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Electron microscopy of phase transformations in 1T-TaSz
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Phase transformations in 1T-TaS~, both on cooling from the incommensurate (IC) phase and on
warming from the commensurate (C) phase are investigated by transmission electron microscopy. The
transformations are strongly hysteretic, and so proper care is required in the temperature cycle of obser-
vation in order to obtain consistent results. Our results revealed that, in the intermediate region between
the IC phase and the C phase [or the noncommensurate (NC) phase], the character of the transformation
is diferent on cooling from the IC phase and on warming. On cooling from the IC phase, the structure
of the NC phase essentially remains incommensurate in the basal plane and only the rotation of modula-
tion direction occurs. However, on warming from the C phase, a discommensuration structure corn-

posed of small domains with the structure of the C phase appears. These domains are separated by a
discommensuration network whose density changes with temperature. As a result, both the rotation of
diftraction spots around the c axis and the decrease of the averaged period with increasing temperature
occur by this mechanism. High-resolution images for both the C phase and the NC phase are taken in a
direction parallel to the c axis as well as perpendicular to the e axis. Details of the change in the stack-
ing order during the transformation process are thus revealed.

I. INTRODUCTION

1T-TaS2, which shows complicated features of phase
transformations involving the formation of charge-
density waves (CDW), has attracted many researchers. '
The material is basically a quasi-two-dimensional metal
like 2H-TaSez, whose behavior has been investigated ex-
tensively. But because of its symmetry, the charac-
teristics of the transformations are not confined to two di-
mensions and there are additional complicating features.
The modulated structure shows an incommensurate-
commensurate phase transformation, which involves not
only a change in the period of modulation such as that
observed in 2H-TaSe2, but also a change in the angle
of modulation direction relative to the fundamental
structure. The phases which are involved in the transfor-
mation that have been identified are the normal
(N)(T) 543 K, P3m, without CDW), the incommensu-
rate (IC) (354K ~ T~ 543K), the noncommensurate or
nearly commensurate (NC) (183 K ~ T ~ 353 K) and the
commensurate (C) (T ~ 183 K). In addition, on warm-
ing from the C phase, the existence of an anomaly at
about 280 K in several physical properties such as
thermal expansion, He+ -ion channeling, ' Young's
modulus, " electrical resistivity, ' the Seebeck
coe%cient, ' and specific heat, ' suggests the existence of
yet another phase in the NC region. Fung, Steeds, and
Eades' studied the stacking order of this structure by
convergent-beam electron microscopy and showed that,
below this temperature, the stacking period changes to
7co, which is different from the 3co of the NC phase. In
view of this change, Tanda et al. ' further investigated
this anomaly and found another phase on warming from
-200 to 280 K. The structure is triclinic and incom-
mensurate, and is called the T phase. The existence of

hysteresis, hence the difference between the behavior on
cooling and warming, and the existence of the T phase on
warming from the C phase have been experimentally ob-
served. Due to the existence of such a strong hysteresis,
the data depend on the thermal history. Inconsistencies
among earlier data that did not account for the hysteresis
have led to much confusion.

Earlier, McMillan studied the incommensurate-
commensurate transitions by the Landau phenomeno-
logical theory of phase transitions and proposed the-
concept of discommensur ation, which involves the
incommensurate-commensurate phase transition. '

Based on this concept, Nakanishi and Shiba' proposed a
discommensurate network model in the basal plane of the
NC phase of 1T-TaSz. Additional attempts to under-
stand the discommensurate structure of the NC phase
have also been made. ' ' Experimental confirmations of
the discommensurate state, such as that proposed by
Nakanishi et al. ,

' have been a goal in the study of 1T-
TaS~.

Tanda et al. carried out an x-ray experiment on the T
phase, taking the NC phase as an initial state, and
showed a deviation from the threefold symmetry in the
basal plane. ' The result was analyzed by a discommen-
suration network model. Their result seemed to be sup-
ported by a scanning tunneling microscopy (STM) inves-
tigation of 1T-TaS2 by Thomson et al. , which shows the
discommensurate structure in the T-phase. '

In addition to the above observations that the discom-
mensurations appear only in the warming stage, there is
also evidence in more precise measurements of the
specific heat, resistivity, and Hall coefficient by Bayliss,
Ghorayeb, and Guy which suggests that the NC phase
observed during cooling from the IC phase is not the
same as the NC phase observed on warming from the C
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phase. Moreover, the thermal-expansion data taken by
Sezerman, Simpson, and Jericho show a strong anomaly
in the interlayer interaction on warming from the C
phase as compared to that on cooling from the IC phase.
These data clearly show that, in order to investigate the
mechanism of the transformation, it is most important to
allow for effects due to the temperature hysteresis of the
transformation, and to obtain consistent data on cooling
and on warming.

High-resolution electron microscopy has proved to be
a very powerful technique for developing an understand-
ing of incommensurate-commensurate transition and
discommensurations. Because of difficulties in obtain-
ing high-resolution images at low temperatures, ' and
due to the existence of the temperature hysteresis, a sys-
tematic high-resolution electron microscopy has not been
undertaken until now, when we decided to re-examine
phase transitions in 1T-TaS2 by means of high-resolution
electron microscopy. In view of the thermal hysteresis,
we always started from the well-annealed IC phase and
went through a cooling and heating cycle via the C phase
each time the experiment was conducted. We found that
we could obtain reproducible and reliable results neces-
sary for an understanding of the mechanism of the trans-
formation by the above procedure.

Observations were made both perpendicular to the c
axis as well as parallel to the c axis. This reveals directly
the change of the stacking order with temperature. We
thus confirmed by electron microscopy that no discom-
mensuration was involved in the incommensurate-
commensurate transformation on cooling from the IC
phase, but that the discommensurate state appears on
warming from the C phase. We also concluded that the
T phase was a discommensurate state with stacking order
intermediate between that of the C phase and the 3co of
the NC phase. At -280 K on warming, we could ob-
serve a sudden change of the stacking order to 3c0, which
explained the existence of the anomaly in physical prop-
erties at this temperature. ' On warming from the C
phase, the NC phase was also in a discommensurate state
and, hence, the NC phase on cooling from the IC phase
and on warming from the C phase were essentially
different. On the basis of this observation, an idealized
model of discommensuration has been constructed which
could explain the experimental results.

