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The precise arrangement and nature of atoms drive electronic phase transi-
tions in condensed matter. To explore this tenuous link, we developed a true
biaxial mechanical deformation device working at cryogenic temperatures,
compatible with x-ray diffraction and transport measurements, well adapted
to layered samples. Here we show that a slight deformation of TbTe; can have a
dramatic influence on its Charge Density Wave (CDW), with an orientational
transition from c to a driven by the a/c parameter, a tiny coexistence region
near a = ¢, and without space group change. The CDW transition temperature
T.displays a linear dependence with |a/c — 1| while the gap saturates out of the
coexistence region. This behaviour is well accounted for within a tight-binding
model. Our results question the relationship between gap and T, in RTej sys-

tems. This method opens a new route towards the study of coexisting or
competing electronic orders in condensed matter.

Charge density waves (CDW) have raised considerable attention for
decades due to their peculiar properties™?, but the interest in this
phase significantly increased recently due to its competition with
superconductivity in various systems®. As they are very sensitive to
electron-phonon coupling, the application of strain is key to tuning
their electronic properties. The methods to play on structural para-
meters are diverse: physical and chemical pressure, epitaxial strain in
thin films, etc. Recently, the application of direct mechanical defor-
mation using piezoelectric actuators* was successfully applied in
quantum materials to drive electronic transitions. Elastoresistivity
measurements performed under uniaxial stress was used to study
nematic susceptibility in iron pnictides®® or heavy fermion materials’.
Although compatible with cryogenic temperatures, devices applying
uniaxial stress have an intrinsic limitation in terms of flexibility, as only
one direction of strain is controlled in the sample. It is, for instance,
impossible to get an increase of the lattice parameters in two direc-
tions of the crystal. In addition, the true sample deformation is gen-
erally not directly measured.

Here, we present results obtained by true biaxial mechanical
deformation of quasi-2D materials at cryogenic temperatures. To do
so, we used a newly developed device with which tensile stress can be
applied along two perpendicular axis from 80 K to 375K (see Fig. 1b),
and both electronic and structural parameters can be probed using
resistivity and x-ray diffraction (XRD) measurements in the same
sample. Resistivities can also be measured along and perpendicular to
the deformation axis simultaneously in the same sample (see Fig. 1c).
More information on the device is provided in Supplementary
Information.

In this work, we focus on TbTes, one of the RTe; compounds,
where R is a rare-earth element of the Lanthanide family (R =La, Ce, Pr,
Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm)'°'2, These systems are quasi-tetragonal
(see Fig. 1a), and display a highly rich phase diagram. A first CDW
transition appears along cin all RTe; systems below T, with wavevector
Q.=(0,0,~3c"), and a second one at lower temperature T, with
wavevector Q, = (~ 3a’,0,0) for the heavier R elements (R=Tb, Dy,
Ho, Er and Tm)'. Both CDW are incommensurate with the underlying
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Fig. 1| Principle of cryogenic biaxial deformation of TbTes. a The RTe; crystal
structure is quasi-tetragonal (unit cell shown in black), and made of a succession of
RTe slab intercalated by two quasi-square Te planes in the (a, ¢) planes. The two in-
plane directions are non-equivalent due to the presence of a glide plane along ¢
(space group Cmcm) which leads to a slight orthorhombicity (1 -4 ~1.3 - 1073 in
TbTes at 300 K'°). b Schematic drawing of the biaxial tensile stress device: a thin
crystalline sample is glued on a polyimide cross-shaped substrate on which tensile
stresses are applied along the arms. The main in-plane directions of the crystal a
and c are aligned with the arms of the cross. The bottom side of the cross is in
contact with the cold finger of a nitrogen-flow cryostat. ¢ Four electrical contacts
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are deposited at the four corners of the sample, allowing to apply currents and
measure voltages along a or ¢ directions of the crystal. The forces applied along the
opposite arms of the cross have same magnitude, both along a and ¢ (F, and F,
respectively). d Schematic view of crystal deformation as a function of a/c struc-
tural parameter. e Temperature dependence of p,, = p,./d and p.. = p../d (where d
is the sample thickness) in the pristine state of sample 1 extracted using the Mon-
tgomery technique (see Methods). They display the typical features observed in
TbTe; compounds, i.e., a linear behavior in the normal state, above T, and a
resistivity jump below T, ~337 +1K when entering the CDW phase.

lattice period'**™*. A magnetic phase appears at low temperature for
the heaviest R as well as SC under pressure at~1K for some com-
pounds in the series™'®,

Recently, elastoresistivity and elastocaloric measurements per-
formed under uniaxial stress in ErTe; and TmTe; suggested a possible
CDW orientational switching from ¢ to a”. A significant change of T,
was also reported when the sample was deformed along a, while only a
very slight change of T. was observed. However, in the latter study, the
change of a and c lattice parameters could not be measured or chan-
ged simultaneously, and resistivity measurements were only per-
formed along the applied stress direction, which prevents to get the
full information on both CDW in all experimental conditions.

