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Understanding the origin of distinct charge density wave (CDW) instabilities in layered RTe, (n =2, 3)
compounds (R, rare earth element) has been an important issue. In this research update, we have investigated
the electronic structures of PrTe, (n = 2, 3) and ErTe; layered CDW compounds employing angle-resolved
photoemission spectroscopy (ARPES) and soft x-ray absorption spectroscopy (XAS). The trivalent valency of
R3* ions is confirmed for PrTe, (n = 2, 3) and ErTe;, supporting that R-Te slabs serve as charge reservoirs
and that the CDW instability occurs in the partially filled Te sheets. Both R 4d — 4 f resonant photoemission
spectroscopy and photon-energy map measurements provide evidence that R 4f electrons do not contribute
directly to the CDW formation but that the indirect contribution from Pr 4 f electrons through the Pr 4 f—Te 5p
hybridization is feasible in PrTe, (n = 2, 3). Circular and linear dichroism ARPES measurements indicate that
the chirality of the Te 5p orbitals certainly plays a role in the CDW formation of RTe; (R = Pr, Er) while it
is relatively weak in PrTe,, and that the Ep-crossing orbitals, responsible for the CDW formation, are ordered
in plane (in the ac plane) in all of them. Different CDW-induced Fermi surface reconstructions between RTe; and
RTe, are due to (i) the existence of two Te sheets and one Te sheet per unit cell in RTe; and RTe,, respectively,
so as to produce different numbers of hole carriers, and (ii) the different lattice parameters of Te sheets in RTe,,

leading to the different densities of states at Eg.

DOI: 10.1103/PhysRevMaterials.8.080301

I. INTRODUCTION

Charge density wave (CDW) transitions, often observed
in low-dimensional systems, are widely considered to arise
from the Fermi surface (FS) instability [1-4]. Among the
extensively studied CDW compounds, layered rare-earth (R)
tellurides of RTe, type (n = 2, 3) have attracted much atten-
tion [5—8] because they exhibit not only CDW states but also
superconductivity (SC) and other emergent quantum critical
phenomena [9]. RTe, has a layered structure, consisting of
R-Te slabs separated by square Te sheets. Tellurium sheets
are bonded weakly by van der Waals (vdW) interactions (see
Fig. 1).

MX,-type transition-metal dichalcogenides (TMDs) (M =
3d, 4d, 5d transition-metal ions; X = S, Se, Te) are well-
known CDW materials [11-14]. In MX,-type TMDs, M d
electrons, which are involved in the CDW instabilities, have
rather strong on-site Coulomb interactions (U) due to their
localized nature. In contrast, Te 5p electrons in RTe,, which
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are responsible for the CDW instabilities, have smaller U due
to their delocalized nature, and so the electronic structures of
RTe, are relatively simpler for the analysis of CDW instabil-
ities than those of MX,-type TMDs. An interesting feature in
RTe; is double CDW transitions for heavy R elements and
a single CDW transition for light R elements [7,15-17]. In
contrast, only a single CDW transition is observed for all RTe;
[4,18,19].

Despite extensive studies on the electronic structures of
RTe, (n =2, 3) [15-17,20-28], the mechanism of the CDW
deformation in RTes is still controversial. Angle-resolved
photoemission spectroscopy (ARPES) is a very powerful tool
for studying the electronic structures of CDW compounds
[14]. ARPES studies of several RTe; compounds [15-17,20—
23] lead to the FS nesting mechanism for the CDW instabil-
ity. On the other hand, inelastic x-ray scattering and Raman
scattering experiments showed that the momentum-dependent
electron-phonon coupling is an important mechanism for the
CDW formation in RTe; [29-31]. Curiously, the origin of
distinct CDW instabilities in RTe, betweenn =2 and n =3
have not been investigated systematically. Further, the role
of R 4f electrons has been explored only in a few works
[24,25,32,33].

To clarify these issues, we have investigated the electronic
structures of PrTe, (n = 2, 3) and ErTe; employing ARPES
and soft x-ray absorption spectroscopy (XAS) in this research

©2024 American Physical Society


https://orcid.org/0000-0002-3012-7673
https://orcid.org/0000-0002-7444-2309
https://orcid.org/0000-0003-4793-3732
https://ror.org/01fpnj063
https://ror.org/03frjya69
https://ror.org/01xb4fs50
https://ror.org/04xysgw12
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.080301&domain=pdf&date_stamp=2024-08-07
https://doi.org/10.1103/PhysRevMaterials.8.080301

REVIEW ARTICLES PHYSICAL REVIEW MATERIALS 8, 080301 (2024)
(a) RTe, (b) RTe, \; ‘Qf S © r, ()
W 2DBZ «/ \M(X)
dﬂ@dﬁ
e =Y Q Te(3) 3DBZ
.‘(}5 O- Q O Te(2) (d) PrTe, R (e) PrTe,

