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Charge density waves (CDWSs) are cooperative states that arise (&) (B) (D) o o0
from the coupling of phonons and free electrons in quasi-one- and L S
two-dimensional metals. The modulation of the electron density * oo
due to this coupling creates a new broken symmetry ground state [ L]

i 3 ) . —— e 0
with a lower total free energy through a Peierls distortion. CDW A
formation is believed to be driven by Fermi surface instabilities © o ol
mainly caused by nesting effects in the electronic band structure. e, .0, paan e ol I
Sometimes instabilities on the Fermi surface favor another coopera- . LI e o.<
tive state, i.e., superconductivityunderstanding the mechanism ‘e’e e 0,
of CDW destabilization and the competition between CDW states 'RT o\ e 0, ®,%, &
and superconductivity is of fundamental importance. o %o o o e e *eo®e =2

~Several chemical tuning parameters can be employed to ma- *e%e e we
nipulate the CDW state. For example, it is of significant interest to . .

. L b .0, e o
be able to suppress a CDW and access a superconducting state. b o o e e 8
Theoretically, the CDW modulation is a function of the Fermi level - ¥ \0] *e®e pagp . I
and the nesting properties of the Fermi surfa@oping (Ta and a ACuTe 2

Ti doped NbSg),? intercalation of atoms (iNbsSe;),* and amine RETe; ACuRETe,

5 . .
m0|eC_UIes_ (1T-TagEDA, 29 have been widely used. This type Figure 1. (A) The layered structure dRETe; (NdTes— type). The van
of tuning involves electron transfer and alters the electron count der Waals gap is indicated by the arrow. (B) The undistorted square net of
on the CDW, which changes the modulation because it changesTe atoms inRETe; and AMRETe,. (C) The electronically neutrsdCuTe
the energy of the Fermi level. This does not allow the study of the ITar)::r yhé‘ihr:’gir&ﬂ'gsé‘f_ge&m tEel\lstrul\;turt(e:mELeg gR"éeS/EMRC’:E';&é(Dg

: f : structu =K, Na;M = Cu, Ag,RE= La, Ce). Green
CDW state in a situation where structural changes are decoupledatoms areA: Red atoms are Te.
from changes in electron count. To observe such a decoupling,

isoelectronic tuning is needed to change the character of Ferm'q-vector were strictly governed by the electronic structure of the

surface nesting but not the electron count of the CDW. The family RETe itself, no significant changes would be expected by separat-
of AMRETe, (A=K, Na;M = Cu, Ag; RE= La, Ce) compounds ing the RETe; slabs.
may represent such a case. . The insertion of theACuTe layers into the van der Waals gaps
The gtructure ofAMREI'? can be seen as .an |nterg.rowth of of the RETg structure separates thiRETe; slabs, Figure 1. The
electronically neutraREI’gg, and A(.ZUTES. slabs in 1.1 Ta“o- The inter-slab interactions iRETe; should be diminished so that a quasi
layered structure OREI—%_ is essentially mtercglated with slabs of three-dimensional system becomes more two-dimensional in char-
ACuTe. Because of this, th&ETes Iayers_ in AMRETe, are acter. This opens the possibility that the changes in the CDW of
S|.gn|f|cantly separated compared to thoseRiBTle;, as shown in AMRETe, arise from the enhanced two-dimensionality of RETe;
Figure 1. As theRETe, phases_ have CDWSAMRETe; too has layer!! This would imply that the van der Waals interface between
CDWs. Because the alternating layers are neutral, no electronadjacem Te square netsRETe, is important in affecting the Fermi

trﬁ‘nsfﬁr b:etvxt/een thentw_lstﬁeceds_sary,t?nddtggrre I?fll_);]er_doerst_not surface nesting. ThAMRETe, compound could present a rare
alter the electron countin the adjacent [ayersial &. The insertion example that illustrates the effect of dimensionality on the CDW

of the ACuTe layer does, however, disrupt the van der Waals distortion without changing the electron count
interactions that are present in the structure of the bin&ese;. The AMRETe, (A=K, Na; M = Cu, Ag; RE = La Ce}? adopts

