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Amplitude of the Charge-Density Waves in 1T- and 28- TaSe2

Loren Pfeiffer, T. Kovacs, and F. J. Di Salvo
AT g. T Bell Iaboratories, Murray 11ill, Net Jersey 07974

(Received 22 November 1983)

Mossbauer ' 'Ta spectra of 1T-TaSe2 at 300 K show only two of three Ta sites predicted
by 6:6:1charge-density-wave models. 'They have equal amplitude and are separated by a
shift the authors calibrate as 0.34(0.17) electrons. The unseen site is experimentally ex-
cluded from the region between Ta4+ and Ta5+. Site linewidths limit possible secondary
splittings by interlayer effects to 0.018 of the primary splitting. The 211-TaSe2 data at
52 K are consistent with an orthorhombic charge-density wave with three equal Ta sites
at —0.049(0.020), + 0.033(0.016), and + 0.023(0.011) electrons relative to Ta4+.

PACS numbers: 72.15.Nj, 76.80.+y

The 2H and D' polytypes of the layered com-
pound TaSe, have received much attention as two-
dimensional metals that exhibit striking charge-
density-wave (CDW) superlattice effects. In both
materials the CDW arises in the Ta 5d conduction
bands. The 2H polytype exhibits a rich diversity
of CDW superlattice phenomena including transi-
tions" between fully commensurate, striped
discommensurate, and honeycomb discommen-
surate states. In the 1T polytype the interactions
responsible for the CDW are several times strong-
er so that only a large-amplitude, fully commen-
surate CDW is observed' near room temperature
and below.

CDW's in these materials have been studied for
the most part by neutron, 4 x ray, ' and electron
diffraction, "which are sensitive to the small
periodic distortions in the Ta and Se lattice posi-
tions induced by the CDW. A complementary ap-
proach is to look directly for the presumed varia-
tions of Ta 5d conduction-electron density, through
their effects on Ta or Se probe atoms monitored
in nuclear-magnetic resonance (NMR), perturbed
angular correlation (PAC), x-ray photoelectron
spectroscopy (XPS), or M'ossbauer experiments.
Results on CDW's in TaSe2 by PAC on ' 'Ta and
by NMR on "Se' and '"Ta ' have been reported
and have been useful, but are so far uncalibrated
in terms of CDW variations in the Ta 5d electron
amplitude. XPS splittings on the 4f levels of Ta
in the 1T material have been reported by two
groups, '" but there is disagreement between
them by more than an order of magnitude in the
proposed CDW amplitude.

We report here '"Ta Mossbauer isomer-shift
spectra for the CDW's in both polytypes, and
suggest a method for calibration of our results.
This allows us to measure the CDW amplitude
directly in terms of the number of Ta 5d elec-
trons. The '"Ta Mossbauer effect is especially
appropriate for this application, because of all

the Mossbauer isotopes '"Ta has the highest
sensitivity to small changes in the electron den-
sity at the nucleus. This is the first such meas-
ur ement for 2H- TaSe, . Our results" for 1T-
TaSe, disagree with recent synchrotron-XPS
estimates by Pollack et al. ,

"but are in approxi-
mate agreement with the early XPS estimate of
Vfertheim, Di Salvo, and Chiang. '

The '"Ta Mossbauer data were obtained in
transmission geometry with a y-ray proportional
counter and a conventional electromechanical
drive. The '"W source activity was diffused into
tungsten. The absorbers were a mosaic of 2&3-
mm' single-crystal platelets 5 pm thick with the
plane of the layers normal to the y rays. Where
required the TaSe, absorber was cooled by a
closed-cycle He refrigerator with a vibration-
isolation Mossbauer shroud. "

Each layer of TaSe, consists of a plane of Ta
atoms sandwiched between a pair of Se atomic
planes. Each Ta atom has six Se near neighbors
that are arranged in trigonal prismatic coordina-
tion in the 2II polytype, and in octahedral coordi-
nation in the 1& polytype. Figure 1 shows the
'"Ta Mossbauer spectra of both polytypes at
room temperature. The 2H material, which has
no CDW at this temperature, shows a single Ta
site that is split into several resonance lines by
the electric quadrupole hyperf ine interacti:on. "
The solid curve is a data fit using the parameters
given in the caption. The arrow marks the isomer
shift of the site. The linewidths of this spectrum
and the others reported here are dominated by
velocity broadening arising from the small source-
absorber spacing required by source strength
considerations.
Electron' and x-ray diffraction' show that the

atomic positions are distorted by the CDW in 1T-
TaSe, to form a triclinic superlattice containing
thirteen Ta atoms per layer in three sites of
population 6:6:1with a = 6 = 13' ao, where ao is
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TABLE I. Isomer shifts of Ta compounds referred
to Ta metal at zero.