P

SRV
%C 9-0-09

R-Te(1)
Slab

FIG. 1. Crystal structures and Fermi surfaces of RTe, and RTes. (a) Slightly distorted tetragonal (orthorhombic) crystal structure of RTe,
(left) and its schematic cross section along the b axis (right). (b) Similarly for RTes. (c) A sketch of the two-dimensional (2D) Fermi surface
(FS) of RTe, in the non-CDW phase (solid red line) on the 2D Brillouin zone (BZ) of the Te sheet (blue). Shadow FS in dotted red line
corresponds to the 2D FS folded into the reduced three-dimensional (3D) BZ of RTe, (black). [(d), (e)] The calculated 3D FSs of PrTe, and
PrTes, respectively, in their non-CDW phases. I', X, M, and Z symmetry points in (d) correspond to k= (0,0,0), (%, 0,0), (% Z.0), and

LR}

(0,0, %), respectively. In (e), the ¥ symmetry point corresponds to (0, =, 0) while X and M that are not symmetry points of the orthorhombic

BZ are considered here just for the comparison with those for PrTe, [10'].

update. R=Pr (Z=159) and R = Er (Z = 68) belong to
a light and heavy RTes, respectively. ErTe; has two well-
separated CDW transitions at Tcpwi; = 267 K and Tepw, =
157 K [7,9,15-17] while PrTe; is presumed to have only
one CDW transition at higher than 450 K (Tcpw > 450 K)
[7,9,34]. Tcpw of PrTe; is expected to be Tepw ~ 1000 K [35]
(see Table I).

II. EXPERIMENTAL DETAILS

High-quality single crystals of RTe,, (R = Pr, Er; n = 2,
3) were grown by using the self-flux Bridgeman method [24].
The quality and the orientation of single crystals were checked
by Laue and ARPES measurements. The long axis, perpen-
dicular to the layers, is conventionally taken as the ¢ axis in
RTe, while it is the b axis in RTe; [39]. In order to compare
RTe, and RTe;, we have chosen the long axis as b for both
RTe, and RTejs in this work (see Fig. 1). The lattice parameters
of a and c in the ac planes are very similar to each other
while b is much larger than a and ¢ [36-38,40]. The lattice
parameters and the Ty, values are listed in Table I.

ARPES measurements were carried out at the 4A2 undu-
lator beamline of the Pohang Light Source-1I (PLS-II) and

TABLE I. Lattice parameters a, b, and ¢, and the CDW transition
temperatures Tcpw; and Tepwz of RTe, (R = Pr, Er; n = 2, 3). For
the in-plane lattice parameters, the same values are adopted for a and
¢ because of the very subtle difference between them (c is slightly
larger than a in RTe;).

Materials axc b Tepwi Teow2
PrTe, [36]  4.44 A 906 A  ~1000K [35]

PrTe; [37] 436 A 2589 A >450 K [34]

ErTe; [38] 4.29A  2530A 267K [7] 157K [7]

the 4.0.3 undulator beamline of the Advanced Light Source
(ALS). Single crystalline samples were cleaved in situ by
using the top-post method and measured under pressure better
than 5 x 10~!"" Torr. The Fermi level (Eg) and the instru-
mental resolution of the system were determined from the
Fermi edge spectrum of the Au metal in electrical contact with
samples. The energy resolution of the ARPES data is set to be
~30 meV. The details of ARPES experiments are described in
Refs. [24,25].

III. CRYSTAL STRUCTURE, TWO- AND
THREE-DIMENSIONAL BRILLOUIN ZONES,
AND FERMI SURFACES

Figures 1(a) and 1(b) show the quasi-2D layered or-
thorhombic (slightly distorted from tetragonal) structures of
RTe, (n = 2, 3) with their schematic cross sections along the
b axis. R-Te(1) slabs are common for n = 2 and 3, where Te(1)
and R atoms form the corrugated double layers. RTe, has
single Te(2) planar sheets and RTe; has Te(2)/Te(3) bilayer
planar sheets, sandwiched between R-Te(1) slabs along the b
axis [18,19].

Figure 1(c) shows the 2D Brillouin zone (BZ) (blue lines),
the 3D BZ (black lines), and the schematic FS of RTe, in the
non-CDW phase. Due to the R-Te(1) slabs, the unit cell (u.c.)
of the 3D orthorhombic structure is doubled by v/2 x +/2 and
rotated by 45° from the 2D u.c. of the planar Te sheets. Such
an enlarged 3D u.c. yields a reduced 3D BZ; i.e., the size
of the 3D BZ is decreased by half and rotated by 45° from
the 2D BZ of the planar Te sheets. When the FS in the 2D
BZ is folded into the reduced 3D BZ, the folded shadow FS
(dotted red lines) appears in the 3D BZ. Consequently, the
intensity of the inner (smaller) FS around the I" point (solid
red line) is stronger than that of the outer (larger) shadow
FS (dotted red line). The stronger the interlayer interaction
between the Te sheets and the R-Te(1) slabs is, the higher the
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FIG. 2. Core-level and R 4f photoemission spectroscopy (PES)
spectra of RTe, (R =Pr, Er; n =2, 3). (a) Comparison of the
angle-integrated Pr 4f PES spectra of PrTe, and PrTe;, ob-
tained at the on-resonance energy (hv = 124 eV) in Pr 4d — 4f
resonant photoemission spectroscopy (RPES). (b) Comparison of
the angle-integrated valence-band PES spectra of ErTes;, obtained
at the on-resonance energy (hv = 174 eV) and far away from
the resonance (hv = 104 eV) in Er 4d — 4f RPES, respectively.
(c) Comparison of the Te 4d core-level PES spectra of RTe,, (R = Pr,
Er; n = 2, 3), obtained at ~v ~ 100 eV. The data of PrTe, and PrTe;
were obtained at 7 ~ 35 K and those of ErTe; were obtained at
T ~ 80 K.

intensity of shadow FSs becomes, accompanied by a larger FS
dispersion along k; due to the 3D-like nature.