Here, we use biaxial in-plane tensile stress to independently apply
controlled deformation and measure resistivities along both crystal-
lographic axis @ and ¢ of TbTe; (see Fig. 1c). The resistivities obtained
in the pristine state of sample 1, are presented in Fig. 1e, where p
indicates resistivity p divided by sample thickness. p,, is particularly
sensitive to the transition towards the CDW along ¢ due to the gap
opening at Fermi level in this direction that annihilates electronic
states with velocities along a. This consequently induces a much larger
increase of p,, than p..'*.

Results

Structural evolution of lattice and CDW under biaxial stress
XRD measurements were performed to follow the Bragg peaks asso-
ciated with the main crystal structure during deformation (see Meth-
ods), as well as the satellite peaks associated with the CDWs along a
and c (referred to as CDW, and CDW, in the following). Three non-
colinear Bragg reflections (016 0, 016 1, and 115 O) were measured to
retrieve the three lattice parameters at all forces F, and F. applied
along a and ¢, respectively (see Fig. 2a). Their evolution is plotted as a
function of F, and —F. in Fig. 2b.

a and c follow a quasi-linear behavior when applying uniaxial
forces with an in-plane Poisson ratio v,.~1 while b decreases both
when applying forces F, and F. with an out-of-plane Poisson ratio
Vab ~ Vpe ~ 0.1. This strong difference can be explained by the weak van
der Waals coupling between layers along b. The evolution of the a/c
ratio is plotted as a function of uniaxial forces in Fig. 2c for several
temperatures. It evolves linearly as a function of applied uniaxial force,
and we use this direct correlation to express all relevant quantities in
terms of a/c in the following.

The CDW reflections can also be tracked as a function of
applied force by XRD. Indeed, as CDWs add a new periodicity in the
system, additional reflections appear around lattice Bragg reflec-
tions and provide important information about the static or dyna-
mical CDW structure’® %, The intensity of those satellites is related
to the amplitude of the periodic lattice distorsion (PLD), their
position relative to the Bragg peak position gives the CDW wave-
vector, and their width is linked to its correlation length. Here, we
measured the 115 + 2/7 satellite reflections (associated with CDW,)
as a function of applied stress, as well as the 2/7 151 (associated with
CDW,) as it was shown to appear transiently after laser excitation®
and suggested to appear under mechanical stress”. The rocking
curves obtained on these satellites at T=250K are presented in
Fig. 2d as a function of a/c. In the pristine state, the 115+ 2/7 dis-
plays a single peak, while the 2/7 15 1 is completely absent, as
expected in the absence of twin domains. When a/c decreases down
to the lowest value reached here, the 1 15 +2/7 intensities increase
with no clear change of width, while the 2/7 15 1 is still absent. On the
contrary, when a/cincreases, the 115 + 2/7 peak intensities decrease
until complete disappearance at a/c =1.004. Concomitantly, the 2/7
15 1 peak increases up to -2/3 of the maximum intensity of the 1
15 +2/7 with a similar width as the 115 2/7 (-0.5 deg). Thus, when a/c
increases, CDW, progressively disappears while CDW,, appears with
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Fig. 2 | Lattice and CDW probed by XRD under uniaxial stresses.a 016 0,1150,
and 0 16 1 Bragg peak intensities normalized to 1, plotted along the longitudinal 260
direction, for 3 sets of forces: without applied force (gray curves), with F,=1.62 kg
(red curves) and F.=1.64 kg (blue curves). Each Bragg reflection displays the K, «

and K, components of the x-ray source. b Evolution of the in-plane and out-of-

plane lattice constants of TbTes, obtained from the fit of the 3 non-colinear Bragg
peaks shown in a as a function of F, and —F.. Aa/a - —Ac/c -~ 0.3% and Ab/b ~-0.03%
at maximum deformation, which corresponds to an in-plane (resp. out-of-plane)

Poisson ratio v, ~ 1 (resp. Va5 = Vep ~ 0.1). € Evolution of the a/c ratio as a function of
the same forces, at several temperatures between 200 K and 310 K. The gray line is

obtained by a linear fit of all data points: a/c = aF + B, with F=F,for F>0and F=- F,
for F<0,a=0.0032kg™and 8= (a/c),_, ~0.9982+0.001 which s consistent with
the expected a/c ratio in the pristine state. a/c=1 is obtained for F,~ 0.6 + 0.1kg.
The error bars on the lattice constants in b and c are given by the standard deviation
obtained after fitting the Bragg peaks shown a (see Supplementary Equation 5). The
error bar on the applied force is + 0.1 kg. d Rocking scans on the 115 2/7,115 -2/7
peaks associated to the CDW along ¢ and 2/7 151 peak associated to the CDW along
a, as a function of a/c ratio, at T=250 K. The a/c ratio was computed from the
uniaxial forces F, and F. using the linear fit shown in c. The rocking angle w is taken
relative to the peak position in the pristine state.

a similar correlation length as the previous CDW,, with an inter-
mediate coexistence region.