II. EXPERIMENT

The observations were made by a JEOL 2000 FX elec-
tron microscope with a point-to-point resolution of 0.29
nm and a vacuum of 0.7X10 Pa by ion-pump evacua-
tion. Low-temperature observations were made by a
double-tilt liquid-helium specimen holder (Gatan, Ltd. )

that could realize a stable temperature condition by con-
trolling the heater current. Either liquid nitrogen or dry
ice was used as a coolant material. The dry ice was found
to be very effective, especially for observations above 210
K because of the absence of bubbling and also because of
its large latent heat of vaporization. A double-tilt heat-
ing holder, EM-SHTH (JEOL Ltd. ), was also used for
high-temperature observations. All high-resolution im-

ages were taken using the computer-controlled minimum
dose system method which enabled us to catch exposure
timing under driftless condition without any radiation
damage while focusing on areas of interest in the speci-
men. Single crystals of 1T-TaS2 were grown by means of
a vapor transport technique, using I2 gas as a transport
agent, at the Central Material Preparation Facility of
Purdue University.

Two different types of TEM specimens were prepared
as follows. To prepare specimens for observation parallel
to the c axis, crystals were cleaved along the basal plane
and mounted on copper meshes by silver epoxy glue
(EPO-TEK H20E). To prepare specimens for observa-
tion perpendicular to the c axis, crystals were sandwiched
between MgO single crystals by epoxy glue and these
were mechanically polished to the thickness of about 100
pm using SiC powder. These thin plates were then at-
tached to Rh-coated copper single-hole meshes by silver
epoxy glue and ion-thinned by means of a Dual Ion Mill
model 600 (Gatan, Ltd. ) using Ar gas at liquid-nitrogen
temperature. This enabled us to suppress the phase
transformation from the 1T structure to the 2H struc-
tures caused by the increase of specimen temperature
due to ion bombardment.

III. RESULTS

A. Temperature variation of a dift'raction pattern
projected on the basal plane

For a general picture of the phase transitions, the tem-
perature dependence of the projection of the fundamental
modulation wave vectors q, , q2, and q3 on the basal plane
will be explained first. The relations between qi, q2, and

q3 and their projections on the basal plane, q, , q2, and q3,
are shown in Fig. 1(a). There, secondary refiections are
those specified by q, —

q2 (i.e., q, —
q2, q2

—
q3, and

q3
—q, ). The vectors (1,0,0) and (0, 1,0) represent the a*

and b* axes, respectively, which are the fundamental re-
ciprocal lattice vectors in the basal plane for the funda-
rnental structure of 17-TaS2, and these define the unit cell
of the normal (X) structure in reciprocal space. The pro-
jections q„etc., and qf —qz, etc., are shown in Fig. 1(b).
The symbols IC, NC, and C indicate the respective
phases involved in the transformation. Based on Fig.
1(b), the angle P indicates the deviation of q, from the a*
axis.

In Figs. 2 and 3, the temperature dependences of P and
~q[ /~a*~ are plotted, where ~q ~

is the averaged length of
the projections of q] q2 and q3. These data are calculat-
ed by measuring the relative distances between secondary
refiections in [001] diffraction patterns taken precisely
with a precise camera length 250 cm. Such plots have
been used by Scruby, Williams, and Parry, but without
accounting for the hysteresis with temperature. In taking
the present data (and also for observing the high-
resolution images) the specimen was first kept at 375 K
(in the IC phase) for more than 1 h, and then the speci-
men was allowed to go through the necessary thermal
history to reach the desired state. With use of this pro-
cess, the reproducibility of the data taken was found to be



2048 TAKASHI ISHIGURO AND HIROSHI SATO

~i001

C
. -~3.898(d~&

120"

110"

0.5-

IC

FIG. 1. (a) Schematic view of the primary dift'raction vectors
(q&, q2, q3) and their projections (q&, q2, q3) on the basal plane.
100 and 010 correspond, respectively, to the a* and b* of the
normal (X) structure. (b) Projection of the difFraction spots on
the basal plane and the definition of angle P.

very good. In some cases, when diffraction patterns are
recorded by lowering the temperature step by step, the
NC phase was not found to transform to the C phase on
cooling. A possible reason for this phenomenon might be
the radiation damage caused by electron beam, as has
been mentioned by other investigators.

Figure 2 shows the temperature dependence of the an-
gle P relative to the fundamental reciprocal lattice. The
measured angle for the C phase, 13.898, is in good agree-
ment with the calculated angle of tan '(&3j7) within an
experimental error of +0.02'. The angle for the IC phase
is 0.38 at 357 K. This means that the projected direction
of the primary spot of the IC phase is not exactly directed
towards the shortest fundamental reciprocal-lattice vec-
tor in the basal plane as was first pointed out by Van Lan-
duyt. The transition temperatures (IC~NC; NC~C)
shown in Fig. 2 are consistent with those reported by oth-
er investigators. The most important behavior in this
figure is that there is a large hysteresis in the transforma-
tion between the IC phase and the C phase. The angle P
in the NC phase, on cooling, gradually increases after a
discontinuous jump at —347 K from that of the IC
phase, and, at around 12.3, jumps to that of the C phase
at —183 K. On warming, P changes discontinuously
from the C phase to the NC phase at -223 K and to the
IC phase at —354 K. Between these two transforma-
tions, the variation of P is continuous, but there is an
anomaly at around 280 K, at which temperature P is
—12.3 . On the basis of previous observations, these two
phases separated by the kink at 280 K are believed to be
the T phase and the NC phase, respectively. It should,
however, be mentioned that the variation of P with tem-
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perature in the NC phase on cooling from the IC phase
and that on warming from the C phase are different.