Figures 1(d) and 1(e) show the calculated 3D FSs of
the non-CDW phases of PrTe, and PrTes, respectively. The
shapes of the 3D FSs of PrTe, and PrTes; are similar to each
other, supporting the fact that the FSs of both PrTe, and
PrTe; are determined mainly by the Te 5p electrons of Te
sheets. On the other hand, the size of the inner FS centered
at I' or Z points in PrTes is larger than that in PrTe,. Such
differences suggest that the inner FS centered at I" or Z arises
from the hole pocket, supported by the trivalent (3+) nature
of R ions (as explained below).

If R ions are trivalent (3+) and donate two electrons
to R-Te(1) slabs and one electron to Te sheets, then the
ionic configuration of RTe, will be R**Te(1)%Te(2)’ [27]
with a partially filled Te sheet while that of RTe; will be
R¥**Te(1)%Te(2)*3Te(3)*> with two partially filled Te sheets.
These configurations will be confirmed in Sec. IV. Thus, more
hole carriers are produced in RTe; (1.5 holes per Te sheet)
than in RTe, (1 hole per Te sheet), yielding a larger hole FS in
RTe; than in RTe,.

IV. R4f STATES

Figure 2(a) compares the angle-integrated Pr 4 f PES spec-
tra of PrTe, (n = 2, 3), obtained at the on-resonance energy
(hv =124 eV; hv, photon energy) in Pr 4d — 4f reso-
nant photoemission spectroscopy (RPES). Similarly, Fig. 2(b)
compares the angle-integrated valence-band PES spectra of

ErTes, obtained at the on-resonance energy (hv = 174 eV)
and far away from the resonance (hv = 104 eV) in Er 4d —
4f RPES, respectively. All the data were obtained in their
CDW phases (at T ~ 35 K for PrTe, and PrTes, and at T ~
80 K for ErTes).

The peaks that exhibit strong resonance enhancement in the
on-resonance spectra represent R 4f states, arising from the
well-known R 4d — 4f resonance [41]. In PrTe, and PrTes,
the Pr 4f peaks well below Er (~ — 4 eV) represent the
trivalent Pr 4f% — 4! transition. Similarly, the Er 4f peaks
between —5 and —12 eV in ErTe; correspond to the 4f1°
final-state multiplets from the Er*™ 4f!! — 4£10 transition.
Such Er 4 f multiplets in ErTes are similar to those in other Er
materials [42,43]. In both R = Pr and Er, the bare R 4!
final-state multiplets are located well below Ep, indicating
that R 4f electrons are very localized for both R = Pr and
Er. Considering that the metallic electronic states near Ep are
important to cause the CDW instabilities, the very localized
character of R 4f electrons manifests the weak contribution
of R 4f electrons to the CDW formation.

Note that the low-energy Pr 4f peaks (at ~ — 1 eV) cor-
respond to the 4 2L final states (4f> — 4f2L) (where L is
a ligand hole in Te 5p bands) arising from the Pr 4f-Te 5p
hybridization [41,44,45]. In contrast to the significantly large
Pr 4f spectral weight at ~ — 1 eV in PrTe, (n = 2, 3), the
Er 4f spectral weight of the 4f!'! — 4f''L peak near Ef is
negligibly weak in ErTes. Such differences in R 4f spectral
weight near Er between R = Pr and R = Er indicate that the
Pr 4 f-Te 5p hybridization is much larger than the Er 4 f-Te
5p hybridization. Compared to the R elements with small Z
(where Z is the atomic number), the R 4f electrons in the R
elements with large Z are located at deep binding energies
because of the strong attractive Coulomb interaction between
heavy R ions and 4f electrons. Consequently, the localized
R 4f states are located well below the Te 5p states in heavy
RTe, while the less-bound R 4 f states in light RTe, overlap
with the Te 5p states, resulting in the weaker R 4 f—Te 5p hy-
bridization in heavy RTe, than in light RTe,,. Therefore, the Pr
4f electrons in PrTe, would possibly contribute to the CDW
formation indirectly through the Pr 4 f—Te Sp hybridization
while the Er 4 f electrons would hardly contribute to the CDW
formation.

Finally, differences are observed in the Pr 4 f spectra of
PrTe, and PrTes:

(i) The bare Pr’* peak 4f*—4fYinPrTe; (~ — 4.5eV)
is located closer to Ef than that in PrTe, (~ — 5 eV), suggest-
ing the stronger Pr 4 f—Te 5p hybridization in PrTes than in
PI‘TCQ.

(ii) Inthe 4f2L final-state peaks, the Pr 4 f spectral inten-
sity near Ef is finite in PrTe; while it is very weak in PrTe,,
in agreement with the more metallic resistivity in PrTe; than
in PrTe,.