Resistivities under biaxial stress

Paq and p.. were obtained at several uniaxial forces between 250 K and
375K, well below and above T, and are plotted in Fig. 3a—c as a function
of a/c for 0.993 < a/c <1.004.

When a/c=0.993, p,, and p.. are similar to those found in the
pristine state, but T, is shifted to higher temperatures. When a/c
increases, the resisitivity jump of p,, (resp. p..) at T. decreases (resp.
increases) until p, is similar to the initial shape of p, and inversely. In
addition, all curves shift first to lower temperatures and then to higher
ones. These features are well seen on the anisotropy curves % that
tend to one for T>T, and display a jump below T.. This jump is

positive for low a/c values, and negative for high ones. The evolution of
T.is indicated by dots in the inset of Fig. 3c.

The results obtained in the case of equibiaxial deformation are
highly interesting. Indeed, no clear change is observed on p,,, p... and
anisotropy in this case (see Fig. 3d, e), meaning that changing the
absolute values of a and ¢, keeping the a/c ratio globally constant does
not affect the pristine CDW, state.

A transition ata=c
The evolution of the main parameters measured by XRD and resistivity
data are plotted as a function of the a/c parameter in Fig. 4.

More specifically, in Fig. 4a, we computed the integrated inten-
sities of the 115 2/7 and 2/7 15 1 satellite reflections shown in Fig. 2. As
previously described, the intensity of the 115 2/7 decreases while 2/7 15
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Fig. 3 | Evolution of CDW transition under uniaxial and biaxial stress through
resistivity measurements. ap,, and b p, resistivity curves obtained along @ and c,
respectively for uniaxial measurements, between 250 K and 375K, as a function of
a/c, varied between 0.993 and 1.004 in Sample 1. ¢ Anisotropy paq/pcc in the same
temperature range, obtained from the curves shown in a and b. Inset: zoom on the
anisotropy curves. The dots indicate the position of T, extracted from each ani-

sotropy curve. d p,, and p, resistivity curves obtained by equibiaxial deformation

300
Temperature (K)

320 340 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fa:Fc(kg)

in sample 2, as a function of temperature. e Anisotropy curves extracted from the
resistivity curves shown in d as a function of temperature. f Evolution of resistivity
jumps (green triangles) and T (black squares) for equibiaxial deformations, plotted
with the same scale as uniaxial data presented in Fig. 4. No change of these para-
meters take place under equibiaxial deformation. Note that sample 2 behaves
exactly as sample 1 under uniaxial stress, with an inversion of p,, and p, for
Fo>0.9 kg (see Supplementary Information).

1 increases when a/c increases from 0.994 to 1.004, following a sig-
moid shape for the 2/7 15 1 and an inverse-sigmoid shape for 115 2/7,
having the same width, and both centered at the same position a/c=1
(within the error bars). The saturation value of the 2/7 151 is ~2/3 that of
the saturation value of the 115 2/7, and both go down to zero when
they reach their minimum value. When a/c < 0.999 (resp. a/c>1.002),
we only measure a satellite along ¢ (resp. a). We thus observe a con-
tinuous transformation of CDW, into CDW,, when increasing the a/c
ratio, an intermediate coexistence phase for 0.9985 < a/c <1.002,and a
crossing point at a/c=1.

The same kind of plot has been performed for the resistivity jump
Ap obtained from p,, and p.. by taking the maximum value of p — p,,
where p,, is the linear resistivity in the normal state, for 7> T, (see
Supplementary Information). The values Ap,, and Ap.. obtained with
this method are shown in Fig. 4b. The shape of both curves is identical
to the ones obtained for the satellite intensities in Fig. 4a: Ap,, has an
inverse-sigmoid shape and Ap,. a sigmoid shape, and the same widths.
They also cross around a/c =1 (within error bars), with an intermediate
region in the range 0.9985 < a/c <1.0005. Also, similarly to the satellite
intensity curves, the saturation value obtained for Ap.. is -2/3 the
saturation value of Ap,,. In contrast, the resistivity jumps are constant
for equibiaxial deformations (see Fig. 3f).

Finally, a value of T, has been extracted from the resistivity curves
by taking the second derivative of the resistivity curves and spotting
the local peak corresponding to the inflection point of the resistivities
(see Supplementary Information). By doing so, the T, obtained from
Daa» Pec @nd anisotropies are consistent. The evolution of 7 is plotted
as a function of a/c in Fig. 4c. T. decreases linearly for a/c <1, and then
increases linearly again for a/c>1, with a minimum value of 330K
found at a/c=1. T, was increased by 30 K compared to the pristine

state, but could potentially go on increasing to much larger values if
the a/c parameter could be explored in a wider range of values. The
linear dependence is consistent with the behavior reported in ref. 17,
but with a much greater amplitude. Interestingly, in the case of equi-
biaxial deformations, T, is found to be constant within error bars
(see Fig. 3f).

