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Diffraction measurements performed via transmission electron microscopy and high resolution
X-ray scattering reveal two distinct charge density wave transitions in GdoTes at Ter = 410(3)
and T2 = 532(3) K, associated with the on-axis incommensurate lattice modulation and off-axis
commensurate lattice modulation respectively. Analysis of the temperature dependence of the order
parameters indicates a non-vanishing coupling between these two distinct CDW states.

PACS numbers: 71.45.Lr, 61.05.cp, 61.44.Fw, 63.22.Np

Charge density waves (CDWs) are a familiar concept
in condensed matter physics|l]. The basic premise is
that a large electronic susceptibility at finite wavevec-
tor g, such as can be generated by Fermi surface nest-
ing in low dimensional materials, can lead to a coupled
electronic/lattice instability if the electron-phonon cou-
pling is strong enough. In recent years there has been re-
newed interest in this broken symmetry state, motivated
in part by the desire to better understand charge-ordered
states in strongly correlated systems|2]. The quasi two-
dimensional rare earth (R) tellurides RTes and RTes,
based on single and double square Te planes respectively,
have attracted particular interest given the combination
of their simple electronic structure|3, |4, 13], simple lattice
modulation|6, |7, |€], easy “tunability” (both in terms of
band filling|[9, [10] and also chemical pressure|11l]), and fi-
nally the large magnitude of their CDW gap|12]. This
renders the materials appropriate for several powerful
and complementary probes of the electronic and physical
structure|13, 14, (15, [16]. Several studies have established
these as prototypical nesting-driven CDW systems, with
CDW wave vectors determined by well-defined peaks in
the Lindhard susceptibility|2, |4, 17, [1§].

Recently, the closely related family of compounds
RsTes have also been shown to host CDW modulations
[19, 20]. Based on alternating single and double Te
planes, interleaved by corrugated RTe layers[21], this new
family of compounds is essentially a hybrid of the sim-
pler RTes and RTes compounds. This material raises
the very interesting question of how CDW formation
on the different Te planes coexists, or even competes.
Our initial analysis indicated that CDWs originated in-
dependently on the single and double Te planes, driven
by separate contributions to the susceptibility|19]. In
this Rapid Communication, we establish via Transmis-
sion Electron Microscopy (TEM) and high resolution x-
ray diffraction that the two sets of CDW wave vectors
observed in GdyTes, one of which is incommensurate
(go~0.69¢*), and the other of which is fully commen-

surate (¢1 =5/12a*+1/12¢*, ¢ = 1/12a*+5/12¢*), do
indeed undergo separate CDW transitions, but that the
two CDW condensates are not completely independent.

Single crystals of GdaTes were grown by slowly cooling
a binary melt, as described previously|19]. TEM diffrac-
tion images were taken at various temperatures along
the (010) zone axis, i.e. perpendicular to the Te planes.
The samples were ion-milled using a liquid nitrogen cool-
ing stage, and selected area diffration patterns (SADPs)
were taken using a Philips CM 30 operating at 300keV
with a Gatan double tilt heating stage for temperatures
up to 540K, utilizing double copper washers to improve
thermal contact. The equipment was optimized at the
nominal camera length 900 mm and images were taken at
varied exposure stops to obtain enough sensitivity for the
weak superlattice reflections. Real space images showed
very few macroscopic defects, which were easily avoided.

SADPs taken at room temperature both before and
after heating to 536 K are shown in Figure [l where
the CDW wave vectors qg, q1 and g2 are labeled around
(h0l)=(101). Figure [Ii(a) shows that the initial diffrac-
tion pattern before heating is actually a mirror im-
age of the satellite peaks previously observed in Refl19
and we label the diffraction peaks accordingly ¢j= -
5/12a*+1/12¢* and g¢h= -1/12a*+5/12c*. After heat-
ing and subsequent cooling to room temperature(Figure
(b)), the diffraction pattern shows weak circular streaks,
caused by irreversible surface recrystallization at high
temperatures. The diffraction pattern has also suffered a
mirror reflection about the ¢* axis, ascribed to a reversal
of the CDW domain orientation.

Representative SADPs taken at 343 K, 446 K and 536
K are shown in Figure[2in a sequential order of tempera-
ture changes. Both domains of the commensurate CDW
(i.e. ¢1 and ¢o oriented to the right and to the left) were
observed for temperatures above 313K (see for example
Figure [ (a)). Compared to the commensurate off-axis
CDW peaks, the incommensurate CDW along the ¢* axis
did not show a similar effect, due to the inequivalence of
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FIG. 1: (Color online) (a)Selected area TEM diffraction pat-
tern in (h0l) plane at room temperature (a) before and (b)
after heating to 536 K. CDW wave vectors are labeled as de-
scribed in the main text.

the a and c axes.