These differences indicate that the contribution from Pr
4f electrons to the CDW formation through the Pr 4 f-Te 5p
hybridization is larger in PrTes than in PrTe,. This conclusion
is supported by the findings of Fig. 5 below.

Figure 2(c) shows the Te 4d core-level PES spectra of
RTe; (R = Ce, Pr) and RTe; (R = Pr, Er). Te 4d core levels
exhibit 4ds,, and 4d3;, components, separated by the spin-
orbit (SO) splitting, where each SO component consists of
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FIG. 3. R 3d XAS spectra of RTe, (R = Ce, Pr, Er; n = 2, 3). (a) The Ce 3d XAS spectrum of CeTe,, in comparison to those of Ce metal,
trivalent Ce, O3, and tetravalent CeO,. (b) The Pr 3d XAS spectra of PrTe, and PrTes, in comparison to those of trivalent Pr,O3 and Pr metal.
(c) The Er 3d XAS spectrum of ErTe;, compared to that of trivalent Er,O;. All the R 3d XAS spectra were obtained at 7 ~ 80 K.

multiple peaks. The similarity between Pr and Er in RTes
and that between Ce and Pr in RTe, reveal that these Te
4d core-level PES spectra represent the intrinsic features of
RTe,. Multiple peaks are expected to arise from two different
Te sites [25], one at R-Te(1) slabs [low-binding-energy (BE)
peaks] and the other at Te(2)/Te(3) sheets (high-BE peaks),
respectively, which is confirmed by the calculated BE values
[46]. The Te 4d core-level line shapes of RTe, are more
complicated than those of RTes. The relative weights among
the multiple peaks in the core-level PES depend on which
cleavage planes are exposed to photons [47]. In reality, how-
ever, it is likely that the cleaved surfaces consist of different
planes.

Figure 3(a) shows the Ce 3d XAS spectrum of CeTe,,
in comparison to those of the reference materials, such as
Ce metal, trivalent Ce,03, and tetravalent CeO,. Figure 3(b)
shows the Pr 3d (M edge) XAS spectra of PrTe; and PrTes, in
comparison to those of trivalent Pr,O3 and metallic Pr metal.
Similarly, Fig. 3(c) shows the Er 3d XAS spectrum of ErTes,
in comparison to that of trivalent Er,O3 [48].

The Ce 3d XAS spectrum of CeTe, shows clearly that
Ce ions are trivalent, having the ground state (|g)) configu-
ration of |g) ~ |4f'). The Pr 3d XAS spectra of both PrTe,
and PrTes; are very similar to each other and also to that of
trivalent (3+) Pr,O3; and Pr metal, indicating that Pr ions are
nearly trivalent, with |g) &~ |4f?). Similarly, Er ions in ErTe;
are found to be trivalent, with |g) &~ |4f!). The findings in
Fig. 3 provide evidence that the valence states of R ions in
RTe, are nearly trivalent (R>") so that each R ion donates
three electrons per unit cell. This finding supports the previous
consensus (see the discussion in Fig. 1) that the R-Te(1) slabs
serve as charge reservoirs and that the CDW instability occurs
in the Te(2)/Te(3) sheets. The fully occupied Pr-Te(1) slabs
become semiconducting while the partially filled Te(2)/Te(3)
sheets become metallic, and easily distorted to form the CDW
phase. It was proposed that, due to partial filling, the square

nets of Te sheets are easily distorted by the Peierls-like mech-
anism [49,50], which was supported by the band-structure
calculations [18,19,51-53]. Our finding of trivalent R3T ions
satisfies the prerequisite condition of partial filling for the FS
nesting mechanism, even though the electron-phonon mecha-
nism is not ruled out either.

V. CONSTANT ENERGY MAPS AND FERMI SURFACES

Figure 4 shows the measured constant energy (CE) maps
of PrTe,, PrTes;, and ErTe; in the momentum space. The
labels in Fig. 4 denote the initial-state energies (E;), which
vary from E; = 0 eV (= Ep) to E; = —0.8 eV with decrement
by —0.2 eV. Here, the horizontal and vertical directions are
along k,(100y and kc(o10), respectively. All these CE data were
obtained with the linear horizontal (LH) polarization. The
CE maps in this figure were made by integrating the spectral
intensity of E; & 16 meV for each E;. The overall intensity of
each map has been scaled by an arbitrary scale factor.

With decreasing E;, the shapes and the behavior of the CE
maps of RTe, and RTe; are similar to one another for E; <~
—0.4 eV. Such similarities indicate that the measured CE
maps represent those of the Te square nets in the Te(2)/Te(3)
sheets. This also implies the weak interlayer interaction and
so the weak contribution of R 4f electrons to the CDW dis-
tortion in RTe,. This finding is consistent with the Peierls-like
mechanism of the CDW deformation in RTe,, as described
above. However, the shapes of the FSs among PrTe,, PrTes,
and ErTe; are quite different. The origin of these differences
will be discussed in Fig. 5.