Figure 3 shows the temperature dependence of the
length of the projected primary spots ~q ~

relative to the
~a*~, i.e., ~q ~/~a*~ in the basal plane. There is also a
large hysteresis. The agreement between the measured
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FICx. 3. Temperature dependence of ~q /~a*~. Note the
change of slope at -280 K between the T phase and the NC
phase on warming.

FIG. 2. Temperature dependence of P. A large hysteresis
can be seen along one cycle of temperature change between the
IC phase and the C phase. An anomaly at around 280 K at
/=12. 3' between the T phase to the NC phase on warming
should be noted.
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values, 0.2774, and the calculated one, I/&13, in the C
phase is within an error of +0.000 15. On cooling,
~q ~/~a*~ of the NC phase decreases with temperature a
little, but its temperature coefficient is very small com-
pared to that for warming. On warming from the C
phase, there is a clear bend in the temperature coefficient
at -280 K which separates the T phase and the NC
phase. But, within the T phase and the NC phase, the
temperature coefficients are almost linear. However, the
temperature coefficient in the T phase is larger than that
in the NC phase.

Combination of these two relations (Figs. 2 and 3) indi-
cates that, in the NC phase on cooling from the IC phase,
the change corresponds to that of a pure rotation,
whereas, in the T phase and in the NC phase on warming
from the C phase, both the rotation and the increase of
the length of the modulation wave-number vector in the
basal plane occur at the same time. In other words, the
NC phase on cooling has a character close to the IC
phase and practically no discommensuration takes place,
while in the T phase and in the NC phase on warming
from the C phase, a discommensuration process takes
place.

Before describing these phases in detail, we would like
to show a series of [001] diffraction patterns in Fig. 4,
which corresponds to one thermal cycle starting from the

IC phase. The inset in each diffraction pattern is an en-
largement of a secondary spot indicated by an arrow. The
intensity of the secondary spots of the IC phase [Fig. 4(a)]
is usually rather weak. The intensity distribution of any
of these spots in the basal plane has an elliptical shape
elongated towards the azimuthal direction with the origin
at the fundamental spot. On cooling from the IC phase,
the secondary spots in the NC phase [Figs. 4(b) and 4(c)]
have a disk-shaped intensity distribution. Also, the in-
tensity of the secondary spots in the high-temperature re-
gion [Fig. 4(b)] is weaker than that in the low-
temperature region [Fig. 4(c)] as pointed out by Nakanish
et al. ' In the C phase [Fig. 4(d)], each spot also has a
disk-shaped intensity distribution including the primary
spots. Figure 4(e) shows a diffraction pattern taken at the
transition temperature from the C phase to theT phase on
warming. There is a small separation between the secon-
dary spots of the C phase and those of the T phase, and
the direction of this separation is different from that ex-
pected from the structure of the T phase reported by
Tanda et al. ' ' Figure 5 compares the present experi-
ment and that of Tanda et a/. with respect to the loca-
tions of the secondary reAections projected on the basal
plane. Intersections of fine lines in the triangle (Oa'b*)
correspond to the positions for the rejections of the C
phase. Solid circles q, —q2, q2

—q3+a*, and q3
—q, +b*

are positions for the reflections of the present experiment
and correspond to the diffraction pattern shown in Fig.
4(e). On the other hand, open circles Q, —Q2,
Qz

—Q3+a*, and Q3
—Q, +b' are positions for the

reAections obtained by calculation from the paper of Tan-
da et al. (Here a* and b* are interchanged in the calcu-
lation so that P may be represented in an identical
fashion in both experiments. ) Based on the fact that rela-
tive locations of the three secondary reAections from the
C phase are asymmetric, Tanda et al. proposed a
stretched domain model for the T phase. However, the
model is not supported by the present experiment, as is
clear from the diffraction pattern in Fig. 4(e).

The character of the diffraction pattern of the T phase
[Figs. 4(f) and 4(g)] is that the secondary spots have de-
formed elliptical intensity distributions. These spots
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FIG. 4. Temperature variation of the [001] difFraction pat-
terns: (a) the IC phase, (b) and (c) the NC phase on cooling, (d)
the C phase, (e) at the transition point from the C phase to the T
phase. The splittings of the secondary spots due to the coex-
istence of the C phase and the T phase are seen. (f) and (g) show
the T phase, (h) the NC phase on warming.

FIG. 5. Comparison of the locations of the secondary
reflections projected on the basal p1ane of the present experi-
ment with those of Tanda and Sambongi {Ref.20).
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seem to be elongated toward the direction of the change
of ~q ~

/~a*~ and P with temperature of the T phase. This
character is not affected by the rate of temperature
change from the C phase and does not change by keeping
the temperature constant. The locations of the center of
gravity in the intensity distribution of those secondary
spots are different from those of the C phase. The defor-
mation of the intensity distribution of diffraction spots of
the T phase becomes smaller with increasing tempera-
tures. In the NC phase on warming from the C phase
[Fig. 4(h)], diffraction patterns with secondary spots hav-
ing disk-shaped intensity distributions reappear which
are similar to those in the NC phase on cooling from the
IC phase.

B. Phase transition from the IC phase
to the NC phase on cooling

we can conclude that the NC phase is growing along the
c axis. The coexistent regions of the IC and NC phases
with moire fringes show almost straight borderlines hav-
ing edges making about 120'. This means that the NC
phase grows in the c plane towards the direction parallel
to one of the wave vectors (q2NC) and the direction per-
pendicular to that (q, NC) as schematically shown in Fig.
7. In the IC and NC regions, there are some contrasts
similar to those of edge dislocations indicated by arrows
in Fig. 6. These defects do not seem to be related to this
transformation mechanism as these dislocations do not
move during the transformation.