The diffraction intensities for ¢y were tremendously re-
duced by 343 K (green arrows in Figure [ (a)) and had
disappeared by 446 K (Figure 2 (b)). In contrast, the
intensities for the off-axis CDW remained strong until
much higher temperatures, eventually almost vanishing
at the highest temperatures (536 K, Figure 2 (c)).

The CDW transitions were investigated in greater de-
tail via high resolution x-ray diffraction. Samples were
glued on the surface of the metallic sample stage using
silver epoxy and the temperature was actively controlled
by an Anton-Paar furnace up to 550 K. The samples
were kept in a helium gas flow during the entire experi-
ment in order to minimize oxidation. Measurements were
carried out in a reflection geometry for photon energies
9.35keV and 12.70keV at the Stanford Synchrotron Ra-
diation Laboratory (SSRL) on Beam Lines 11-3 and 7-2.
A Ge(111) crystal analyzer or either 1 or 2 milliradian
slits was selected depending on the measurement. Bragg
peaks and the CDW satellite peaks over a wide range of
(hkl) were carefully inspected in order to select regions of

FIG. 2: (Color online) SADPs at (a) 343 K (b) 446 K and
(c) 536 K. Wave vectors are labeled as described in the main
text. The incommensurate CDW with go ~ 0.69 cx has disap-
peared by 446 K, suggestive of a CDW transition below this
temperature.

minimal structural defects. Samples had to be realigned
at each temperature due to the thermal expansion of the
sample stage and the Bragg peaks near to the satellite
peaks were centered at the maximum intensities. CDW
peaks are sharply peaked(inset Figure[d (a)) and we ob-
tain a lower bound for the CDW correlation length of



0.05 = . ;
= @ 5, 2 oo
; 0.04 - g :. . o (439 qo)-
S 003f z| g g % i
é 8062 0.68 0.72 3
= o002t =0 T 4.10K » i
0.01f . Pl el LA ]
= 10 : : : :
s [
: by
© N
2 05[ O (381q i@ & i
£ ® (53814q) % 1 T,~410K
g A (439 q) g
z - _mos %c@ AN
00 1 1 1 : 1
0.695 © 2 . — .
> b g | (338 1-q,)
& 069 |- -] : 8
rt S T, ~410K
0.685 | Ncﬁ@%@§§ 3 .
4.34 . . — ;
s @y, e e
£ T e s apee® ®
E 433} ; 5.0
© L3508
o & 32D
8 432f - ¢ T ~410Kk [ o gl
g 5.3 : 3 ¢ c
4.31 i s s s
300 350 400 450 500
T (K)

FIG. 3: Temperature dependence of the on-axis incommen-
surate CDW state. (a) FWHM of the CDW peak at (4 39
go) in the ac plane. Inset shows L scan at 300 K in the inset.
The sudden increase in FWHM at 7.1 = 410(3) K indicates
a CDW phase transition. (b) Square root of the integrated
intensity for peaks at (3 38 1-go), (5 38 1-qo) and (4 39 qo),
normalized to the BCS curve at 300 K. (¢) CDW wave vec-
tor go as a function of temperature measured from the CDW
peak at (3 38 1-go). (d) In-plane lattice parameters a and
c as a function of temperature. The dashed vertical line for
all panels indicates the nominal transition temperature Te1 =
410 K.

~ 0.5um in the ac plane and ~ 0.05um along the b-axis
for both on- and off-axis CDWs.

The temperature dependence of the incommensurate
CDW peaks for (hkl)=(3 38 1-qp), (5 38 1-qo) and (4 39
go) is shown in Figure Bl A rapid increase in FWHM
above the resolution limit (shown in Figure Bl (a) for the
specific peak (4 39 ¢g) in the ac plane) signals a CDW
transition at T.; = 410(3) K, consistent with TEM data
described above.

The square root of the integrated intensity, propor-
tional to the order parameter for weakly coupled systems,
is shown in Figure[Bl (b) for all three peaks, together with

the mean field BCS curve drawn for T,.; = 410 K. Data
have been normalized to the BCS curve at 300 K. Resid-
ual scattering intensity above T¢;, ascribed to fluctua-
tions due to the large FWHM we observe, was observed
up to 463 K, above which the satellite peaks became too
broad to be distinguished from background.