Figure 4(d) shows the calculated CE maps for the non-
CDW phase of ErTes from E; = +0.2eV to E; = —0.6 eV,
which are obtained from the DFT calculations. When the
calculated CE maps are sliced at higher E/ by ~+ 0.2 eV,
the measured and calculated CE maps agree very well [54]
[see Figs. 4(c) and 4(d)]. Such a good agreement in ErTe;
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FIG. 4. Comparison of the measured constant energy (CE) maps of PrTe,, PrTe;, and ErTe;. (a) CE maps of PrTe, on the [001] (k, = 0)
plane of PrTe, in the momentum space. The labels denote the initial-state energies (E/), which vary from E; = 0 eV (= Eg) to E; = —0.8 eV

with decrement by —0.2 eV. Here, the horizontal and vertical directions are along k,i00) and k.10, respectively. [(b), (c)] Similarly for PrTe;
and ErTe;. These CE data were obtained at hv = 104 eV with the linear horizontal (LH) polarization, except for PrTe, that was obtained
at hv = 110 eV. The CE data for PrTe, and PrTe; were obtained at 7 ~ 35 K while those for ErTe; were obtained at T =~ 80 K. (d) The
calculated CE maps for the non-CDW phase of ErTes;, obtained from the density functional theory (DFT) calculations. In the comparison
between experiment and calculations, the calculated maps were shifted by +0.2 ev; i.e., the calculated maps were cut at higher E; by +0.2 eV.
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FIG. 5. FSs of PrTes;, ErTes;, and PrTe, in the CDW phase. [(a)—(c)] The measured FSs of PrTes, ErTes;, and PrTe,, respectively, which
were obtained at 4v & 104 eV (hv = 110 eV for PrTe,) and below their CDW transition temperatures (at 7 = 35 K for PrTe, and PrTe;; and
at T = 80 K for ErTe;). (d) The calculated FS of PrTe; for the 7 x 1 supercell structure [shown in (e)], which is then unfolded into the 2D BZ.
This calculated FS was obtained using the tight-binding (TB) model, and reproduced from Fig. 3 in Ref. [23]. (e) The putative CDW-supercell
structure of the 7 x 1u.c. in the bilayer Te sheets. The dumbbells, connected via red bars, represent the dimerized Te atoms. Trimers and
tetramers serve as the basic building blocks. (f) The schematically drawn FS of PrTe; (red) in comparison with that of PrTe, (blue). (g) The
schematically drawn FS of PrTe; (red) in comparison with that of ErTe; (blue).
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supports that the normal-state electronic structures of RTe,
are described well by the DFT calculations and that the
contribution of R 4 f electrons to the CDW distortion is weak
in RTe, due to the weak interlayer interaction.

Figures 5(a)-5(c) show the FSs of PrTes, ErTes, and PrTe;,
respectively, obtained well below their CDW transition tem-
peratures. FS reconstructions under the CDW instabilities are
clearly manifested, and the FSs are seen to be only partially
gapped. Common and different features are as follows:

(i) The FS of PrTe; exhibits the most pronounced CDW-
distorted features, as compared to ErTe; and PrTe;. In PrTes
[Fig. 5(a)], the FS intensity nearly vanishes (gapped) around
the vertical X points (0, £%) while it is appreciably finite
(ungapped) at the horizontal corners of the inner and outer
FSs, resulting in the twofold-symmetric FS.

(ii) ErTes also exhibits the twofold-symmetric FS, but,
distinctly from that in PrTes, the FS around the vertical X
points appears to be not fully gapped. Furthermore, gapping
appears at the horizontal corners of the inner FS (i.e., gapping
appears along the horizontal XT'X line).

(iii)) The reconstructed FS in PrTe, is fourfold symmetric
with weak gapping along the side lines of the diamond-shaped
FS but no gapping on the corners of the FS. Also, the overall
FS reconstruction appears to be weak as compared to those in
PrTe; and ErTes.

To understand the origin of the distinct CDW distortions in
RTe,, we have done the TB model calculations for PrTe;. Fig-
ure 5(d) shows the TB-calculated FS for the 7 x 1 supercell
structure, which is then unfolded into the 2D BZ. The putative
CDW supercell structure of the 7 x 1u.c. in the bilayer Te
sheets is drawn schematically in Fig. 5(e), where trimers and
tetramers serve as the basic building blocks. The dumbbells,
connected by red bars, represent the dimerized Te atoms.
The good agreement between the measured and calculated
FSs of PrTes indicates that the 7 x 1 supercell structure is a
good candidate CDW structure for PrTe;. This 7 x 1 super-
cell structure is large enough to take into account the local
oligomer-type distortion [37] of the Te(2)/Te(3) atoms in the
CDW state. In other words, the CDW state of PrTes is locally
commensurate within the domains (i.e., “discommensurate”)
[47], having the CDW wave vector (Qcpw) of Qcpw = %c*.
The comparison between Figs. 5(a) and 5(b) shows that the
twofold-symmetric feature of the CDW-induced FS of ErTes
is similar to (even though weaker than) that of PrTes, suggest-
ing that Qcpw in ErTe; is also likely to be Qcpw = %c* (or
Ocpw ~ 2a¥).

