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a b s t r a c t

Gd2Te5 is a layered material consisting of alternating single and double square planar Te sheets. At
room temperature the material hosts a complex lattice modulation characterized by multiple in-plane
wavevectors. Diffraction measurements performed via transmission electron microscopy and high-
resolution X-ray scattering reveal two distinct transitions at Tc1 = 410(3) and Tc2 = 532(3) K, associated
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with an on-axis incommensurate lattice modulation and an off-axis commensurate lattice modulation
respectively. Our results show that the two lattice modulations are separate in origin but that there is
some coupling between them.

© 2009 Elsevier B.V. All rights reserved.
ransmission electron microscopy
-ray diffraction

. Introduction

Charge density waves (CDWs) are a familiar concept in con-
ensed matter physics [1]. The basic premise is that a large
lectronic susceptibility at finite wavevector q, such as can be
enerated by Fermi surface nesting in low dimensional mate-
ials, can lead to a coupled electronic/lattice instability if the
lectron–phonon coupling is strong enough. In recent years there
as been renewed interest in this broken symmetry state for quasi-
wo-dimensional (2d) materials, motivated in part by the desire to
etter understand charge-ordered states in strongly correlated sys-
ems such as the cuprate superconductors [2]. In this regard, the
are earth (R) tellurides RTe2 and RTe3, based on single and double
quare Te planes respectively, are especially revealing, and have
ttracted particular interest given the combination of their simple
lectronic structure [3–5], simple lattice modulation [6–8], easy
tunability” (both in terms of band filling [9,10] and also chemi-

al pressure [11]), and finally the large magnitude of their CDW
ap [12]. This renders these materials appropriate for several pow-
rful and complementary probes of the electronic and physical
tructure [13–16]. Several studies have established these as pro-
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totypical nesting-driven CDW systems, with CDW wave vectors
determined by well-defined peaks in the Lindhard susceptibility
[2,4,17], although questions remain about the role played by a pos-
sible incipient lattice instability [18].

Recently, the closely related family of compounds R2Te5 have
also been shown to host CDW modulations [19–21]. Based on alter-
nating single and double Te planes, interleaved by corrugated RTe
layers [22], this new family of compounds is essentially a hybrid
of the simpler RTe2 and RTe3 compounds. This material raises the
very interesting question of how CDW formation on the different
Te planes coexists, or even competes. To begin to address this ques-
tion, we consider the representative compound Gd2Te5. Our initial
observation revealed two distinct sets of modulation wavevectors
at room temperature for this material, one of which is incommen-
surate (q0 ∼ 0.69c*), and the other of which is fully commensurate
(q1 = 5/12a* + 1/12c*, q2 = 1/12a* + 5/12c*). Both of these can be cor-
related with separate contributions to the Lindhard susceptibility,
indicating that the CDWs originate independently on the single and
double Te planes [19]. In this regard, Gd2Te5 can be considered
a quasi-2d analog of the well-known quasi-1d material NbSe3. In
the case of NbSe3, successive CDW transitions at 59 and 145 K [23]
have been associated separately with inequivalent and nominally

non-interacting prismatic chains [24–27]. In this short paper, we
establish via Transmission Electron Microscopy (TEM) and high-
resolution X-ray diffraction that the two sets of modulation wave
vectors observed in Gd2Te5 undergo separate phase transitions as
a function of temperature at Tc1 = 410(3) and Tc2 = 532(3) K. This

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:irfisher@stanford.edu
dx.doi.org/10.1016/j.jallcom.2009.09.154
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esult confirms the separate origin of the two lattice modulations,
nd delineates ranges of temperature over which the interplay
etween the two CDW states can be investigated in greater detail.
he substantially higher CDW transition temperatures found in
d2Te5 than for the 1d analog NbSe3 may indicate a greater poten-

ial for observing interactions between the two CDW condensates.