Discussion

All the results presented above show that the key parameter for the
CDW orientational switching from ¢ to a is the structural parameter
a/c. This result is of prime importance as it shows the direct relation-
ship between the crystal structure and the appearance of CDWs in
TbTes, and presumably in all RTe; systems. Indeed, a hint of this
transition was also reported in TmTe; and ErTe;s in ref. 17. Our results
also show that the glide plane does not play any role in the CDW
stabilization as it is still present during crystal deformation—reflections
forbidden by symmetry never appeared in our experiments. When
a=c, both CDW, and CDW,, coexist, as revealed by XRD and transport
measurements. Those results are extremely reproducible, both when
changing the a/c ratio from one phase to another, and also from one
sample to another (see Supplementary Information).

The intensity of the satellite reflections associated with the CDW is
generally related to the amplitude of the PLD, itself proportional to the
CDW gap squared. The fact that the intensities of satellite reflections
measured in XRD are indeed related to the CDW gap in TbTe;
was confirmed in different experiments“***. Here, the intensity of
the satellite associated with CDW, decreases when a/c increases, while
the one associated with CDW,, increases. The fact that we do not
observe any change of width, within the resolution of the present
measurement, means that if domains appear during the transition
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from CDW, to CDW,, they are never smaller than 25 nm. The observed
behavior suggests more that the amplitude of the PLD along ¢ vanishes
while the one along a increases, with the same correlation length for
CDW,and CDW,. Consequently the gap must close along ¢ and appear
along a with a mixed state when a=c.

The same behavior is observed in the resistivity measurements,
suggesting that the amplitude of the jumps Ap,, and Ap., are related
to the gap along ¢ and a, respectively, and that the gap must close
along ¢ when a/c increases while it opens along a, with a mixed state in
the region a = c. The inversion of anisotropy is also an indication of this
gap switching. In the pure CDW,, phase (for a/c>1.002), XRD and
transport data consistently suggest that the gap of the CDW,, phase is
lower than the one in the pure CDW, phase. The gap that opens along a

Fig. 4 | Distinct evolution of CDW gap and T, under mechanical deformation.
a Evolution of the 115 2/7 (blue squares) and 2/7 15 1 (orange squares) satellite
intensities measured as a function of a/c. The blue (resp. orange) solid line is an
inverse-sigmoid (resp. sigmoid) fit to the experimental points obtained on the
115 2/7 (resp. 2/7 15 1) satellite reflection. The three sketches in the top represent
a(H15L) plane in reciprocal space. The big (resp. small) black dot is the 115 O (resp.
1151) Bragg reflection, and the blue (resp. orange) dots are the 115 + 2/7 (resp. +2/7
151) reflections, with a color strength depending on the measured intensity in each
a/c region. The error bar on the intensity is taken as +5+/7 where / is the satellite
intensity in each experimental condition. b Resistivity jumps Ap,, (blue dots) and
Ap,. (orange dots) extracted from the experimental curves shown in Fig. 3, plotted
as a function of a/c (see method in Supplementary Information). The blue (orange)
solid line is an inverse-sigmoid (resp. sigmoid) fit of Ap,, (resp. Ap..). The error bar
on the resistivity jumps was estimated at + 0.8 mQ for all data points. ¢ 7. computed
from the resistivity curve taking the average of the local peaks found in the second
derivative of P, P and paa/pec as a function of a/c (see the T, determination
method in the Supplementary Information file). The error bar on T, is + 2K (see
procedure for the determination of T, in the Supplementary Information file). For
all three panels, the dashed gray line is the a/c value in the pristine state, and the
gray filled region marks the position a/c =1 with a width equal to the error

bar (+0.8 x1073).

should thus be smaller than the one along ¢ in the CDW, phase. All this
should appear in ARPES experiments upon tensile deformation of the
sample along a.

The coexistence region 0.999 <a/c<1.002 demonstrates that a
mixed state can be stabilized. It should be investigated whether they
appear in separate domains in the sample, in different Te planes, or if
they are superimposed in the same Te planes.

The present results can be compared to the behavior observed in
hydrostatic pressure experiments or with chemical pressure obtained
by changing the rare-earth element, and which were shown to induce
similar effects on the CDWs"*: when the lattice parameters are com-
pressed, the CDW wavevector, the gap and 7. evolve similarly in both
cases. However, here, when applying tensile stresses without change of
a/c ratio in the equibiaxial experiment, the resistivity curves do not
change. We conclude that the gap and 7, do not change in the negative
pressure region. To observe variations of gap and T, the parameter a/c
has to change significantly. In the experiments reported in ref. 26, the
parameter a/c changes and tends to 1 when pressure is applied (above
3GPain CeTejs). Inthese conditions, 7. decreases, which is in qualitative
agreement with our observations: T, is minimum when a/c =1. Quan-
titatively, the variation of T, reported in ref. 26 is much larger than
reported here. Concerning the evolution of the gap, they also report
vanishing CDW satellite intensities, suggesting a disappearance of the
gap at high pressures, while a/c=1. Here, no change is observed in
equibiaxial deformation, but the experiments should be repeated in
equibiaxial conditions while a/c =1. The role of the relative variation of
the b parameter should also be investigated further to compare our
experiment to hydrostatic pressure measurements.