The absolute value of gy changes with temperature,
increasing by approximately 1.5% from T; to room tem-
perature (Figure[3{c)), and indicating a fully incommen-
surate CDW. Above T.1, qo does not appear to vary as
strongly with temperature, but the accuracy of the mea-
surement was limited by the significant broadening of the
CDW peak.

The CDW transition is also apparent in the lattice
parameters (Figure [B(d)). Above T, there is only a
small difference (approximately 0.15%) in the in-plane
lattice parameters a and c¢. On cooling below T, there
is a marked change in the thermal expansion coefficients,
with the a-axis lattice parameter decreasing more rapidly
with reducing temperature, while the c-axis lattice pa-
rameter actually increases with reducing temperature, at
least in the range from 410 down to 300 K. By room tem-
perature, the c-axis lattice parameter is fully 0.60% larger
than the a-axis. A similar “stretching” of the c-axis upon
CDW formation was also observed for the unidirectional
incommensurate CDW in ThTes[11].

The temperature dependence of the off-axis commen-
surate CDW diffraction peaks was also measured. Data
were collected for many peaks and representative mea-
surements for five specific wavevectors are shown in Fig-
ured The diffraction intensities for (455 41 ), (3% 41
4), (43 44 &) and (32 39 ) decreased upon heating
and almost disappeared at 533K (Figure M (a)). Oxi-
dation at these elevated temperatures, even in the flow-
ing He atmosphere, meant that data had to be collected
rapidly. Consequently, measurements of the FWHM were
limited to temperatures below 533 K and, in contrast to
the on-axis CDW described above, it was difficult to sys-
tematically determine a sharp increase of the peak width
associated with the ultimate CDW transition. However,
comparison of the temperature dependence of the square
roots of the integrated intensities of (475 41 &) and (33
41 14—2) and the 4th roots of the integrated intensities of
(42 44 &) and (33 39 ) with the classical BCS or-
der parameter (Figure (b)) allows an estimate of T,
= 532(3) K for these peaks, in reasonable agreement
with the trend observed in TEM. This comparison im-
plies that the satellite peaks at (475 41 ) and (33 41
14—2), corresponding to g2 and g2-g; respectively are from
the fundamental, whereas peaks at (4% 44 %), corre-
sponding to ¢; and (31—32 39 %), corresponding to g2-2¢;
are second harmonics, and hence that the fundamental
wavevectors associated with the off-axis CDW are ac-
tually g2 = %a*—k%c* and go-q1 = —%a*—k%c*. This
assignation might be consistent with the relative intensi-
ties of the superlattice peaks seen in Figure [Il but it is
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FIG. 4: Temperature dependence of the off-axis commensu-
rate CDW state. ( ) Integrated intensities of CDW peaks
t (455 41 2),35 41 &), (43 44 &) and (32 39 ).
(b) Square roots of the integrated intensities of (4% 41 2)
and (3% 41 &) (left axis) and 4th roots of the integrated
intensities of (4% 44 ) and (32 39 %) (right axis). (c)
Integrated intensity of the CDW peak at (45 26 13). In-
set shows FWHM of the CDW peak at (45 26 1) in the
ac plane. The intensity decreases significantly at T ~ Te1,
suggestive of interaction between the on-and off-axis CDWs.
The BCS order parameter is shown by a dashed line in panel
(b), and vertical dashed lines indicate 7.1 = 410 K and T2
=532 K.

not clear that this is the only interpretation for such a
fully commensurate lattice modulation.

Inspection of the data in Figures M (a) and (b) indi-
cates that the intensity of these commensurate super-
lattice reflections might be slightly affected at the onset
of the incommensurate on-axis CDW at T, but this
effect is clearly at the limit of our resolution for these
peaks. However, other commensurate CDW peaks ex-
hibit a stronger effect. For example, the strongest sup-
pression of the reflections for the commensurate super-
lattice at 7,1 occurred for the CDW peak at (42 26 12),
where the intensity was suppressed almost to zero with-
out increase in the FWHM up to much higher tempera-
tures, indicating the absence of an actual phase transition
associated with this specific wavevector (Figure @lc) and
the inset therein). This behavior could not be accounted

for by any order of harmonic generation, and suggests
a non-trivial coupling of the commensurate and incom-
mensurate CDW order parameters. It will require further
experiments to elucidate the nature of this coupling, and
the extent to which it affects the underlying electronic
structure.

In summary, we have established that the on-axis in-
commensurate and off-axis commensurate lattice mod-
ulations in GdsTes; have different CDW transitions.
Driven separately by different sections of the Fermi
surface[19], these two CDWs are not completely indepen-
dent and weak coupling between them results in deviation
from BCS temperature dependence in some superlattice
peaks associated with the commensurate CDW state.
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