. Experimental methods

Single crystals of Gd2Te5 were grown by slowly cooling a binary melt, as
escribed previously [19]. TEM diffraction images were taken at various temper-
tures along the (0 1 0) zone axis, i.e. perpendicular to the Te planes. The samples
ere ion-milled using a liquid nitrogen cooling stage, and selected area diffrac-

ion patterns (SADPs) were taken using a Philips CM 30 operating at 300 keV with a
atan double tilt heating stage for temperatures up to 540 K, utilizing double copper
ashers to improve thermal contact. The equipment was optimized at the nominal

amera length 900 mm and images were taken at varied exposure stops to obtain
nough sensitivity for the weak superlattice reflections. Real space images showed
ery few macroscopic defects, which were easily avoided.

High-resolution X-ray diffraction measurements were performed at the Stan-
ord Synchrotron Radiation Lightsource (SSRL) on Beam Lines 11-3 and 7-2. Samples
ere glued on the surface of a metallic sample stage using silver epoxy and the tem-
erature was actively controlled by an Anton-Paar furnace up to 550 K. The samples
ere kept in a helium gas flow during the entire experiment in order to minimize

xidation. Measurements were carried out in a reflection geometry for photon ener-
ies 9.35 keV and 12.70 keV. A Ge(1 1 1) crystal analyzer or either 1 mrad or 2 mrad
lits was selected depending on the measurement. Bragg peaks and the CDW satel-
ite peaks over a wide range of (h k l) were carefully inspected in order to select
egions of minimal structural defects. Samples had to be realigned at each temper-
ture due to the thermal expansion of the sample stage, and the Bragg peaks near
o the satellite peaks were centered at the maximum intensities. CDW peaks were
harply peaked (inset to Fig. 3(a)) and we obtain a lower bound for the CDW corre-
ation length of ∼0.5 �m in the ac plane and ∼0.05 �m along the b-axis for both on-
nd off-axis CDWs.

. Results and discussion

SADPs taken at room temperature both before and after heating
o 536 K are shown in Fig. 1, where the modulation wave vectors
0, q1 and q2 are labeled around (h 0 l) = (1 0 1). Fig. 1(a) shows that
he initial diffraction pattern before heating is actually a mirror
mage of the satellite peaks previously observed in Ref. [19] and

e label the diffraction peaks accordingly q′
1 = −5/12a ∗ +1/12c∗

nd q′
2 = −1/12a ∗ +5/12c∗. After heating and subsequent cooling

o room temperature (Fig. 1(b)), the diffraction pattern shows weak
ircular streaks, caused by irreversible surface recrystallization at
igh temperatures. The diffraction pattern has also suffered a mir-
or reflection about the c*axis, ascribed to a reversal of the CDW
omain orientation.

Representative SADPs taken at 343 K, 446 K and 536 K are shown
n Fig. 2(a–c) respectively. The images were taken sequentially

hile warming from room temperature. Both domains of the com-
ensurate lattice modulation (i.e. q1 and q2 oriented to the right

nd to the left) were observed for temperatures above 313 K (see for
xample Fig. 2(a)). Compared to the commensurate off-axis mod-
lation peaks, the incommensurate CDW along the c* axis did not
how a similar effect, due to the inequivalence of the a and c axes.

The diffraction intensities for q0 were tremendously reduced
y 343 K (green arrows in Fig. 2(a)) and had disappeared by 446 K
Fig. 2(b)). In contrast, the intensities for the off-axis superlattice
eaks remained strong until much higher temperatures, eventually
lmost vanishing at the highest temperatures (536 K, Fig. 2(c)).