The behavior observed here is very similar to the one observed
after fs laser excitation reported in ref. 23, with the CDW appearing
along a while the one along ¢ disappears. Contrary to the equilibrium
CDWs at low temperatures in some RTe; compounds, the CDWs
appearing along a and c in this reference and in our study have only a
tiny coexistence region. This makes the new CDW, unique and dif-
ferent from the equilibrium coexistence of CDW, and CDW,, at low
temperatures. Following the results presented in ref. 23, the lattice
parameters of LaTe; after laser pulse excitation do not vary by more
than 0.02% when the transient CDW,, appears, which indicates that the
driving mechanism is different from the one we report here. In our
case, both CDWs are stable as long as the a/c parameter is kept
constant.

Finally, the most striking feature is the evolution of 7. compared
to the evolution of the gap, as extracted from XRD and resistivity
measurements. Both satellite intensities and Ap saturate when
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a/c<0.9985 and a/c >1.002, and therefore, the gap values saturate in
this region. However, T, keeps diverging linearly, which questions its
relation with the gap. The linear dependence of T, with respect to a/c
can be understood within the tight-binding model, with good quanti-
tative agreement (see Methods). The model predicts an increase of
T. by 6T.=26K for 6a/a=0.2%, which is comparable to the experi-
mental values reported here. The same applies to deformations along
¢, and explains the linear dependence of T as a function of deforma-
tion. The system actually chooses the CDW along the axis with the
highest T.. For a > c, T. is higher for CDW,, while for a <c, T, is higher
for CDW,.. At a=c, the transition temperatures are equal, and the
system is degenerate.

In this article, we report in-situ XRD and transport to follow the
structural and electronic properties of the CDWs in TbTez during
biaxial mechanical deformation between 200 K and 375 K. By directly
measuring both CDW satellite intensities and resistivities along @ and c,
we show that the CDW orientation continuously flips from ¢ to a when
the a/cratio is increased, with a coexistence of both orientations when
a=c. As those two parameters are linked to the gap, we can infer that
the gap position changes from one band to another, and that both
bands are gapped when a=c. Moreover, the transition temperature
displays a linear behavior with respect to a/c, with a minimum ata=c,
which is well accounted for by a 2D tight-binding model in the (a, ¢) Te
planes, with good quantitative match between theory and experiment.
For the pure CDW, and CDW, phases, the gap saturates while 7. does
not, which questions the relationship between those quantities in RTe;
systems. Our study opens new perspectives for the exploration of
many electronic phase transitions in condensed matter systems with
application of biaxial tensile stress at cryogenic temperatures.

Methods

Samples

The TbTe; samples were grown by the self-flux method, as described in
ref. 13. All samples were cut to have an in-plane rectangular shape, and
were mechanically exfoliated down to few pm thickness to get
homogeneous deformation in the volume. Results obtained on two
different TbTe; single-crystals are presented in the main text. Sample 1
was probed both by XRD and transport to get the full structural and
electronic properties, with uniaxial deformation, and sample 2 was
probed by transport under uniaxial and biaxial deformation. The
clearly different behavior of p,, and p.. allowed us to directly deter-
mine the crystal orientations and 7. (see Supplementary
Information)'. Other samples were measured by XRD or transport and
give the same results, as presented in Supplementary Information.
Sample 1 (resp. sample 2) has a 1:1.17 (resp. 1:2) in-plane aspect ratio,
and 2.5 pm (resp. 10 pm) thickness.

Biaxial tensile stress device

The principle of the new device developped here is similar to the one
described in ref. 27, with the sample glued on a deformable substrate
that is mechanically stretched, and adapted to host a nitrogen-flow
cryostat to reach temperatures in the range 80-375 K. The samples are
glued at the center of a125 um-thick polyimide cross-shaped substrate,
with a and cin-plane directions aligned with the arms of the polyimide
cross. The four arms of this substrate are attached to four independent
motors that can pull on each branch separately. The forces applied
along the four arms are measured using calibrated force gauges, and
are given in kg. The center of the cross is covered with a thin gold layer
on its bottom surface and lies on the cold finger of a Konti-Micro
cryostat from CryoVac GmbH, allowing to reach temperatures in the
range 80-375 K. Apiezon grease is used to get a good thermal transfer
between the cold finger and the polyimide cross. In practice, the same
motor displacement is used for opposite arms to keep the sample at
the same position in the device. This whole setup is enclosed in a
vacuum chamber for cryogenic operation, and allows access for

incoming and outgoing x-rays to perform XRD in reflection geometry
through a 300 pm-thick Polyether-ether-ketone dome. Four wires are
also available in the cryostat for 4-point transport measurements.