Ta Bond
Isomer shift coordination length

2H-TaSe~ at 300 K
99.6-

l

p

"e
0 && O ~ neo

o+O~O qO

99.8-

1T-TaSeq at M0'K
a.5+ Cu3TaSe4 c

Cu3TaS& d

K Tao, '
NaTa03 ~

LiTa03 ~

32.6
15.2

—8.1
—15.4
—17.9

Ta4+ Tase2(2H) ~ 82.7 mm/sec
Tas, (2') ' 70.3

TBC b 70.8

6-Se
6-S
6 —C

4-Se
4-S
6 —0
6 —0
6 —0

2.60 A

2.46
2.23

2.31
2.26
1.99
1.94
2.11

20 40 40 60 80
VfL0CITY ( mm/sec )

IOO

a Ref 15
"Ref. 13.
Ref. 16.

Ref. 17.
'Ref. 18.

FIG. 1. Mossbauer ' 'Ta spectra at 300 K. (Param-
eters in millimeters per second. ) 2H: linewidth
=0.7(0.1), shift=+ 81.9(0.1), e qQ=243(1); 1T inney:
width=0. 6(0.1), shift=+ 52.7(1), p qQ=230(l); 1T outer:
width =0.7(0.1), shift =+ 89.1(1), e qQ = 239(1}.

the undistorted Ta-Ta separation. The 1T '"Ta
Mossbauer spectrum of Fig. 1 shows just two
hyperfine-split Ta sites. A fit to the data locates
their isomer shifts at the arrows which are sep-
arated by 36.4(2) mm/sec. No third Ta site was
found within the range -165 to +165 mm/sec, but
its presence might be obscured at this level of
statistical noise. The resonance areas of the
sites are equal to within the statistical error,

A. . „/A,„„,=0.98(0.10). This disagrees with the
XPS measurements of Pollack et al."who also
found two sites but with A~,~,/A&. g„= 0.70(0.04).
They concluded that their data are irreconcilable
with three Ta sites having 6:6:1 intensity ratio.
The ratio of the individual Mossbauer widths to
the separation between sites is 0.018. For the
XPS data this ratio is 0.34. An accidental site
overlap is possible, especially in the XPS data.
This would tend to resolve the disagreement be-
tween the experiments. On the other hand Moss-
bauer is a bulk measurement and XPS is sensi-
tive only to Ta atoms within 20 A of the sample
surface. From this point of view the disagree-
ment could be evidence of changes in the CDW
near the sample surface.

Our observation of two equally populated sites
and the strong x-ray evidence' for the 6:6:1mod-
el leads us to identify the sites in Fig. 1 with the
two six-atom sites of that model. Each Moss-
bauer site is thus a composite arising from six
very similar Ta atoms in the CDW superlattice.
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The 0.018 resonance linewidth then puts an 0.018
upper limit on overlap smearing of either site by
interlayer interactions or deviations of the center
of symmetry of the CDW away from a Ta atom.
This low limit on interlayer effects is noteworthy,
because lar ge distortions of the "Se NMR site
positions have been seen and attributed to inter-
layer effects in this material. "

A computer search of all possible CDW's of the
form p, Q t -, c os(G~ r&+ p;) at the thirteen Ta
sites r;, allowing the phase angles p; to vary in-
dependently over 0 to 2&, shows that the only
solution with three or fewer inequivalent Ta sites
is the known 6:6:1solution for which the CDW
origin is at a Ta atom. For CDW's without har-
monic terms our 0.018 limit on overlap smearing
requires that p» p» and p, each be within 1.2'
of zero at the CDW origin.