Figure 8 shows a diffraction pattern taken under the
400 Bragg excitation condition by tilting the specimen,
which shows diffuse streaks of the spots from the IC

An observation by means of electron microscopy of the
phase transformation between the IC phase and the NC
phase on cooling made by Van Landuyt, using a dark
field imaging technique, showed successive changes in
the domain distribution of the IC and NC phases during
the transformation. There is a large difference in P be-
tween the IC phase and the NC phase as shown in Fig. 2.
In order to see this transformation, we took dark field im-
ages using a pair of primary spots of the IC phase and of
the NC phase around the 310 fundamental spot. Figures
6(a) and 6(b) are images taken under this condition from
the same area, with a temperature difference of about 3'
at around the transition temperature on cooling. The
coexistent region of the IC and NC phases is seen by a re-
gion with moire fringes having a period of about 5 nm.
This agrees with the calculated period of 4.8 nm by as-
suming

~ q&c ~

= 1.1257 nm ',
~ qNC

= 1.1295 nm ', and an
angle P of 10.55' between these vectors. Because a part
of the moire fringes disappears from Fig. 6(a) to Fig. 6(b),
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FIG. 6. Dark field images of the phase transformation from
the IC phase to the NC phase on cooling. Both (a) and (b)
represent the same region. The temperature of (b) is lower than
the temperature of (a) by 3 . Because a pair of primary spots of
the IC phase and the NC phase are used, the region with moire
fringes corresponds to the coexisting region of the IC phase and
the NC phase on cooling.

==—==IC8 NC::==- IC

FIG. 7. Explanation of the appearance of moire fringes and
of the direction of growth when the NC phase grows from the
IC phase. (a) q;Ic (i=1,2,3) is the primary reflection vector of
the IC phase. The lateral stripe shown is that corresponding to
q»c. (b) q»&'s make an angle of —10' with respect to q»c's.
The stripes shown correspond to q&zc. The region of the NC
phase has boundaries parallel to q»c and q&Nc. (c) Superposi-
tion of (a) and (b) and the appearance of the moire finges. The
moire fringes have the wave vector q, Nc

—q»c. The region with
the moire fringes is the coexistence region of the IC phase and
the NC phase. The boundary between the IC phase and the re-
gion with moire fringes makes —120 with respect to the IC
phase, as seen in Fig. S, indicating that the NC phase grows in a
perpendicular direction to its primary reflection vectors q»&
and q2Nc.
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FIG. 8. Diffraction pattern under the 400 Bragg excitation
condition taken at the transition temperature from the IC to the
NC phase on cooling. Diffuse streaking due to the IC phase ap-
pears.

phase. There are two kinds of spots in the diffraction
pattern: those from the IC phase and those from the NC
phase. The secondary spots of the NC phase seem to be
on the diffuse streak, which is supposed to show the Fer-
mi surface. ' On the other hand, the secondary spots of
the IC phase seem to be off the diffuse streaking. The
projection of the primary spot of both the IC phase and
the NC phase are, however, on the difFuse streaks.
Therefore it can be thought that both the IC phase and
the NC phase are stabilized by the Fermi-surface nesting,
but at different parts of the Fermi surface. The intensity
distribution of secondary spots of the IC phase has an el-
liptical shape, whereas that for the NC phase does not.
This is the reason why the moire fringes in Fig. 6 due to
the coexistence of the IC and NC phases are so wavy.

C. The NC phase on cooling

Figure 9(a) shows the [001) high-resolution image and
the corresponding difFraction pattern of the NC phase on

cooling taken at room temperature. The fringe contrast
due to the secondary spots on the c plane is too weak to
be seen clearly. Therefore, in Fig. 9(b), a processed image
with enhanced secondary spots intensity is shown, in
which an aperture composed of seven circles which en-
close the direct beam and six secondary spots [see the in-
set of diffraction pattern in Fig. 9(a)] is used as the
Fourier bandpass. The processed image shows the homo-
geneously extended fringes of hexagonal network with a
local bending. Neither figure shows any evidence of
discommensuration and the present result is consistent
with the observations made by Kuwabara et al.

Figure 10 shows the observation of the NC phase on
cooling from the IC phase at room temperature in the
direction perpendicular to the c axis, by exciting a pair of
primary spots as shown in the inset. The corresponding
image shows fringes which are almost straight, and the
location of every third black dot aligns exactly along the
c axis. The separation of primary spots from the a*-b*
plane along the c axis is also ~c* ~/3 within the experimen-
tal error. We also measured the separation of the pri-
mary spots from the a'-b* plane along the c axis with
decreasing temperature down to the C phase, expecting
that the T phase, which has a stacking deviation from

~

c*
~
/3, ' might appear. However, no change was ob-

served, indicating that the T phase does not exist on cool-
ing.

D. The commensurate phase

Figure 11 represents the diffraction pattern in the basal
plane of the C phase of 1T-TaS2 schematically. In this
figure, large solid circles correspond to the fundamental
rejections and the small solid circles correspond to the
spots of &13X&13 superstructure. Fundamental spots
coincide with some of the superstructure spots because
the structure is commensurate with the normal phase at
least in the basal plane. The relation between the funda-
mental spots and the superstructure spots is given by
3qc, +q&2

=a*. The rhombus in the figure shows the

FIG. 9. (a) High-resolution image of the NC phase on cooling at room temperature with the incident beam parallel to [001] and

the corresponding diffraction pattern in which the Fourier bandpass used to obtain (b) is shown by circles. In this image, weak in-

commensurate fringes can be seen. (b) Processed image using a direct spot and six secondary spots.
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FIG. 10. High-resolution image of the NC phase on cooling
at room temperature. The observed direction is perpendicular
to the c axis, exciting a pair of primary spots.

FIG. 12. The rhombus spanned by a, and b, is the unit cell
of the C phase on one layer in the real space. A cluster of 13 Ta
atoms, having the shape of the Star of David, each of which is
connected by a translation vector of —ap bp belongs to the
unit cell of the &13X &13 structure.

unit cell in the reciprocal space in the basal plane. The
corresponding unit cell in the real space is shown by the
rhombus spanned by a, and b, in Fig. 12. Each corner of
this unit cell is the site for the star-shaped cluster accord-
ing to Brower and Jellinek. Numbers given for the
cluster indicate the possible sites for the corner of the
unit cell on different stacking layers. The translation vec-
tor —ao —bo (Ref. 27) gives the shift between the succes-
sive stacking layers.

