exists for a 3a,

%X 3a,Xc, unit cell in this state resulting from a
superposition of three CDW’s, but a single CDW
with an a,%x3a,*c, unit cell cannot be completely
ruled out. Moncton has determined the ampli-

tudes and relative phases of the atomic displace-
ments in the commensurate state, but the results
are insensitive to the absolute phase,® which af-
fects the point symmetry of the distorted struc-
ture and the Raman selection rules. We deter-
mine the phase from the observed selection rules
and prove the existence of the three-CDW state.
Samples were grown by iodine-vapor transport.’
They had a Ty of 122 K and a T¢; of 110 K.® The
high value of T¢; may be due to the low (30 ppm)
level of transition-metal impurities. Raman mea-
surements were made on a cleaved (0001) sur-
face with use of a double grating monochromator
equipped with a third monochromator and a 5145-
A laser beam. The incident and scattered beams
made external angles of 75° and 0° with the ¢ axis.
Photon polarizations of hh (horizontal-horizontal)
or vh (vertical-horizontal) relative to the scatter-
ing plane produced nearly pure xx or xy spectra.
To verify assignments of symmetries, ¥z spectra
were observed in a vh experiment from a (1100)
surface of a 1-mm-thick crystal. Cooling was
provided by cold flowing helium gas. Tempera-
tures were determined from the ratio of anti-
Stokes to Stokes Raman intensities and are accu-
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FIG. 1. Spectra of new Raman-active modes in the
commensurate phase, Curve a: with hh geometry, T
=35 K, resolution =2 em™', 300 mW of laser power,
Curve b: same as a, but with vh geometry. Curve c:
with hh geometry, T =27 K, resolution =3 em™!, 250
mW of laser power. Curve d: same as ¢, but with vh
geometry,

rate to about 20%.

At room temperature we observed the following
Raman lines: E,; at 22.5 and 207.5 cm™', A ; at
234 cm™', and E ; at 139 cm™'. A very strong,
broad band was observed at 148 cm™!, which we
assign to a combination of two LA phonons with
wave vectors q of length (0.4 - 1.0)g, near the line
Z(T'M). The dispersion curve for this branch
shows softening and a Kohn anomaly.?

As the sample is cooled through T y;, the two-
phonon band softens somewhat and weakens con-
siderably. The strongest of the new features that
appear are in the 40-100-cm™! region and are
shown in Fig. 1. They develop fully only in the
commensurate phase and only at the lowest tem-
peratures. Curvesa and b reveal a weak E,; dou-
blet (xx and xy) at 82 and 86 cm™*, a strong 4,
(xx only) line at 82 cm™', an E, line at 65 cm™,
and a peak at 49 cm™'. At 27 K the lowest peak
splits into an A line at 44 cm™' and an E,; line
at 50 cm™ ', A comparison with the 2-K data of
Smith, Tsang, and Shafer shows that no new fea-
tures appear below 27 K.* No new E, lines were
observed from 20~269 cm™*.

In the CDW state, the PSD is primarily com-
posed of lingitudinal displacements of Ta ions.?"3
We write for the displacement of the ith Ta ion in
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FIG. 2. Unit cell of the commensurate structure.
Shown is the z=c(/4 (I =—1) plane of Ta atoms. The
labels b, ¢, and d are due to Wycoff as used in Ref, 9.
The atoms displaced from the corners of the diamonds
are at type-j sites. The magnitude of their displace-
ments is greatly exaggerated. The Se atoms in the
original 2H structure are equidistant above and below
the midpoints of the right half of each small diamond,

the Ith layer (I=+1)

3
U, (R) =Im}) @, /9)0,’ expld;  R;), (1)
Ji=1
where ¢, is the complex amplitude of the distor-
tion. The vectors Eij are shown in Fig. 2 and have
length 2g,/3. The primitive lattice sites at ﬁ{
are centers of inversion in the Dy,* space group
of the original 2H lattice.’’® A symmetric three-
CDW state will obey

e A N A B (2)

and for this structure, but not in general, it will
belong to the old space group. It has even parity
under the inversion operation.

The positions given by the dots in Fig. 2 are
consistent with Moncton’s results.® Assuming
an inversion-symmetric three-CDW state he
finds

@, =€aye! 3o (3)

where a,=3.44 A and a lower bound for € is 0.014.
His measurements are insensitive to phase shifts
which move the CDW’s relative to the lattice and
destroy the inversion symmetry.

Basis vectors for the new modes come from
phonons in the old structure with wave vectors at
new reciprocal lattice points. Six of these wave
vectors belong to the star +q; on the line £, and
two belong to a star at the zone corner K: =(q,
—52). The phonon coordinates generate reducible
representations of £ =0 phonons in the new space
group. The reduction process is analogous to
that in the “correlation method”!°; the role of the
site group is now played by the “small group of k.

We observe only a small set of the new modes
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allowed by symmetry. The strongest apparently
result from reduction of those phonons that show
the Kohn anomaly, namely LA phonons on Z. The
symmetry of these phonons is that of longitudinal
displacements of the Ta ions. The small group
on 2 is C,,, and these displacements for each of
the two Ta ions in the old unit cell belong to rep-
resentation A (or 2,). The correlation method
gives

2A of Cp = 2(A y+E,+ B +E ) Of Dy, (4)

The small group at K is D,,. For each Ta atom,
the displacements in the basal plane belong to
representation E, (or K;), yielding

2E, of Dy~ 2(E,+E ) of Dy, (5)

The number of new Raman-active modes, 24,
+4E,,, is precisely what we observe below 100
em™!in Fig. 1.