The schematically drawn FSs of PrTe,, PrTes, and ErTes
are compared in Figs. 5(f) and 5(g), manifesting that the size
and shape of the FS of PrTe; are very similar to those of ErTes,
but somewhat different from those of PrTe,. The origin of
such differences is likely due to (i) the existence of two Te
sheets per unit cell in RTes in contrast to one Te sheet per unit
cell in RTe,, and (ii) the different crystal structures between
RTe; and RTe;, namely, twofold-symmetric orthorhombic for
the former and fourfold-symmetric tetragonal for the latter. In
the case of orthorhombic RTes, due to the slightly different
lattice parameters of a and ¢ (c > a), the CDW instability
occurs first with Qcpw along the ¢ direction [55], causing
the twofold-symmetric FS reconstruction. On the other hand,
for tetragonal RTe,, the CDW instability either along the a

or ¢ direction is feasible, realizing the fourfold-symmetric FS
reconstruction.

Somewhat different FS features between PrTe; and ErTe;
and the absence of the second CDW transition in PrTe;
(i.e., a single CDW transition in PrTe; versus double CDW
transitions in ErTe;) are expected to arise from the much
larger lattice parameters of Te sheets in PrTe; than in ErTes
(see Table I). This leads to the weaker overlap, the narrower
bandwidth, and the higher density of states at Er [N(Ep)] in
PrTe; than in ErTe;. Consequently, the larger energy gain
is achieved in PrTe; by the first CDW transition [52]. On
the contrary, due to the smaller energy gain by the CDW
instability in ErTes, N(Eg) even after the first CDW transition
remains still high enough to drive the second CDW transition
in ErTe; [7]. The higher Tcpw, of PrTe, than that of PrTe; can
be understood based on the higher occupation of p electrons
in the one-dimensional Te Sp, and 5p, bands as well as the
larger lattice parameters of Te sheets in PrTe; than in PrTes.
Both effects bring about the higher N(Eg) [52] and a higher
Tcpwi in PrTe, than in PrTes.

VI. CIRCULAR AND LINEAR DICHROISM

The investigation of circular dichroism (CD) in ARPES is
very useful because the observed CD reflects the chiral polar-
izations of the orbital and spin states of the system [56]. In the
CDW state, the local symmetry of a system, such as inversion
and/or possibly time-reversal symmetry, could be broken so
that the band structures would have l?-dependent chiral spin
and orbital polarizations. Then the system in the CDW state
is expected to exhibit CD effects in CD-ARPES, even though
the system is nonmagnetic (i.e., the total spin and/or orbital
polarizations are vanishing). Hence the CD-ARPES study of
RTe, might give a clue to the origin of their distinct CDW
instabilities. However, there is a technical problem of distin-
guishing between the intrinsic and the extrinsic geometrical
CD effects in ARPES [57,58]. This makes it difficult to inter-
pret the observed CD in CD-ARPES.

1
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FIG. 6. Circular dichroism (CD) FS of RTe; (R = Pr, Er).
(a) The schematic drawing of the measurement geometry for the
right-circular (RC) and left-circular (LC) polarizations. [(b), (c)] The
measured FSs of PrTe; and ErTes;, respectively, obtained with the RC
polarization (left) and LC polarization (middle), and the difference
between them (right), corresponding to the CD FS. In the CD FS,
red and blue denote stronger RC and stronger LC intensities, respec-
tively. All these data were obtained at iv = 104 eV andat T =~ 35 K.

080301-6



PHYSICAL REVIEW MATERIALS 0, 000300 (2024)

PHYSICAL REVIEW MATERIALS 8, 080301 (2024)

OIRC

(a) PrTe,

-5

(b) PrTe, B |

E-Ep (eV)

|
-l
- -
.k M T M M T M ™M T M

FIG. 7. CD-ARPES of RTe, (n =2, 3; R ="Pr, Er). (a) The
measured ARPES image plots of PrTe, along MTM, obtained
with the RC polarization (left) and LC polarization (middle),
and the corresponding CD (right) (CD = RC-LC), respectively.
[(b), (c)] Similarly for PrTe; and ErTe;. These ARPES data were
obtained at hv = 104 eV and at T ~ 35 K.

Figure 6 shows the measured CD FS of RTe; (R = Pr, Er).
In Fig. 6(a) is shown the schematic drawing of the measure-
ment geometry for the right-circular (RC) and left-circular

(LC) polarizations. In Figs. 6(b) and 6(c) are shown the mea-
sured FSs of PrTe; and ErTes, respectively, obtained with
the RC polarization (left), LC polarization (middle), and the
difference between them (right), which corresponds to CD in
the FS [59]. In CD FS, red and blue denote stronger RC inten-
sity and stronger LC intensity, respectively. The observed CD
effect in the measured CD FSs of RTe; appears to be weak, but
the intrinsic CD is observed clearly in the CD-ARPES data of
RTejs, as shown in Fig. 7.