XRD measurements

The experiment shown in the main text were performed at LPS with a
8 keV x-ray beam generated by a Cu rotating anode source (Rigaku RU-
300B), equipped with a multilayer monochromator suppressing the Kz
emission line but allowing the K, and K, ones. The sample mounted
in the biaxial tensile stress device was positioned at the center of
rotation of a Huber Eulerian 4-circle diffractometer to perform wide-
angle XRD, and detection was performed with a 2D detector (Timepix
from ASI) located 82 cm after the sample. The 3 Bragg reflections (0 16
0,1150, and 016 1) recorded on the 2D detector were projected along
the 20 direction of reciprocal space to compute the three lattice
parameters a, b, and c for each set of applied forces (see Supplemen-
tary Information). The absence of twin domains was demonstrated by
checking that the forbidden O 15 1 reflection was indeed not
measurable.

Transport measurements

Four contacts were deposited at the four corners of the crystal, and the
Montgomery method*** was used to get both p,, and g, resistivities
along the a and c respectively by applying a fixed current with a
Keithley 2611 Sourcemeter, and measuring the voltage with a Keithley
2182a Nanovoltmeter. For each measurement, the forces F, and F.
were changed at 375K, and the resistances were measured during
cooling down to 250 K at a fixed rate of 1.5 K/min. An electronic device
allowed us to switch I' and V"~ every second to get R, and R.. during
the same temperature ramp. The ratio of transverse dimensions of the
sample was obtained by fixing the anisotropy pu./pec to ¢¥/a® in the
normal state and used to compute the resistivities normalized by
sample thickness d: p,,=p./d and p..=p../d. See Supplementary
Information for detailed formalism. Resistivity measurements pre-
sented in Fig. 3a-c were performed in Sample 1 after measuring the
XRD data, and the ones in Fig. 3d-f in Sample 2. See Supplementary
Information for complete resistivity measurements in Sample 2.

Tight-binding model

In this description, the electron dispersion of the two bands formed by
the p, and p, Te orbitals ¢, keeps its form (where x and z are along a
and c respectively):

£, = =2t cos (kx ikl) —2t, cos (k:;k;) @

where k, =k,a/2 and k, =k,c/2, and ¢, and ¢, are the transfer inte-
grals parallel and perpendicular to the orbital direction. Both lattice
parameters and transfer integrals depend on the applied stress. At
a=c, Eq. (1) coincides with the accepted tight-binding dispersion
given by Eq.(1) in ref. 32. The CDW transition temperature is given by
the condition :

U(Qo)x (T, Qo) =1 2

where the static electron-electron interaction U(Q) includes both
Coulomb and phonon-mediated interaction, and the Lindhard
susceptibility reads:

x(Te@=> Y 16"

aa kk,

F(Exa) = Nr(Exs Q)
Ek+Qa _Eka

©)

where ng(€)=1/(1+exp[(e — E¢)/T]) is the Fermi-Dirac distribution
function, a,a’ = + label the subbands and £, differs from Eq (1) only
near the intersection points of two bands in momentum space, as
given by Eq. (2) in ref. 33. As £, and E,. depend only on k, and k,, and
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as x(T.,Q) has ax © z symmetry, an equibiaxial stress does not affect
the Lindhard susceptibility. The main difference in the transition
temperatures of the CDW along a and ¢ thus comes from the
difference of U(Q) when a #c. The electron-electron coupling mainly
comes from the Coulomb interaction, screened by conducting
electrons: U(r)=e*exp(—{r)/r, where the inverse Debye screening
radius { = \/4me2p, and pris the density of states at the Fermi level. In
TbTes, {=~a'=(4.3)"! A\ The Fourier transform of the screened
Coulomb potential is :

4me?

v~ W

“)

The CDW wavevector Qq is given by the maximum of the Lindhard
susceptibility, Eq. (3), and gives a fixed product Qo.a = Qo =10m/7,
when a=c. An increase of the lattice constant a decreases the CDW
wavevector Qo and increases the CDW coupling U(Q,) according to
Eq. (4). An increase of a by éa/a = 0.1% results in a decrease of Qf)x by
0.2%. Since (<< Qoy, according to Eq. (4), this gives an increase of
U(Qy) by 0.2%. According to Eq. (2), an increase 6U of U (Qy) raises the
CDW transition temperature T by 6T, given by Eq. (2):