The CDW transitions were investigated in greater detail via
igh-resolution X-ray diffraction. The temperature dependence of
he incommensurate CDW peaks for (h k l) = (3 38 1−q0), (5 38 1−q0)
nd (4 39 q0) is shown in Fig. 3. A rapid increase in FWHM above the

esolution limit (shown in Fig. 3(a) for the specific peak (4 39 q0) in
he ac plane) signals a CDW transition at Tc1 = 410(3) K, consistent
ith TEM data described above. The square root of the integrated

ntensity, proportional to the order parameter for weakly coupled
ystems, is shown in Fig. 3(b) for all three peaks, together with the
Fig. 1. Selected area TEM diffraction pattern in (h 0 l) plane at room temperature (a)
before and (b) after heating to 536 K. Bragg peaks are labeled according to (h l). CDW
wave vectors are labeled as described in the main text.

mean field BCS curve drawn for Tc1 = 410 K. Data have been normal-
ized to the BCS curve at 300 K. Residual scattering intensity above
Tc1, ascribed to fluctuations 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 q0 changes with temperature, increasing
by approximately 1.5% from Tc1 to room temperature (Fig. 3(c)),
and indicating a fully incommensurate CDW. Above Tc1, q0 does
not appear to vary as strongly with temperature, but the accuracy
of the measurement was limited by the significant broadening of
the CDW peak.

The incommensurate CDW transition is also apparent in the
lattice parameters (Fig. 3(d)). Above Tc1, there is only a small dif-
ference (approximately 0.15%) in the in-plane lattice parameters a
and c. On cooling below Tc1, 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
parameter actually increases with reducing temperature, at least
in the range from 410 down to 300 K. By room temperature, 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 equivalent unidirectional incommensurate CDW
in the bilayer compound TbTe3 [11].

The temperature dependence of the off-axis commensurate

superlattice diffraction peaks was also measured. Data were col-
lected for many peaks and representative measurements for five
specific wavevectors are shown in Fig. 4. The diffraction inten-
sities for (4(1/12), 41, (5/12)), (3(8/12), 41, (4/12)), (4(5/12), 44,
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Fig. 2. SADPs at (a) 343 K (b) 446 K and (c) 536 K. Bragg peaks are labeled according to
(
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Fig. 3. Temperature dependence of the on-axis incommensurate CDW state. (a)
FWHM of the CDW peak at (4 39 q0) in the ac plane. The sudden increase in FWHM
at Tc1 = 410(3) K indicates a CDW phase transition. Inset shows a representative L
scan at 300 K. (b) Square root of the integrated intensity for peaks at (3 38 1−q0),
(5 38 1−q0) and (4 39 q0), normalized to the BCS curve at 300 K. (c) CDW wave vector

transition than a CDW per se. Regardless of the description of the
h l). Wave vectors are labeled as described in the main text. The incommensurate
DW with q0 ∼ 0.69c* has disappeared by 446 K, suggestive of a CDW transition
elow this temperature.

1/12)) and (3(3/12), 39, (3/12)) decreased upon heating and almost
isappeared at 533 K (Fig. 4 (a)), suggestive of a phase transition.
xidation at these elevated temperatures, even in the flowing He
tmosphere, meant that data had to be collected rapidly. Conse-
uently, measurements of the FWHM were limited to temperatures
elow 533 K and, in contrast to the on-axis CDW described above,
t was difficult to systematically determine a sharp increase of
he peak width associated with the ultimate transition. However,
omparison of the temperature dependence of the square roots of
he integrated intensities of (4(1/12), 41, (5/12)) and (3(8/12), 41,
q0 as a function of temperature measured from the CDW peak at (3 38 1−q0). (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 Tc1 = 410 K. r. l. u.
refers to reciprocal lattice units.