Here, we report the details of the CDWAMRETe, and compare a layered structure composed of two types of layers, the semicon-
them tq those of the parem% compoundS. . ductive [NaCuTe] and metallidETes], Figure 1. Each component
_We _f|nd that the CDW INAMRETe,, Wh'Ch originates from a is known to exist as an independent compot#iihe [RETe;] layer
distortion of the Te nets in thRETe; slab in these compounds, is adopts the NdTestructure type and has an anti-PbO tyRE[e]*
still presgnt but, surprisingly, the modqlatiqrvectors are signifi- sublayer sandwiched between two square Te nets. The [CuTe]
cantly different from the ones founq in tHRETe; senesl.f_) The layer can be described as an ideal anti-PbO structure type, made
g-vector change_s f_rom 2/7 in the binary phases to1/3 in the up of ribbon tetrahedral [CuTEunits that share edges in two
quaternary modifying the character of the CDW. If the CDW dimensions. The neutral [NaCuTe] arleHTe;] slabs alternate in
— — a 1:1 ratio and stack along tlweaxis separated by van der Waals
IMgﬁ?ﬁ%vinst%‘rﬁt%Hcg’g’ig}w' gaps to build the structure. Because both slabs have no net charge,
§ Argonne National Laboratory. the average electron count in the Te atoms of the net oRE€£ ;]
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(\;}) A ALY VA AR AL Y VA ALY VY 17_'ablg|_1. _tcrl‘pmt?]ari;ort] ((;I tlge Mti[}irmu;n andt g/loas(i}rgumdt):g?réces of
N ~ N N Y e—Te within the Net (X-Ray Diffraction a an nergy
&Q/\"\/Vvﬁ’\/\’\/vv\%’\%vvvﬁ Gap Values of All A;_Mi,RETe, (A=K, Na; M = Cu, Ag; RE =
NN AT SAY A A v i i
AN A A A NV AV NAVARV ARV La, Ce) Quaternary Compounds with the Binary RETe3 Analogs
VAVNAVNAVARVAVNAIVN SVAAVAINAVAS R AV — ,
Nagg1i2yCu; 3nzyLaTes at 100 K with g = 0.3632(8)b" + 1/2¢” and 3.075 A threshold minimum maximum energy
@ A ALY VAL ALY VAL AN N compound distance (A) distance (A) gap (eV)

PNAVASYS ARV ~ ~ CeTe 2.925(2) 3.255(3) 0.27(2)
V“/:ﬁ/\%&\/&ﬁ/\% xvﬁﬁ.mﬁ%v\/\ LaTes 2.929(6) 3.272(7) 0.25(2)
VAVNSAINAVAAVAVNAVNAVASVAVNAVNAV A Nao 60(2Clhaoz)-aTes 2.999(4) 3.260(4) 0.25(2)
© Mag 752Cu 25CeTey at 100 K with q = 0.3621(7)b" and 3.035 A threshold Nao.78(1pU1.22(1ﬁ9TQ 2,975(3) 3,241(2) 0_27(2)

At . . . R . - Nao.701Ag130)-aTe; 3.037(4) 3.273(3) 0.27(2)
NI A VOV ALN LV A VO VOA 70(L (
YANA % NIV SAATIV N % NS Nay7s0Ag122aCeTa  2.985(3) 3.264(3)  028(2)

N N v ~ v s KCuCeTe 2.972(2) 3.275(2) 0.33(2)
NRANIUVNANI IR AN YVIARS KeulaTa 2000 330209 030Q)
) Nag 731)Ag) awyLaTes at 100 K with q = 0.3660(8)b" + 1/2¢” and 3.097 A threshold Ko,7lg)Agl,29(2j_aTe¢ gggggg; 246128; 82383