The effects of CD in ARPES of RTe,, (n = 2, 3; R = Pr, Er)
are shown in Fig. 7. Figure 7(a) shows the measured ARPES
image plots of PrTe, along MI'M, obtained with the RC
(left) and LC (middle) polarizations, and the corresponding
CD = RC-LC (right). Similarly, the measured CD-ARPES for
PrTe; and ErTes along MT M are shown in Figs. 7(b) and 7(c),
respectively. In all the measured CD-ARPES of RTe, (n = 2,
3; R = Pr, Er), from Eg near I" to ~ — 6 eV around M exhibit
mostly stronger RC for the left side and stronger LC for the
right side. These common features indicate that the overall CD
effects in the dispersive bands arise from the Te 5p states in
RTe,. The flat R 4f states at ~ — 4.5 to ~ — 5 ¢V in PrTe,
and at ~ — 6 eV in ErTes reveal stronger RC for the left side
and stronger LC for the right side, the sign of which is same
as that of the above-described dispersive Te 5p bands. Such
similar signs of CD for both R 4f and Te 5p states imply
that the major contribution to the observed CD in RTe, is the
extrinsic geometric effect.

In a close examination of the CD-ARPES of PrTe;, how-
ever, the additional CD effects are observed, as follows. The
bands crossing Ef at ~ £ %f‘M exhibit stronger LC for the

0
(@ LH (c) PrTe,
hv
_)
E -5
(d) PrTe; 0 |
=
<L
(b) LV 5
=5
hv
E) 0
(e) ErTe,
b <—
ac plane LH
-5
Lv M T M

M

r M M T

FIG. 8. Linear dichroism (LD) in ARPES. [(a), (b)] The schematic drawings of the measurement geometry for the linear-horizontal (LH)
polarization and linear-vertical (LV) polarization, respectively. (c) From left to right, the measured ARPES image plots of PrTe, along MT'M,
obtained with the LH and LV polarizations, and LD-ARPES (LD = LH-LV), respectively. In LD-ARPES, red and blue represent the stronger
LH and LV intensities, respectively. [(d), (e)] Similarly for PrTe; and ErTes, respectively. All these data were obtained at hv = 104 eV and
T ~ 35 K. (f) The near-Eg region of the LD-ARPES image plot of PrTe, along MI"M. (g) The calculated band structures of ErTe; along
several high-symmetry lines, obtained from DFT calculations for the non-CDW phase (undistorted phase). (h) Comparison between ARPES

and the calculated band structures of ErTe; along MTM.
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left side and stronger RC for the right side, the sign of which
is opposite to that of the overall geometrical CD in the steeply
dispersive Te 5p bands and the flat R 4f states. Similar effects
are observed in the additional CD of ErTe; even though the
features are broad and not resolved well. These additional CD
features manifest the intrinsic CD effects in RTe; (R = Pr, Er)
and consequently the chiral polarizations of the Te 5p bands
despite their weak effects. Hence, these chiral polarizations
of the Te 5p bands are expected to be related to the CDW
formation in RTes;. Meanwhile, only the overall geometrical
CD effect is observed in PrTe,, implying that the contribution
from the chiral polarizations of Te 5p bands to the CDW
formation in PrTe; is relatively weak.

The effect of linear dichroism (LD) in ARPES provides
straightforward and very useful information on the symmetry
of the orbital character. As shown in Figs. 8(a) and 8(b),
the electric-field vector (E) of the incident photons is always
parallel to the sample surface in the linear-vertical (LV) po-
larization while, in the linear-horizontal (LH) polarization, E
has both perpendicular and parallel components to the sample
surface and has a significant amount of the perpendicular
component when photons are incident at a glancing angle.
Hence the stronger LH intensity reflects the out-of-plane or-
bital character (i.e., being perpendicular to the sample surface)
while the stronger LV intensity reflects the in-plane orbital
character (i.e., being parallel to the sample surface).

Figure 8 shows the effect of LD in ARPES of RTe,. From
left to right, Fig. 8(c) shows the ARPES image plots of PrTe,
along MT'M, obtained with the LH and LV polarizations,
and LD-ARPES (LD = LH-LV). In LD-ARPES, red and blue
represent the stronger LH and LV intensities, respectively.
Similarly, Figs. 8(d) and 8(e) show the effect of LD in ARPES
along MT M for PrTe; and ErTes, respectively.

Before discussing the LD effect in ARPES of RTe,, we
discuss the observed features in LH- and LV-ARPES bands of
RTe, in Fig. 8. Many dispersive bands are observed clearly
in ARPES. The large-energy-scale band structures are similar
to one another in these three compounds, indicating that the
measured ARPES bands represent the intrinsic features of
RTe, and that these dispersive bands have the Te 5p character.
In Fig. 8(f), the bands crossing through Ef at ~ + éFM are
observed, which are responsible for the FSs at the correspond-
ing kg values. The Er-crossing bands are also observed in both
PrTe; and ErTes. Indeed, the Ep-crossing positions in ErTes
agree very well with those in the calculated bands for the
non-CDW phase of RTe, [see Fig. 8(h)], indicating that they
have mainly Te 5p character and that the CDW deformation
in RTe, is not so strong. This conclusion is supported by
the good agreement between the measured and calculated
band structures in ErTes, shown in Fig. 8(h). For reference,
Fig. 8(g) shows the calculated band structures of ErTe; along
several high-symmetry lines, obtained from the DFT calcula-
tions for the non-CDW phase (undistorted phase). Then good
agreement is found in the comparison between the measured
ARPES and the calculated band structures of ErTe; along
MTM [see Fig. 8(h)].