In a single CDW state only two wave vectors,
say ﬂ:al, would contribute to the new # =0 modes,
giving at most four new Raman-active modes.
Thus we must have a three-CDW state. If inver-
sion symmetry does not hold, the infrared-active
E,, modes will become simply E, modes and will
be Raman active. No such modes were seen.
Thus the state must be the fully symmetric one

of Egs. (1)-(3).

The weak E,, doublet at 82 and 86 cm™' is as-
signed to the contribution from the modes at K.
The 2A,,+ 2E,, modes from Z, phonons couple
strongly to the CDW. They undergo large shifts
and splittings, which we now describe via a low
temperature microscopic model. The ionic dis-
placements still obey Eq. (1) with time-dependent
®,’. The lattice kinetic energy is taken to be that
of the Ta atoms with an effective mass of M *
=206 amu to account for the motion of the Se
atoms.

The dominant contribution to the lattice poten-
tial energy from the electrons is due to the Pei-
erls energy gap in the band structure. Let W,/
=al¢,’| denote one-half the energy gap for elec-
trons in layer ! with spanning wave vector q je @
denotes the screened electron-phonon interaction.
The electronic energy is approximately

Eq==% [d®xNO)|W/ (x)*In|E 5/ W, (x)]?,
it
(6)
where N(0) is the density of states of electrons
affected by the Peierls gap and E 5 is an electron-

ic bandwidth. We can then write for the lattice
potential energy per unit volume

V=iN 3 {Z]Ale,|* = Cle,/1?Inl 05/ @,]* - Re(Bp,’)* + FRe(p,’ o77)]
=41

+D (| Qozl(/’12| 2 +!9011¢13| 24| ﬁozz(plslz) +R6(E<,01 19012‘%3\} ’ (1)

where N is the density of Ta atoms. B and E are complex with moduli denoted by B and E. The third
term is the lock-in energy, which is present only in the commensurate phase; the fourth term is the
interlayer (Coulomb plus Van der Waals) interaction; and the fifth term results from competition of
two CDW’s for a common area of the Fermi surface. E and F are small. At zero temperature the
static displacements are chosen to minimize the energy, and the CDW phases are dominated by the

lock-in term. We expand about the symmetric solution of the form (2) and (3):

o =0 (1+a,’ +ib,?). (8)
The modulus ¢, obeys
A-Clnlgg/@)2+C =3By, +2D¢ +3Re(Ee’®%p,) - F =0, (9)

and a,” and b,? are small dynamic displacements
of the amplitude and phase from equilibrium. We
now expand the potential energy to second order
in the @,’ and b, to find the dynamical matrix,
whose eigenvalues give the phonon frequencies
listed in Table I. The first four modes are am-
plitude modes; the A,, mode (light arrows in Fig.
2) is assigned the highest energy. The second
four are phase modes (“phasons™'!; the 4,, mode

(heavy arrows) has lowest energy.

The interlayer interaction provides a splitting
of 4F between even- and odd-parity members of
a pair of levels. This can be estimated roughly
from the E,, zone corner doublet or from the E,
“interlayer” mode. We find that F is about 0.03
eV/A2%. Other results from fitting to the four
strong peaks are, in eV/A?, By,=0.053, E¢,
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TABLE I. Normal modes of CDW,

Wohs
Symmetry (cm™!) M*w*/4
Ay 82  4C-3By,+8D¢+Eg,
A 4C ~ 3B+ 8Dg¢’ + Eg,+4F
Ey, 65 4C~35¢,—4Dgt - 2E ¢,
Ey 4C -8By —4D@ )t —2E@, +4F
A 44 9B@,—3E¢,
Ay 9Bpy—3E@,+4F
Eyg 50 9By,
E .y, 9B@, +4F

=0.036, C=0.29, Dp,*=0.031, and A/C = 1n|g,/
©4l%=~-10.90.

Phase modes do not ¢ priori have lower energy
than amplitude modes, but we have made such an
assignment in Table I, partly because of the tem-
perature dependence of the modes. A satisfac-
tory microscopic theory does not yet exist for T
near T;, but those we have predict that the phase
modes go soft at T¢;.** We have followed the
modes in Fig. 1 to the vicinity of T'c;. The 65-
and 82-cm”™ ! peaks weaken considerably but pre-
serve their identity. The 44- and 50-cm”' peaks
merge and give a broad band at about 40 cm™ !,
No modes go completely “soft,” in agreement
with the neutron data.? These results suggest
that our lower-frequency modes are phase modes.
This is supported by the calculation. Table I
shows that the A, ,~E,, splitting for the amplitude
modes is 12¢,?+3E¢,, whereas the E,,-A ; split-
ting for the phase modes is 3E¢,, The D term in
Eq. (7) is expected to be large and positive and

the E term small. Thus the higher frequency A ,,
E,; pair, which shows the larger splitting, is
probably a pair of amplitude modes.
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Voltage measurements made inside a superconducting weak link suggest that under ac
conditions a nonequilibrium quasiparticle current exists and stimulates a quasiparticle

potential.

The superconducting weak link has many of the
quantum interference aspects of a Josephson tun-
nel junction and has often been treated as a Jo-
sephson tunnel junction coupled with reactive and
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dissipative circuit elements. However the elec-
tron physics underlying weak-link phenomena and
conducting barriers is probably much more com-
plex than that of Josephson tunneling through in-