Figure 13 shows a [001] high-resolution image of the C
phase at 90 K and a corresponding diffraction pattern.
The coarse fringes have the same period of (&3/2) ~a, ~

in
the three independent directions, but their contrasts are
different from one another, resulting in the lack of a
threefold symmetry of the image. As these fringes are
straight and well developed in such a wide area, it can be
concluded that the C phase has the long-range order in
the basal plane. The fact that the image does not have a
threefold symmetry is due to the stacking disorder along
the c axis, as will be mentioned later.

In order to con6rm the stacking order of commensu-
rate layers, we observed the commensurate phase from
the direction perpendicular to the c axis. The specimen

was kept at a temperature of 373 K for about 12 h in the
TEM. This procedure is effective in eliminating the stress
on the specimen induced by handling and transforma-
tions. The specimen was then cooled to 90 K to obtain
the C phase. The [140] was chosen as the direction for
the observation, because in this direction, the Ewald
sphere not only cuts the primary reAections around the
origin, but also other independent primary rejections at
the same time. Such a diffraction pattern is shown in Fig.
14. In this diffraction pattern, the h„0„$reflections for
h, =+(1,2,3,4,5) are elongated along the c* direction.
(Indices with subscript s are based on the cell spanned by
qc, and qcz. g is the coordinate along the c* direction
with the unit of ~c*~.) This means that, although there
exists a stacking disorder, the structure in each basal
plane has a long-range ordering. The +2„0„(and
5„0„$rejections have different intensity distribution

from the others. The reason is that these rejections are

qc2
P

000 q~,

a
4O

0

FIG. 11. Schematic diffraction pattern of the C phase in the
basal plane. The rhombus spanned by qc& and q&2 corresponds
to the projected unit cell of the C phase on basal plane in re-
ciprocal spaces.

FICx. 13. [001] high-resolution image of the C phase at 90 K
and a corresponding diffraction pattern.
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FlQ. 14. [140] diff'raction pattern of the C phase. The rows
of h, (=0,1,2,3,4,5) mean that of h, q~c&, i.e., indices with sub-
script of s, have the base vectors q&& and q~2 in the basal plane,
and g is a coordinate in the unit of ~c*~.

the secondary reAections, while the others are the pri-
mary rejections which are independent from each other
(Fig. 11). The intensity distribution of these primary
reflections are similar to the result obtained by an x-ray
diffraction experiment by Tanda et al. ' Another impor-
tant feature of the diffraction pattern is the existence of
weak, spotty reAections in the middle of any two neigh-
boring 0,0, / rejections where I is an integer. These weak
rejections are not due to the double diffraction effect, as
they are also observed in the [010] difFraction pattern in
which it is impossible to produce the double diffraction
effect. The existence of O,O,I+—,

' reAections suggests that
the stacking order of the commensurate phase has a
period of two co.

In Fig. 15, we show a high-resolution image corre-
sponding to the diffraction pattern of Fig. 14. The dark
bands in this figure correspond to atomic layers and the
black dots in them correspond to the images of rows of
clusters. Almost all of the stacking have a unit of double
layers connected by the stacking vector of c without a
stacking shift. In order to clarify this stacking order and

FICx. 15. [140] high-resolution image of the C phase at 90 K.

to reproduce the diffraction pattern, we made a model of
the stacking by reading the location of clusters from this
image. Thirteen possible transitional components of
stacking vectors (cf. Fig. 12) were chosen in the basal
plane and the lattice parameters co=0.5919 nm and
a0=0.3356 nm, were assumed. Based on these num-
bers, the angle between the c axis and the vector connect-
ing one cluster to another one of the next layer was calcu-
lated. The following 156 stacking orders were obtained
from the image:

0, 7,0, 8,0, 11,0,11,0,11,11,7,0,8,0,7,0,7,0,8,0,8,0, 8,0,8,0,11,0, 11,0, 11,0,11,
0, 11,0, 8,0, 7,0, 7,0,8,0,8,0, 11,0,8,0,11,0, 8,0, 7,0, 7,0,7,0,7,0,11,0,11,0, 11,0,
11,0,11,0,7,0,7,0, 11,0, 8,0, 11,0,8,0,8,0,11,0 11,0,11,0, 11,0,7,0,7,0, 11,0, 8,0,
11,0,8,0,11,0,11,0,8,0, 11,0,11,0,11,0,7,0,7,0,7,0, 8,0, 11,0, 11,0,8,0, 11,0,7,0,
8,0, 11,0,11,0, 11,0,7,0,7,0,7,0,7,0,8,0,8.

These numbers correspond to the translation vectors in
Fig. 12 (the number 7, for example, indicates the stacking
shift corresponding to 0 to 7 in Fig. 12, and 0 indicates
no stacking shift). The stacking vector is such a transla-
tion vector plus c. Here, only four types of translation
vectors appear, i.e., 0, 7, 8, and 11, and almost all of the

stacking has a unit of the double layers except only one in
156. The stacking sequence of double layers is essentially
disordered as mentioned by Nakanishi and Shiba. But,
in this observation, we can see two types of stacking pat-
terns. One is the sliding stacking such as repetitive
11,0,11,0,... with the repetition of 6co to 10co. The other
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FICx. 16. Calculated intensity profiles based on the stacking
sequence obtained from the [140] high-resolution image of the C
phase (Fig. 15) (a) along 1„0„$;(b) along 1„1„$;(c) along

0„1„$.Here, the digit with "s" is the index based on the
rhombus spanned by q&I and qc2 (Fig. 11). (d) Average of (a),
(b), and (c).

stacking pattern is a local screw stacking indicated by the
underlined portion such as 11,0, 7,0, 8,0, .. . .