SU _—8x _dx(T,Qp) —6T,

5
)((T, Qo) ©

because the electron susceptibility x (T, Qo), approximately given by
Eq. (3) decreases with the increase of T. The temperature dependence
of the Lindhard susceptibility was calculated in ref. 33 for the second
CDW in ErTe; and in ref. 34 for the Q-dependence of the first CDW for
various parameters of electron dispersion. To find dy/dT for the first
CDW in relevant temperature range and for the transfer integrals
t;=2eV, t; =0.37eV and the Fermi energy Er~1.48 eV in TbTes”, we
performed new calculations of x (T, Q) using Eq. (3) (see Supplemen-
tary Information), from which the slope of the temperature-dependent
susceptibility can be extracted :

d[inx (T, Qo)]

6
dTr ©

L dx 4,
X dr 15-107°K

We thus can compute 6T for an increase da/a = 0.2%, comparable
to the experiment described here:

_6U(Q) __26a_ 4107 7
o7 nu(Q) an 15.107* 26K @
Data availability

The data and associated codes used to reproduce the figure of the
main manuscript are available at https://doi.org/10.6084/m9.figshare.
25400065. Raw data are available from the corresponding authors
upon request.

Code availability
The codes used to produce the figures of the main article are available
at https://doi.org/10.6084/m9.figshare.25400065. The other codes
used for raw data treatment are available from the corresponding
authors upon request.

References

1. Graner, G. Density waves in solids (Addison Wesley, 1994).

2. Monceau, P. Electronic crystals: an experimental overview. Adv.
Phys. 61, 325-581 (2012).

3. Tranquada, J., Sternlieb, B., Axe, J., Nakamura, Y. & Uchida, S. Evi-
dence for stripe correlations of spins and holes in copper oxide
superconductors. Nature 375, 561-563 (1995).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Shayegan, M. et al. Low-temperature, in situ tunable, uniaxial stress
measurements in semiconductors using a piezoelectric actuator.
Appl. Phys. Lett. 83, 5235-5237 (2003).

Chu, J.-H., Kuo, H.-H., Analytis, J. G. & Fisher, I. R. Divergent nematic
susceptibility in an iron arsenide superconductor. Science 337,
710-712 (2012).

Kuo, H.-H., Shapiro, M. C., Riggs, S. C. & Fisher, I. R. Measurement of
the elastoresistivity coefficients of the underdoped iron arsenide
ba(feg 975C00.025)28S,. Phys. Rev. B 88, 085113 (2013).

Eckberg, C. et al. Sixfold enhancement of superconductivity in a
tunable electronic nematic system. Nat. Phys. 16, 346-350 (2020).
Frachet, M. et al. Elastoresistivity in the incommensurate charge
density wave phase of bani2(as1a’xpx)2. npj Quantum Mater. 7,

15 (2022).

Riggs, S. C. et al. Evidence for a nematic component to the hidden-
order parameter in uru2si2 from differential elastoresistance mea-
surements. Nat. Commun. 6, 6425 (2015).

Ru, N. et al. Effect of chemical pressure on the charge density wave
transition in rare-earth tritellurides rtes. Phys. Rev. B 77, 035114
(2008).

DiMasi, E., Aronson, M. C., Mansfield, J. F., Foran, B. & Lee, S. Che-
mical pressure and charge-density waves in rare-earth tritellurides.
Phys. Rev. B 52, 14516-14525 (1995).

Yumigeta, K. et al. Advances in rare-earth tritelluride quantum
materials: structure, properties, and synthesis. Adv. Sci. 8,
2004762 (2021).

Sinchenko, A. A., Lejay, P. & Monceau, P. Sliding charge-density
wave in two-dimensional rare-earth tellurides. Phys. Rev. B 85,
241104 (2012).

Sinchenko, A. A., Lejay, P., Leynaud, O. & Monceau, P. Dynamical
properties of bidirectional charge-density waves in ertes. Phys. Rev.
B 93, 235141 (2016).

Ru, N., Chu, J.-H. & Fisher, I. R. Magnetic properties of the charge
density wave compounds rtez (r=Y, la, ce, pr, nd, sm, gd, tb, dy, ho,
er, and tm). Phys. Rev. B 78, 012410 (2008).

Zocco, D. A. et al. Pressure dependence of the charge-density-wave
and superconducting states in gdtes, tbtes, and dytes. Phys. Rev. B
91, 205114 (2015).

Straquadine, J. A. W., lkeda, M. S. & Fisher, I. R. Evidence for rea-
lignment of the charge density wave state in ertesz and tmtes under
uniaxial stress via elastocaloric and elastoresistivity measurements.
Phys. Rev. X 12, 021046 (2022).

Sinchenko, A. A., Grigoriev, P. D., Lejay, P. & Monceau, P. Sponta-
neous breaking of isotropy observed in the electronic transport of
rare-earth tritellurides. Phys. Rev. Lett. 112, 036601 (2014).

Le Bolloc’h, D. et al. Effect of dimensionality on sliding charge
density waves: the quasi-two-dimensional tbte; system probed by
coherent x-ray diffraction. Phys. Rev. B 93, 165124 (2016).
Bolloc’h, D. L. et al. Observation of correlations up to the micro-
meter scale in sliding charge-density waves. Phys. Rev. Lett. 100,
096403 (2008).