. e . C e . . KAgCeTeg . A .
N A AN AN AT AV AN
$£A%\JV$?%V$Q’\%\\;V$QZ\ Th tor varies from 0.3361(6) in KAgCeTeo 0.3861(5)
A A A Ay A A N AN AR ARVAITNN e g-vector varies from 0. in KAgCeT e 0.
() Nag o) Agi 211CeTey at 100 K with g = 0.3681(8)b" and 3.070 A threshold in KCuLaTe, at 100 K. The difference in the cell constants along
A A A AN A RN AN AN D 2N the plane of the Te net between these quaternary phases and the
N INNIN S NN N INNIN G NN TN correspondingRETe; binaries is negligible £2%). Surprising|
NN N N N N NN N N N N NN p RETe; _ g''g o). Surprisingly,
R N N R N N N T N however, the difference ing-vectors between quaternary
NS LSS AN S A AN SN LS .
® KCuLaTe, at 100 K with q = 0.3861(5)b" + 1/2¢” and 3.109 A threshold (0.3550(8) for KCuCeTg and binary (0.2790(3) for Cefe
VA ANV NV NV NV NV NV A AN compounds is large30%. A 2% change in the lattice constant
VRIA x % v x Nt \\ﬁ v x h x A x v ﬁ Q AR x cannot account for the large changegiwector. A difference of-
VRARANGNY OV OV IV IV IV IANRARN : . X
N AN N ARV ARV ARV ARV ARY NNAVAY 2% in the cell parameters of the binaRETe; results in no more
ARANINIOIVINININVINVRARN Y. han 6% ch in th 16 i hat th | i

" KominAg s LaTes at 100 K with q = 0.3466(7)b° + 1/2¢" and 3.062 A threshold than 6% change in the-vector:® Given that theRETe; layers in
(/G\). A A A AR AL A the quaternary and binary compounds are isoelectronic, the large
ARNARARARARNANRARNANTIANIANT WA change in the CDW character could arise from the alteration
A AR A A A A AN DN ANV occurring in interlayer coupling between adjacent Te neiRkfe;
ADNADNADNADNADNADNADNATINTANTINIA slabs upon insertion of thaMTe layer.
(H) KAgCeTe, at 100 K with q = 0.3361(6)b" + 1/2¢" and 3.080 A threshold The new CDW modulations found in the quaternary compounds
% MRV RNARNA % MY SARNA % M features Tgoligomers which are different from those observed in
ANV IV IN IARARNRNINVINVINSRARANG Y the RETe; (RE= La and Ce) series. The majority of oligomers in
ANV IOV N IARARNINV IV INRNARNANS . -
AN GOV ONANDARNNE NGV ANRDN the binary RETe; compounds are tetramers and trimers and

KCuCeTey at 100 K with g =0.3550(8)b" + 1/2¢" and 3.055 A threshold occasionally single Te atoms and W-shaped pentamergontrast,

Figure 2. Distorted tellurium nets oAMRETes at 100 K. A different every Te pattern within th&;_,M1sRETe, series is unique with a
sequence of trimers (red), tetramers (green), pentamers (blue) and somejifferent sequence of oligomers along the modulation direction.

?”;es dimers (purple) and rr?oncr’]mlgrs f(graY) iSAOt(’S‘)er"ed for every analogue. |tarestingly, tetramers were not found in most of the quaternary
A) NapeiCu sd aTe at a threshold of 3.075 A. (B) NasCu »sCeTe at ’ . . R
a threshold of 3.035 A. (C) NaxAg: 24.aTes at a threshold of 3.097 A. phases. Instead, a sequence of trimers and pentamers with one linear