Based on this observation, we calculated the structure
factor and the intensity distribution by assuming that
each cluster has a constant form factor of —„',. Figures
16(a), 16(b), and 16(c) show the intensity profiles along1„0„(;1„l„g;and 0„1„$respectively, where g is a
coordinate in the unit of ~c'~ in the reciprocal space and
first two digits with subscript "s" are indices in terms of
the cell spanned by qc& and qcz (Fig. 11). Overall
features of these profiles are similar to one another and
are comparable to the x-ray result taken by Tanda and
Sambongi. But fine details are different, for example,
the location of the maximum indicated in the figure.
Therefore there is no threefold symmetry in the stacking,
and this is consistent with the [001] high-resolution ob-
servation (Fig. 13). Figure 16(d) shows the average of the

three independent profiles shown in 16(a)—16(c). The
maximum points at 0.314 and 0.814 are close to the x-ray
results of 0.310+0.003 and 0.825+0.003. However, the
diffraction pattern (Fig. 14) may have to be reexamined if
the intensity of each streak has fine structures. These
differences in the detail of the profile in the intensity dis-
tribution are, however, mainly due to the difference in
statistics, because the size of the area of the observation
in the high-resolution image, that of diffraction pattern,
and that of x ray are about 100 nm, 1 pm, and 100 pm,
respectively.

As mentioned before, the commensurate structure has
weak reAections at 0,0,l+ —,'. The calculated intensity
based on the stacking model used does not give any inten-
sity at 0,0,1+—,', because we assumed that the stacking
period along the c axis was the same as ~co~ and the unit
of form factor of cluster was constant. The stacking of
the commensurate phase, however, has a unit of double
layers. Therefore, within the double layer, there can be a
particular interaction. ' Such an interaction may
change the lattice spacing along the c axis of the double
layer and also the form factor of the cluster. From ob-
servations on the C phase, it can be said that this phase is
commensurate in the basal plane, but, essentially, is not
commensurate in three dimensions because the stacking
order of the C phase is not periodic.

E. The T phase and the NC phase on warming

In Fig. 17, changes of diffraction patterns with temper-
ature taken from the direction perpendicular to the c axis
are shown. Because of the diffraction spots rotated
around the c* axis, the direction of the incident beam
was chosen to excite three independent primary spots at
the same time. Therefore the beam was tilted a little
from the [140] direction. The characteristics of
diffraction spots in the T phase [Figs. 17(a) and 17(b)] are
that the direction of the streaks is tilted from the direc-
tion of the c axis. This fact is consistent with the intensi-
ty distribution of the secondary spots in the c plane [Figs.
4(f) and 4(g)] and also indicates that the long-range order-
ing in the c plane is missing. On the other hand, the pri-
mary spots in the NC phase on warming [Fig. 17(c)] are
rather spotty and this is also consistent with the [001]
diffraction pattern shown in Fig. 4(h).

We also measured the relative separation of the in-
dependent primary spots from the a'-b' plane along the
c direction with respect to the unit reciprocal layer dis-
tance (g in the ~c*~ unit). The temperature dependence
of g is thus shown in Fig. 18. The most important
features here are that g in the T phase deviates from —,',
tends to approach —,

' as the temperature is raised, and in
the temperature range of the NC phase g, reaches —,

'

within the experimental error. The deviation of g from —,

in the T phase was first pointed out by Tanda et al. , but
the amount of the deviation in their experiment is larger
than the results shown here. The change in g at the
boundary of the T phase and the NC phase on warming
at 280 K is discontinuous, and it is believed that this
discontinuous change in g and the endothermic peak in
the specific heat measurements" are related.
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FIG. 19. High-resolution image and diffraction pattern of the
T phase at 226 K. The direction of the incident beam is chosen
so as to excite a pair of primary spots around 000.

FIG. 17. (a) and (b) Diffraction pattern of T phase on warm-

ing; (c) diffraction pattern of NC phase on warming. The in-
cident directions are chosen to excite three independent primary
spots.

In Fig. 19, a typica1 high-resolution image of the T
phase taken from the direction perpendicular to the c axis
is shown. Here, fringes that correspond to the primary
spots around 000 are very wavy and the double-layer sub-
structure that is characteristic of the C phase (Fig. 15) is
not visible anymore. If one marks every third black dot
along the c axis, the orientation of these marks has a AucQM

tuation and the averaged orientation of the dotted line
connecting these black dots on every third layer deviates
from the orientation of the c axis. On the other hand, a
typical high-resolution image in the NC phase on warm-
ing is shown in Fig. 20. Although there is also a very
small fluctuation in the fringes corresponding to the
elongation of the primary spot, the dotted lines, created
in the same way as above, are along the c axis. This
proves that, in the T phase, the stacking deviates from
that of —,', but, in the NC phase, the —,

' stacking is taken.
This is consistent with the behavior of g shown in Fig. 18.

0.35"

K Q.33-

T+ NC
X

0 r
o~ ~

x

31
20Q 25Q 300 350

Temperature (K)

FIG. 18. Temperature dependence of the g (in units of ~c*~)
of three independent primary spots on warming in the T and the
NC phase.

FIGB 20. High-resolution image of the NC phase at 301 K on
warming and the corresponding diffraction pattern. The direc-
tion of the incident beam is chosen so as to excite a pair of pri-
mary spots around 000.