The 36.4-mm/sec shift in Fig. 1 is direct evi-
dence that the Ta valence varies from place to
place in the 1T superlattice. We now discuss a
calibration of the shift that allows us to specify
its amplitude. Table I lists all chemical com-
pounds for which a '"Ta Mossbauer shift has
been reported, with the shift, formal Ta oxida-
tion state, Ta coordination, and bond length. We
note that there is a general, but not detailed,
correspondence between the formal Ta valence
and the shift. A proper calibration would require
shifts between pairs of compounds with different
Ta oxidation states, but with equivalent neighbor-
ing atoms, and coordination. As this is not now

possible we use a semiquantitative electronega-
tivity argument to account for the shift associat-
ed with substitution of Se for S in pairs of other-
wise similar compounds.
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Consider first the pair 2H-TaS, and 2H-TaSe, .
Each chalcogen atom is shared by three Ta atoms,
and every Ta is bonded to six of these 3-value
chalcogens. The result is equivalent to two bonds
containing four bonding electrons as expected
from the stoichiometry. The S-Ta electronega-
tivity" difference is 2.5-1.5 = 1.0 which follow-
ing Pauling" corresponds to 22% ionicity. For
the Se-Ta bonds this difference is 2.4- 1.5 = 0.9
or 19% ionicity. Thus substitution of Se for S
increases the covalency by about 0.12 electron
for the four bonding electrons taken together. If
because of their other similarities we attribute
the +12.4-mm/sec shift difference in Table I to
this effect, we see by scaling that adding one
covalent electron would correspond to a shift of
+103 mm/sec. For the Ta' compounds Cu, TaS,
and Cu, TaSe, the argument suggests a 3% cova-
lency increase for each of the five Ta-chalcogen
net bonding electrons allowed by the stoichiome-
try, or an additional 0.15 electron in going from
the sulfide to the selenide. Scaling this with the
+17.4-mm/sec shift difference of Table I gives
a second calibration, this time equal to +116 mm/
sec for the additional covalent electron.

A third and independent Ta calibration is also
possible. Here we use the empirical ratio of
isomer-shift differences for '"Ta and "Fe in

pairs of host metals. These data obtained from
Mossbauer source experiments using many host
pairs were tabulated by Kaindl, Salomon, and
Wortmann" and give the result AS("'Ta)/b. S(57Fe)
=218. Noting this hand that the isomer shift cor-
responding to one electron near Fe" is 0.45 mm/
sec results in a Ta calibration near Ta" of 98
mm/sec for a one-electron change.

In view of the semiquantitative nature of these
arguments their agreement is quite close. We
will adopt a simple average of the three, giving
106 mm/sec which we estimate calibrates the
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'"Ta isomer shift between Ta" and Ta" to well
within 50/0 including possible errors associated
with applicability of the electronegativity concept.
Thus the IT-TaSe2 CDW splits the two sites in
Fig. 1 by 0.34(0.17) electron.

Figure 2 reports a search for the missing third
site of the 6:6:1trio in the neighborhood of Ta".
The signature of this site would be a pair of hy-
perfine resonances of at least 0.06% amplitude
spaced between 4 and 8 mm/sec apart. The data
of Fig. 2 are adequate to exclude the missing site
from the region scanned. This implies that the
unseen site must be located on the Ta'+ side of
the main site pair. The sign of the 1T-TaSe, CDW
thus reflects a clustering of conduction electrons
around every thirteenth Ta atom. This picture
is consistent with the model of star-shaped clus-
ters of Ta ions that was proposed by Brouwer
and Jellinek' to explain their x-ray data. Clus-
ters of positive Ta ions and negative 5d conduc-
tion electrons overlap in phase so as to preserve
local charge neutrality in the solid.

Our calibration is also useful for measuring
the CDW amplitude corresponding to the well-
known nine-Ta-atom superlattice that forms be-
low 120 K in 2H-TaSe, . Mossbauer spectra of
this material are shown in Fig. 3. Extrapolation
of the isomer shifts (vertical arrows) of the sin-
gle-site spectra at 300 and 130 K locates the ex-
pected shift center of the 52-K spectrum, which
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FIG. 2. Mossbauer ' 'Ta spectrum of the inner site
of 1T-Tasep at 300 K.
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F&G. 3. Mossbauer ' 'Ta spectra of 2H-Taseq at
three temperatures. (Parameters in millimeters per
second. ) 300-K spectrum: linewidth = 0.6(0.1), shift
= 81.9(0.1), e qQ = 243(l) ~ 130-K spectrum: linewidth
=1.2(0.1), shift =83.0(0.2), g qQ=255(l); 52-K spectrum:
linewidth =0.8(0.1), shift 1 = 78.3(0.3), shift 2 = 87.0(0.3),
shift 3=85.9(0.3), e qQ(1) =293(7), e qQ(2) =253{7),
e qQ(3) =273{7}.
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is split into several inequivalent sites by the
fully commensurate CDW that forms below SO K.