(D) Nag7oAg121CeTe at a threshold of 3.070 A. (E) KCuLaTet a Te atom and occasionally monomers and dimers is observed for
threshold of 3.109 A. (F) K7:/Ag12d-aTe at a threshold of 3.062 A. (G) the compounds that havegavector in the range of 0.36(1), Figure
gggg?tﬂl‘taihﬁ‘ thr:eijhmo: of 3.080 A. <(1H)t Kg]uce] at a threslh()'dtth, A 2(A—D, F, H). For the two cases where tlpvector deviates
e e s ASGNcanty ffom his range, the Te_patierns star (o contan
more extended region of the Te nets can be found in the Supporting t€tramers similar to those found in the binaries. Specifically, the
Information. majority of oligomers in the Te net of KCuLaT€g-vector of
0.3861(5)) consists of dimers and occasionally trimers, tetramers,
sublayer remains-0.5 e". No electron transfer is necessary between and single Te atoms, Figure 2E. For KAgCgTg-vector of
the [NaCuTe] andRETe;] slabs. A more descriptive formula of  0.3861(5)), the net is mainly composed by trimers and a smaller
the structure can be NECuTe[ [RETe]"[Te;]~. The single-crystal fraction of dimers and tetramers, Figure 2G. The bond length
structure refinement indicated that in some members of the family distribution between Te atoms in the nets Af M11xRETe, is
there is some interchange between the alkali atoms and monovalentomparable with that in thRETe; binaries, Table 1.
M atoms in their crystallographic sites in the fofm M1 RETe,.13 Theg-vector increases as the cell volume decreases, for example
The CDW in allA;—M4«RETe, analogs gives rise to modulated from 0.3361(6) in KAgCeTgto 0.3861(5) in KCuLaTg at 100
incommensurate superstructures. The application of superspacek. The same trend exists in tHeETe; seriest” The temperature
crystallographic techniques was necessary to solve their strdéture. dependence of the-vector between 100 K and 300 K seems
Although the undistorted (no CDW) subcell structure has a tetra- negligible.

gonal symmetry (Table 12S), the modulatigivector is always Electronic band structure calculations at the density functional
along theb-axis, giving orthorhombic symmetry. The distortion is theory (DFT) level® performed on the undistorted structure of
located in the planar Te nets of tfiRETe; slabs!® Most of the KCulLaTe confirm that the Fermi surface topology favors the

A1-xM1xRETe, (A = K, Na; M = Cu, Ag; RE= La, Ce) analogs formation of a nesting vectogfvector) along thé* direction with
adopt theP2,2,2(031/2)0s0 superspace group, except foMGeTe a value of~0.33, Figure 3A° The Fermi surface topology is similar
(M = Ag and Cu), which adopt82;2,2(030)0s0, and KARETe, to the one for LaTgthat forms a nesting vector of 0.28(2). The
(RE= La and Ce), which adopts the lower symmey(031/2)0 difference is the presence of three extra bands, mainlyl @od
superspace group. Te p in character from the [KCuTe] layer, that are crossing the

10676 J. AM. CHEM. SOC. = VOL. 129, NO. 35, 2007
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(&) (B) 700 changing the CDW character. In this regard, the van der Waals
6001 e gaps inRETe; are not simple “innocent” spacers. Thus, we would
e ﬁx‘-"“’ expect the application of pressure to strongly influence these gaps
isoa- and greatly affect and even suppress the CDW.
=400
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Generally, the formation of CDWs leads to the appearance of
energy gaps at the Fermi levél. In the case oRETe;, however,
neark; there is an energy gap associated with the CDW distortion
of the Te net but some electronic states still remaiB;diecause
of bands associated with other parts of the structure. Thus, the CDW
distortions do not create a fully gapped Fermi surf&c&his
situation creates a poor metal character RETe; and this is
confirmed by electrical resistivity measuremefitghe situation
in KCuLaTe, is similar as indicated by the temperature-dependent
resistivity data shown in Figure 3B. The thermopower varies
between+35 and+55 «V/K in the range of 306-550 K. These
are relatively small values and are consistent with metpttigpe
character for the material, Figure 3C.

Despite the poor metal character &MRETe,, there are
spectroscopically observed electronic transitions which can be
assigned to the CDW energy gap of the Te-net. The energy values
are between 0.25(2) eV for MaCu 4sd-aTe, and 0.33(2) eV for
KCuCeTq at RT as measured by infrared diffuse reflectance
spectroscopy, Table 1. A representative plot of the apparent energy (16)
gap is shown in Figure 3D.

The AMRETe, together with theRETe; are excellent model
systems for fundamental studies of CDW distortions because their
structures are simple and exhibit a wave modulation along a single
axis direction. The results reported here suggest that interactions
along the third, cross-plane dimension in the quasi-two-dimensional
systems oAMRETe; andRETe; play an important role on defining
the CDW modulations. The van der Waals gapRET e; influence
band dispersion, which alters the Fermi surface nesting, thereby
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