Jacques, V., Laulhé, C., Moisan, N., Ravy, S. & Le Bolloc’h, D. Laser-
induced charge-density-wave transient depinning in chromium.
Phys. Rev. Lett. 117, 156401- (2016).

Bellec, E. et al. Evidence of charge density wave transverse pinning
by x-ray microdiffraction. Phys. Rev. B 101, 125122 (2020).

Kogar, A. et al. Light-induced charge density wave in late3. Nat.
Phys. 16, 159 (2020).

Schmitt, F. et al. Transient electronic structure and melting of a
charge density wave in tbtes. Science 321, 1649-1652 (2008).
Moore, R. G. et al. Ultrafast resonant soft x-ray diffraction dynamics
of the charge density wave in tbtes. Phys. Rev. B 93, 024304 (2016).
Sacchetti, A. et al. Pressure-induced quenching of the charge-
density-wave state in rare-earth tritellurides observed by x-ray dif-
fraction. Phys. Rev. B 79, 201101 (2009).

Nature Communications | (2024)15:3667


https://doi.org/10.6084/m9.figshare.25400065
https://doi.org/10.6084/m9.figshare.25400065
https://doi.org/10.6084/m9.figshare.25400065

Article

https://doi.org/10.1038/s41467-024-47626-5

27. Geandier, G. et al. Development of a synchrotron biaxial tensile
device for in situ characterization of thin films mechanical
response. Rev. Sci. Instrum. 81, 103903 (2010).

28. Montgomery, H. C. Method for measuring electrical resistivity of
anisotropic materials. J. Appl. Phys. 42, 2971-2975 (1971).

29. Logan, B. F., Rice, S. O. & Wick, R. F. Series for computing current
flow in a rectangular block. J. Appl. Phys. 42, 2975-2980 (1971).

30. Ong, N. P. & Brill, J. W. Conductivity anisotropy and transverse
magnetoresistance of nbses. Phys. Rev. B 18, 5265-5271 (1978).

31. dos Santos, C. A. M. et al. Procedure for measuring electrical
resistivity of anisotropic materials: A revision of the montgomery
method. J. Appl. Phys. 110, 083703 (2011).

32. Brouet, V. et al. Angle-resolved photoemission study of the evolu-
tion of band structure and charge density wave properties in rtes
(r=Y, la, ce, sm, gd, tb, and dy). Phys. Rev. B 77, 235104 (2008).

33. Grigoriev, P. D. et al. Interplay between band crossing and charge
density wave instabilities. Phys. Rev. B 100, 081109 (2019).

34. Vorobyev, P. A., Grigoriev, P. D., Kesharpu, K. K. & Khovaylo, V. V.
The evolution of electron dispersion in the series of rare-earth tri-
telluride compounds obtained from their charge-density-wave
properties and susceptibility calculations. Materials 12, 2264 (2019).

Acknowledgements

A.G.-F., A.AS., L.O., V.L.RJ,D.L.B., P.Go., P.-O.R., P.Gr. A.H.-A., and P.M.
are supported by ANR-RSF Grant no. ANR-21-CE30-0055 “BISCEPS-QM"
and RSF-22-42-09018. J.-E. L. and P.M.’s work is supported by the ANR-
DFG Grant no. ANR-18-CE92-0014-03 “Aperiodic". All authors acknowl-
edge Synchrotron SOLEIL for providing beamtime. A.G.-F., V.L.R.J., and
D.L.B. acknowledge S. Cabaret and V. Klein for device conception and S.
Rouziéres and P. Joly for experimental support.

Author contributions

A.H.-A., J.E.L.,and P.M. grew and provided the TbTez samples. A.A.S. and
A.G.-F. prepared the samples for transport and x-ray experiments. A.G.-
F.and V.L.R.J. performed and analyzed the laboratory XRD experiments.
A.G.-F., AAS. and V.L.R.J. performed and analyzed the transport mea-
surements. A.G.-F., A.A.S., D.G,, L.O,, V.L.R.J,, D.L.B., P.Go., P.-O.R., D.T.
and E.B. participated in the experiments at synchrotron SOLEIL. P.Gr.
developed the theoretical part. V.L.R.J. wrote the initial draft, and all

authors participated in the discussion and correction of the manuscript.
V.L.R.J. and D.L.B. led the project.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47626-5.

Correspondence and requests for materials should be addressed to
V. L. R. Jacques.

Peer review information Nature Communications thanks Jiun-Haw Chu,
Qianni Jiang, and the other, anonymous, reviewers for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3667


https://doi.org/10.1038/s41467-024-47626-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Charge density waves tuned by biaxial tensile�stress
	Results
	Structural evolution of lattice and CDW under biaxial�stress
	Resistivities under biaxial�stress
	A transition at a = c

	Discussion
	Methods
	Samples
	Biaxial tensile stress�device
	XRD measurements
	Transport measurements
	Tight-binding�model

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