Back to the discussion of the LD effect in RTe,, first, the
features in LD-ARPES are similar to one another. The dis-
persive bands between ~—1 and ~—3 eV exhibit the overall
stronger LH polarization, indicating that these orbitals are

ordered mainly out of plane; i.e., they are ordered along the
b axis perpendicular to the sample surface of the ac plane.
In contrast, both the flat R 4 f bands and the steeply dispersive
bands, starting from these flat R 4 f bands toward deep binding
energies, exhibit the stronger LV polarization, indicating that
these orbitals lie in the ac plane.

The region near Er of the LD ARPES of PrTe, along
MTM is shown in Fig. 8(f), where the Eg-crossing bands at
~ & LT'M exhibit the stronger LV polarization (blue). There-
fore, these Ep-crossing bands are in-plane orbitals, as
described above. In PrTe; and ErTes, the observed LD effects
in the near-EF states are not so clear as in PrTe,. Nevertheless,
the same conclusion can be made for PrTe; and ErTe; based
on the overall similarity in three compounds. In conclusion,
the Eg-crossing states in RTe,, responsible for their CDW
formations, originate mainly from the in-plane (ac plane)

(@)

k, (1/A)

k, (m/a)

FIG. 9. Photon energy (hv) maps of RTe, (R =Pr, Er; n =2,
3). (a) The hv-map measurement was done on the plane (marked
in blue) in the 3D BZ of RTe,. (b) The Fermi-edge-state ~v map
for PrTe,, obtained for Av in the range 80-120 eV. The horizontal
and the vertical axes are along k,(100) and ko1, respectively, where
the variation in hv is parallel to kyo1) (|| v). [(c), (d)] Similarly for
PrTe; and ErTes. These Av maps cut through X-I'-X (R-Z-R). All
these ~v maps were obtained at 7 = 35 K.

080301-8



PHYSICAL REVIEW MATERIALS 0, 000300 (2024)

PHYSICAL REVIEW MATERIALS 8, 080301 (2024)

orbitals of the Te sheets. This observation is consistent with
the calculated band character of the Eg-crossing in-plane Te
orbitals of Te sheets in RTe, [32].

VII. PHOTON ENERGY MAP

Figure 9 shows the measured 4v maps for the Fermi-edge
states of RTe,, (R = Pr, Er; n = 2, 3) in the range 80 < hv <
~ 120 eV. The horizontal axis is parallel to k,100) and the
vertical axis is parallel to kuqo1); 1.€., the variation in Av is
I kpo01y- These Av maps cut through X-I'-X (also R-Z-R). In
Fig. 9(a) is shown the plane of the zv map measurement (blue)
in the 3D BZ. In Figs. 9(b)-9(d) are shown the Eg-state hv
maps of PrTe,, PrTes, and ErTes, respectively.

The major feature in the Eg-state hv maps is the straight
vertical dispersion along hv || k; in all three compounds. Re-
member that the alternating R-Te(1) and Te(2)/Te(3) layers are
stacked along the b axis (see Fig. 1). Hence, the straight ver-
tical dispersions along k; indicate that the near-Ef states have
mainly 2D character, implying the weak interlayer interaction
between R-Te(1) slabs and Te(2)/Te(3) sheets. Consequently,
the effect of the interlayer interaction on the CDW formation
would be very weak in RTe,; i.e., the effect of the interlayer
interaction on the near-Ef electronic states responsible for the
CDW formation is weak.

VIII. SUMMARY AND PERSPECTIVE

The electronic structures of layered CDW compounds of
PrTe, (n = 2, 3) and ErTes have been investigated via ARPES
and XAS studies of high-quality stoichiometric single crys-
tals. R 3d XAS measurements confirm the trivalent valency of
R3* ions, so that R-Te(1) slabs serve as charge reservoirs and
the CDW instability occurs in the Te(2)/Te(3) sheets. R 4d —
4f RPES study of PrTe, (n = 2, 3) and ErTe; shows that the

R 4f states do not contribute directly to the CDW formation
in RTe,. Pr 4f electrons in PrTe,, however, can contribute
indirectly to the CDW distortion through the non-negligible
Pr 4 f—Te 5p hybridization.

The twofold-symmetric features are observed in the
CDWe-induced FS of PrTes, arising from the putative 7 x 1
modulated structural formation. The origin of the distinct
CDW deformations and single versus double CDW transitions
in PrTe; and ErTe; is due to the larger lattice parameters of
Te sheets and the resultant higher N(Er) in PrTe; than in
ErTes. The higher Tcpw in PrTe, than in PrTe; originates
from the higher Te 5p-electron occupation and also the larger
lattice parameters of Te sheets in PrTe, than in PrTe;, both
of which bring about the higher N(Ef) and the concomitant
higher Tcpw .

The intrinsic CD is observed in CDW-distorted RTe; (R =
Pr, Er), indicating the k-dependent chiral polarizations of
the Te 5p bands, while only the geometrical CD is ob-
served in PrTe,, implying the relatively weak Te Sp chiral
polarizations in PrTe,. LD-ARPES confirms that the Eg-
crossing orbitals are ordered in plane (i.e., in the ac plane) in
PrTe, (n = 2, 3) and ErTes. The near-Er Av maps exhibit the
straight vertical dispersions along k;, demonstrating the nearly
2D character for the near-Ep states and the weak interlayer
coupling.
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