The statistical quality of the 52-K spectrum is
adequate to distinguish between the 3:3:3Ta-site
model with orthorhombic CDW symmetry" and
the 6:2:1Ta-site model required of a CDW with
hexagonal symmetry. " The curve is a fit to the
52-K data under the assumption of the 3:3:3or-
thorhombic model with the usual hyperfine split-
tings. Using the calibration and the locations of
the pattern center discussed above allows us to
specify these sites as -0.04S, +0.033, and +0.023
electron with a precision of 15% and an accuracy
of 50%. A preliminary and uncalibrated version
of these Mossbauer data was communicated to
Walker and Jacobs in July 1981. This, together
with the important convergent-electron diffrac-
tion work of Fung etal. ,' was used by them short-
ly afterward" to justify introduction of their now
accepted modep' of orthorhombic symmetry in
the fully commensurate CDW phase of 2H -TaSe, .

We thank A. P. Ginsberg, G. K. Wertheim „
P. B. Littlewood, and M. B.Walker for helpful
discussions. We also thank D. Salomon for pre-
paring the '"W Mossbauer sources used in ob-
taining the data of Fig. 1.

K. K. Fung, S. McKernan, J. W. Steeds, and J. A.
Wilson, J. Phys. C 14, 5417-1532 (1981}.

C. H. Chen, J. M. Gibson, and R. M. Fleming, Phys.
Rev. B 26, 184-204 (1982).

J. A. Wilson, F. J. Di Salvo, and S. Mahajan, Adv.
Phys. 24, 117-201 (1975).

D. E. Moncton, J.D. Axe, and F. J. Di Salvo, Phys.

Bev. B 16, 801-819 (1977),
R. Brouwer and F. Jellinek, Physica (Utrecht) 99B,

51-55 (1981).
T. Butz, A. Vasquez, and A. Lerf, J. Phys. C 12,

4509-4521 (1e7e).
VLoren Pfeiffer, R. E. Walstedt, B. F. Bell, and

T. Kovacs, Phys. Bev. Lett. 49, 1162-1165 (1982).
M. Naito, H. Nishihara, and S. Tanaka, J. Phys.

C 16, L387-L393 (1983).
G. K. Wertheim, F. J. Di Salvo, and S. Chiang,

Phys. Lett. 54A, 304 (1975).
' R. A. Pollak, D. E. Eastman, F. J. Himpsel,

P. Heimann, and B. Reihl, Phys. Rev. 8 24, 7435-7438
(1981).

A preliminary account of the 1T experiment was
published by L. Pfeiffer, M. Eibschutz, and D. Salomon,
Hyperfine Interact. 4, 803-805 (1978).

Air Products Corporation, Allentown, Pennsylvania.
G. Kaindl, D. Salomon, and G. Wortmann, in Moss-

bauer Isomer Shifts, edited by G. K. Shenoy and F. E.
Wagner (North-Holland, New York, 1978), Chap. 8d.

' Loren Pfeiffer, R. E. Walstedt, and F. J. Di Salvo,
Bull. Am. Phys. Soc. 26, 349 (1981).

'5M. Eibschutz, D. Salomon, and F. J. Di Salvo, Phys.
Lett. 93A, 259-261 (1983).

6K. Zitter, J. Schmand, and B. Schollhorn, Solid
State Commun. 43, 719-720 (1982).

'7K. Zitter, J. Schmand, and R. Schollhorn, Phys.
Lett. 87A, 130 (1981).

G. Wortmann, G. Trollmann, A. Heidemann, and

G. M. Kalvius, Hyperfine Interact. 4, 610-614 (1978).
W. Gordy and O. Thomas, J. Chem. Phys. 24, 439-

444 {1956).
OL. Pauling, The Nature of the Chemical &ond

(Cornell Univ. Press, Ithaca, 1980), 3rd ed.
M. B. Walker and A. E. Jacobs, Phys. Rev. B 25,

4856-4870 {1982).
~~M. B. Walker and A. E. Jacobs, Phys. Hev. B 24,

6770-6772 (1981).

690