(4/12)) and the 4th roots of the integrated intensities of (4(5/12),
44, (1/12)) and (3(3/12), 39, (3/12)) with the classical BCS order
parameter (Fig. 4(b)) allows an estimate of Tc2 = 532(3) K for these
peaks, in reasonable agreement with the trend observed in TEM.
This comparison, which is justified empirically by its success in
condensing data for several diffraction peaks on to a single curve,
implies that the satellite peaks at (4(1/12), 41, (5/12)) and (3(8/12),
41, (4/12)), corresponding to q2 and q2−q1 respectively are from the
fundamental, whereas peaks at (4(5/12), 44, (1/12)), correspond-
ing to q1 and (3(3/12), 39, (3/12)), corresponding to q2−2q1 are
second harmonics, and hence that the fundamental wavevectors
associated with the off-axis CDW are actually q2 = 1/12a* + 5/12c*
and q2−q1 = −4/12a* + 4/12c*. This assignation might be consistent
with the relative intensities of the superlattice peaks seen in Fig. 1,
but it is not clear that this is the only interpretation for such a fully
commensurate lattice modulation. Indeed, the observation of mul-
tiple harmonics is perhaps more indicative of a structural phase
lattice modulation, which is clearly more complex for the commen-
surate off-axis case than for the incommensurate on-axis case, the
important observation is that the two lattice modulations occur at
very different temperatures and are therefore separate in origin.
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Fig. 4. Temperature dependence of the off-axis commensurate CDW state. (a)
Integrated intensities of CDW peaks at (4(1/12), 41, (5/12)), (3(8/12), 41, (4/12)),
(4(5/12), 44, (1/12)) and (3(3/12), 39, (3/12)). (b) Square roots of the integrated inten-
sities of (4(1/12), 41, (5/12)) and (3(8/12), 41, (4/12)) (left axis) and 4th roots of the
integrated intensities of (4(5/12), 44, (1/12)) and (3(3/12), 39, (3/12)) (right axis). (c)
Integrated intensity of the CDW peak at (4(2/12), 26, (10/12)). Inset shows FWHM
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f the CDW peak at (4(2/12), 26, (10/12)) in the ac plane. The intensity decreases
ignificantly at T ∼ Tc1 , suggestive of interaction between the on- and off-axis CDWs.
he BCS order parameter is shown by a dashed line in panel (b), and vertical dashed
ines indicate Tc1 = 410 K and Tc2 = 532 K.

ARPES measurements on the single layer RTe2 compounds [17]
ndicate a consistently higher maximum CDW gap than the RTe3
ilayer analogs [12,13]. Although our data do not permit a structural
efinement, we have previously argued based on contributions to
he Lindhard susceptibility that the off-axis lattice modulation in
d2Te5 is associated primarily with the single Te planes [19]. If this

s indeed the case then one might anticipate by analogy with the
ilayer compound that the off-axis modulation would have a larger
DW gap, consistent with our observation of a higher critical tem-
erature than for the incommensurate on-axis lattice modulation.

Finally we turn to the question of interaction between the
wo lattice modulations. Inspection of the data in Fig. 4(a) and
b) indicates that the intensity of the commensurate superlattice
eflections might be slightly affected at the onset of the incom-
ensurate on-axis CDW at Tc1, but this effect is clearly at the

imit of our resolution for these peaks. However, other commensu-
ate CDW peaks exhibit a somewhat stronger effect. For example,
he strongest suppression of the reflections for the commensu-
ate superlattice at Tc1 occurred for the CDW peak at (4(2/12), 26,
10/12)), where the intensity was suppressed almost to zero with-
ut increase in the FWHM up to much higher temperatures (Fig. 4(c)
nd the inset therein). This behavior could not be accounted for

y any order of harmonic generation, and suggests a non-trivial
oupling of the commensurate and incommensurate CDW order
arameters. It will clearly require further experiments to elucidate
he nature of this coupling, and the extent to which it affects the
nderlying electronic structure.

[
[
[
[
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4. Summary

In summary, we have established that the on-axis incommen-
surate and off-axis commensurate lattice modulations in the novel
alternating single and double layer compound Gd2Te5 occur at
different critical temperatures, and hence are separate in origin.
The on-axis incommensurate lattice modulation bears all the hall-
marks of a simple CDW transition with Tc1 = 410(3) K, and is in many
ways similar to that found in the closely related bilayer compounds
RTe3. The more complex lattice modulation associated with the
off-axis commensurate wavevector has a higher critical tempera-
ture, Tc2 = 532(3) K. These results add weight to the consideration
of Gd2Te5 as a hybrid of the simpler single and double layer com-
pounds GdTe2 and GdTe3, and delineate regions of temperature
over which the interplay between the two lattice modulations can
be investigated.
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