2056 TAKASHI ISHIGURO AND HIROSHI SATO

Observations with the incident beam along the c axis,
however, show an essential difference in character from
those on cooling. Figure 21(a) shows a [001] high-
resolution image of the T phase and an optical
diffractogram by a laser Fourier-transformation method
from this image in order to confirm that this image
represents the feature of electron diffraction pattern of
the T phase. The optical diffraction pattern gives the
value of ~q ~

/~a*~ =0.2817+0.001, which agrees with the
value obtained by electron diffraction (Fig. 3). In the im-
age, an assembly of discontinuous lines that connects the
high-intensity white dots with the period of the com-
mensurate structure in the c plane can be detected. Gen-
erally speaking, the understanding of high-resolution im-
age is difBcult in the case in which the structure is com-
plex along the projected direction, because the contrast is
given as a result of phase modulation caused both by the
material and by the focus condition of the objective lens.
But, in general, the local periodic information and the
symmetry are retained in the image. For example, the
[001] high-resolution image of the C phase (Fig. 13) can
be understood by the repetition of the same pattern with
the size of the unit cell shown in Fig. 12, even if the struc-
ture of the C phase has a disordered stacking along the
projected direction. In the T phase, such a discontinuity
from one commensurate domain to another was observed
on the surface by STM (Ref. 21) and was interpreted by
the concept of discom men su ration: an assembly of
domains of commensurate structure connected by phase

slip regions.
Based on the concept of discommensuration, we first

selected the assembly of strong white spots from Fig.
21(a) and then tried to select regions of the commensu-
rate structure in the c plane. By selecting such strong
white dots, it is possible to see an assembly of local hex-
agonal networks. Selected dots from the image of Fig.
21(a) are thus mapped in Fig. 21(b), in which domains of
hexagonal networks connected to each other by the
translational vectors of 7,8, 11 or 2,5,6 in Fig. 12 are ob-
tained. These combinations of three vectors are the
stacking vectors on the c plane of the C phase. Some
parts of domain boundaries thus constructed show an
overlapping of domains, because this image shows the
projected structure along the c axis, but such overlapping
parts are not larger than the size of domains.

The length of these projected stacking shift vectors is
shorter than the length of the unit vector ~a, ~, and these
vectors are rotated from the fundamental direction of the
commensurate structure. Therefore the variation of the

~
q~

~ /~ a*
~

and P with temperature on warming process
can be easily explained if the density of such two-
dimensional discommensuration increases with tempera-
ture.

Figure 22(a) shows a [001] high-resolution image of the
NC phase on warming which shows similar features to
that of the T phase [Fig. 21(a)]. The optical
diffractogram in the inset indicates that more rotation
has taken place compared to that of the T phase and the
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(a)

FICx. 21. (a) [001] high-resolution image of the T phase at 226 K and corresponding optical diffraction pattern taken from the same
area. (b) Domain structure of the T phase. Hexagonal network is traced from the image of (a) by taking the brightest spots into ac-
count. The domains enclosed by lines represent domains with the commensurate structure, even though there are some extra spots
due to the overlapping of domains. Large white dots at the corners of (a) and large black dots in (b) indicate the same position.
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FICi. 22. (a) [001] high-resolution image of the NC phase on
warming at 301 K and the corresponding optical di6'raction pat-
tern. (b) Domain structure of the NC phase on warming. This
is created from the image of (a) by the same way as Fig. 21(b) is
created from Fig. 21(a).

value of ~q~~/~a*~ obtained by this optical diffractogram
is 0.2845+0.001. This is also consistent with the results
of the electron diffraction studies (Fig. 3). Similar to the
case of the T phase, it is possible to divide the image into
small commensurate domains as shown in Fig. 22(b). The
size of these domains in the NC phase on warming is
much smaller than that in the T phase at 226 K (Fig. 21).
It should be emphasized that the NC phase on warming
at 301 K has also discommensurate networks, while the
NC phase on cooling does not have such discommensura-
tion networks.

On warming from the C phase, the mechanism of rota-
tion and the change of the period in the c plane has the
same character both in the T phase and the NC phase.
On the other hand, the difference between the T phase
and the NC phase on warming is characterized by the
difference in the stacking order as shown in Fig. 18. The
deviation from the threefold symmetry in the C phase is
due to a statistical deviation from the periodic arrange-
ment in the three stacking vectors. But, whether the de-
viation from the threefold symmetry in the T phase has
similar statistical origin to that in the C phase is not clear
at this moment.

IV. DISCUSSION AND CONCLUSION

The series of observations described above reveals that
the phase transformations in 1T-TaS2 have a large hys-
teresis depending on the previous thermal history. On
cooling from the IC phase, the NC phase has characteris-
tics similar to that of the incommensurate structure in
the basal plane, with the stacking order of —,'. In other
words, it retains the structural nature similar to that of
the IC phase from where it is derived. The C phase has

the stacking which also deviates from that of —,
' and, at

the same time, shows the existence of stacking disorder.
In addition, the C phase has a specific double stacking in
every second layer. On the other hand, on warming from
the C phase, the T phase appears first. Here, the basal
plane consists of domains of the commensurate structure
separated by a network of discommensuration. In the T
phase, the stacking deviates from that of —,

' and tends to
approach that of —,

' as the temperature is raised. The NC
phase follows the T phase on warming. Here, a domain
structure with discommensurate network similar to that
of the T phase exists and the size of each domain is even
smaller. As a result, the decrease in the size of the
domain with temperature gives a natural explanation of
the change of P and q with temperature (Figs. 2 and 3).
One difficulty is to explain why and how the stacking ap-
proaches —,

' with temperature. So far, it is only recog-
nized that the stacking vectors have a statistical deviation
from —,

' in the T phase, but the details are not clear.
In systems that show a large temperature hysteresis

such as 1T-TaS2, it is important to choose the initial state
and a fixed thermal history in taking data in order to ob-
tain consistent results. Phase transformation in the case
of 2H-TaSe2 also shows a hysteresis which was confirmed
by the x-ray experiment. ' This situation is qualitatively
similar to the case of 1T-TaS2, and the existence of the
hysteresis had created a controversy in interpreting the
discommensuration structure. Therefore it is impor-
tant to take into account the thermal history in compar-
ing data in discussing the phase transformation of 1T-
TaS2. As explained earlier, we choose the IC phase as the
initial state. This was also the choice of Bayliss,
Ghorayeb, and Guy and Sezerman, Simpson, and Jeri-
cho for their measurements of macroscopic properties of
1T-TaS2. Their results also revealed the existence of the
T phase on warming and the differences in the NC phases
on cooling and on warming. Our observations are con-
sistent with their results. On the other hand, Tanda
et al. ,

' in their x-ray experiments, chose the NC phase
at room temperature as the initial state in their x-ray ex-
periment, because the stacking property was the same,
being equal to —,', in the NC phase both on cooling and
warming. They reported for the first time the existence
of the T phase with long narrow domain structures,
which was also confirmed by a STM experiment. ' Their
results are qualitatively the same as that of ours in the
sense that the T phase has a structure with discommensu-
rate network and does not have a threefold symmetry.
However, there are also some qualitative differences. For
example, differences exist in the relative height of three
independent primary spots in the unit reciprocal layer
distance, in the shape of the discommensuration network
and in the phase slip among domains at the discommen-
suration.

The change of iI) and ~q ~/~a*~ with temperature on
warming, as shown in Figs. 2 and 3, can be understood if
the size of domains having the commensurate structure
decreases and if the relative area of discommensurated
networks increases with temperature as shown in Figs. 21
and 22. The geometrical relation between the size of
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FIG. 23. Idealized model for discommensuration network. (a) The C phase. The mark 0 indicates the location of the star-shaped
cluster of the phase and the number indicates the location of the center of the star-shaped cluster for possible stacking positions. (b)
Arrangement of hexagonal commensurate domains of the size n=1 (the length of the side of the hexagon of the commensurate
domain is characterized by the size of the rhombus of the unit cell of the commensurate structure) arranged with relative shifts of 8,
7, and 11 (this is equivalent to the shift of 5, 6, and 2). (c) Discomrnensurate arrangement of hexagonal commensurate domains with
size n =2. (d) Discommensurate arrangement of hexagonal cornrnensurate domains with size n =3.

commensurated domains and the relative area of discom-
mensurated networks can be calculated if one idealizes
the discommensuration model based on Figs. 21 and 22
in the following fashion. As is shown in Fig. 23, hexago-
nal commensurate regions with various sizes can be
represented by the number n. Here, n indicates the size
of the hexagon (by the length of the edge) in terms of the
size of the unit cell of the C phase (equal to I 3ao —boI ) as
indicated in Fig. 23(a). An idealized discommensurate
state can be realized by arranging these hexagonal corn-
mensurate regions regularly with phase slips 8, 7, and 11
(5, 6, and 2 are equivalent). As the size of the hexagon
decreases to n = 1 (n = ~ corresponds to the commensu-
rate phase), the relative area of the discommensuration
networks increases. Then, the relation between n and P
and Iq I/Ia*I can be calculated as

180 ( &3n
tan

771 +2

14

13--

12.-

T

NC4

I

Q. n=m
on cooling

~ on warming
model

C on warming
~,

'on=1q NC on cooling

Iq. I 2(3n +1)
j 3[(3n)'+3(7n +2)'] I

'/'

»»g. 24, Iq„I/Ia'I —p„thus represents a straight dot-
ted line and n = ~ corresponds to the C phase. The rela-
tion Iq'I/la*I —p for the experiment can be obtained
from Figs. 2 and 3 and is plotted in Fig. 24 by open cir-
cles (on cooling) and solid circles (on warming). It is
clear from the plot thatin th, e NC phase on cooling, P

10
Q277

I

Q280 0285
f qpgt

0.290

FICx. 24. Relation between Iq I/Ia*I and @. Open circles in-
dicate the change on cooling from the IC phase, while solid cir-
cles indicate the change on warming. The dotted line indicates
the relation I q I /I a*

I

—P calculated from the idealized model of
the discommensurate network.
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increases linearly and intersects the dotted line at 12.3',
where it transforms into the C phase. On warming, the
change of P and ~q ~/~a

~
is along the dotted line

represented by the idealized discommensuration model.
The transformation from the T phase to the NC phase is
continuous and the relation gradually deviates from the
dotted line of the idealized model. Here, the discontinui-
ty at /=12. 3 does not appear clearly. However, the
idealized model is concerned with the discommensuration
only in the e plane and the effect of the change of the
stacking order is not included. This type of the idealized
model would only be valid for the case where n is large.

The behavior of the transformation in 1T-TaS2 on
warming thus has become very clear with the help of
Figs. 21 and 22, except for the effect of stacking order.
Although it was possible to determine the stacking order
in the C phase by high-resolution electron microscopy, in
the discommensurate structure, reliable observations
could not be made because the observation is an average
over a number of commensurate domains. Therefore, at
this moment, we can only safely say that the stacking or-
der in the T phase deviates from that of —,

' while in the
NC phase, it is approximately that of —,'. The effect of this
change to

~ q ~ /~ a*
~

is not quite clear.
On cooling, on the other hand, the rotation of P with

temperature takes place with ~q ~/~a*~ almost constant
without producing the discommensuration. With the
value of ao (the size of the unit cell) obtained from the x-
ray measurement, the absolute value of ~q ~

is estimat-
ed tobe

~q ~=9.780 nm ' at 350 K

and

~q ~=9.781 nm ' at 190 K

in the NC phase on cooling. In other words, ~q ~
does

not change on cooling. The change in the NC phase on
cooling is purely a rotation of q and a discornmensura-
tion in the ordinary sense does not exist. At lower tem-
peratures, the NC phase transforms into the C phase by a
first-order phase transition. The rotation of q in the NC
phase can thus be interpreted as a tendency of the NC
phase to approach the C phase.

Based on our results, the nature of the NC phase and
the IC phase is essentially the same. However, in the IC
phase, no rotation of the q vector is observed and there is
a discontinuous rotation of the q vector at the phase
boundary between the IC and NC phases. The only way
to reconcile these facts is to regard both the IC phase and
the NC phase as incommensurate phases with different
nesting conditions. Features of the incommensurate-
commensurate transition between the NC phase and the
C phase have thus been discussed. The features of
incommensurate-commensurate transitions in 1 T-TaS2
are very complicated and it would be necessary to accu-
mulate much more information on electronic structures
of this substance before we can explain the characteristics
of the phase transitions in a much more systematic
fashion.
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