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Charge-density waves (CDWs) are broken symmetry states of « [ | ®
mostly strongly anisotropic quasi-one-dimensional méta#s. a \ aN|
result of a Peierls instability, their ground state is a coherent . T
superposition of electrenhole pairs which results in a periodic ’ i
spatial modulation of the charge density. The study of CDWs is ! g
important because a successful description of the coupled electronic  , ¢—e—8,: o
lattice instability reflects on the broader issue of the electronic ™| ‘i ERRETT ari 2
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aspects of structural stability, which is linked to several interesting IRGER . L ' |
phenomena, including superconductivity. The CDW state has not | -#=| =~ % N Yoy ey T
received the same level of attention as superconductivity, although . g S ———
the phenomenon is potentially equally important. Recently, even ™ e e L Lo e
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devices based on CDW materials have been propb3ée. vast e " N ~ A s A \f,\/\ A ~
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majority of CDW studies focused on quasi-one-dimensional systems [ h
partly because two-dimensional counterparts are scarce. Figure 1. (A) Structure of CeTe The vdW gap is indicated (B) the ideal

The tritellurides, RETg (RE = rare-earth elemengy! were square net of Te atoms in CesT€C) Selected area electron diffraction

originally reported to crystallize in the layered so-called NgiTe ES)AED) pattern for (feTﬁOI]gje (0o l;arr?ily showing the "7‘3;5“99”3“‘%-

. : _ (D) Intensity scan along thef-axis of the SAED pattern and approximate
sFructur_e type; however r_ecently, they were recognlged to be twp indexing based on supercell. Thevector is also indicated. (E) Te net for
dimensional CDW materials. A salient fea_tture of this structure is 5| RETe, compounds based on an approximate 7-fold supercell crystal-
monolayers of Te atoms that appear to define “perfect” square nets.lographic analysis. (F) PDF for CeJeut to 4 A. The peak at 3.3 A is due
All Te—Te distances in the net are3.1 A, too long to be normal mainly to RE-Te distances. The solid line represents the model from the

n hor ianor nonbonding. B f th und|stor_tedecmsubstructure. The arrow |n_d|cat(-;s th_e—TEe vector at
bonds, yet t_oo S 0 t to _be gnored as nonbo d g. Because of t e~2.9 A in the modulated structure and highlights its discrepancy with the
novel bonding implications of a square net, it would be rather

i, . . o substructure.
exciting if ideal square nets of Te actually existed. This picture,

however, is incorrect and deceptive as it masks completely the trueactually varies with RE element. Further, the modulation is more
unde_rlylng SthCt_Ufé- Square net arrangements of atoms are correctly described using @vector super-spacegroup approach
predicted theoreticalfto be unstable and prone to charge-density rather than a conventional supercell analysis. The modulations we
waves (CDW), and therefore, systems which feature them, such aspbserve are different from those proposed earlier based on charge
RETe, are of great interest. Electron diffraction studies on several balancing arguments.
RETe compounds revealed evidence for the presence of long-range The average structure of REFTadopts the space gro@mcm
ordering’ This casts doubt on the perfect square net picture and |t consists of puckered double layers of (RETe) that are sandwiched
raises the possibility of lattice distortions of the charge-density wave py the planar nets of Te making a REEab. The slabs then stack
(CDW) type in RETeg.8 Electrical conductivity measurements on along theb-axis creating van der Waals (vdW) gaps. The formula
RETe; systems indicate metallic behavior and absence of a band can pe more expressly written as (RET@e,)~ (Figure 1A). The
gap in these materiafsTherefore, detailed knowledge of the long-  RE atom is in a monocapped tetragonal antiprism of Te atoms.
range modulations is necessary to correctly understand the propertieshe apparent TeTe distances in the square net are 3.1034(6) A
of RETe. Modulations in Te nets have been found in more complex (for CeTe) (Figure 1B).
multinary compounds such as KBaAg¥@nd LaTeSe which We performed electron diffraction studies on CgTRrTe, and
show oligomerization within the net to ;Fe fragments, where NdTe;, and in every case, we clearly observed superstructure along
varies depending on electrons per Te atom. Complicating further the c-axis direction and on the plane of the Te net (Figure 1C).
the structural issue is that the distortions can be incommensuratepjthough the superstructure can be approximated with a cell of
with the underlying sublattice, which historically has frustrated Csup = 7Csub based on the weak satellite reflections along ¢he
attempts at a complete crystallographic analysis. direction, an intensity scan along thiel¢-1) row of reflections
The details of the modulated structures of the binary RETe shows the satellite reflections of the main @l spot to be located
compounds have not yet been reported, although reasonable modelgt 5 distance ofic g = 0.28 (Figure 1D). This corresponds to an
have been proposédn this work, we have succeeded in solving  approximate supercell @f= 7cy,, Single-crystal X-ray diffraction
the incommensurate superstructures of GePeTe, and NdTe analysis of RETg(RE = Ce, Pr, Nd) in space grougma? revealed
using four-dimensional superspace crystallographic technidues. an identical modulation on the Te net for all members (Figure 1E).
The results are surprising in that the observed modulation does notatthough this approach gave a much better view of the distortions
give rise to a valence precise or localized bond definition and jn these compounds it is, however, still inadequate as it “glosses
t Department of Chemistry. over"_so_me important details of the structure. A more accurate
* Department of Physics. description was obtained when the four-dimensional superspace
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(A) |, 25-fold supereell | _ . long-range modulations. The experimental PDF of all three RETe
: Kx-‘«&xxﬁz‘»zﬁxiﬂf&xxoxl systems presented here shows a pronounced shoulder on the first
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R ANYRANRANYRAYRAYY . peak at~2.9 A, and it is due to the FeTe bonds in the oligomers.
w o~ A A AN

{ honding threshold The averag&€mcmstructure cannot account for this peak because

\l CeTe, with =0 2801{4) and 303

(B) ) ddoldswperecll |+ it has no distances3.1 A (Figure 1E). This proves that the distortion
A R A AR R R A G R R S SR SRR L MAN SR AN N AL : :
A RN A N R AN AT U R AT U R A TR AN YR AN TR A in the Te net is a bulk phenomenon of the RE$gstems.
VV\A.V&QNVMAx\'\AAﬁv.ANVWANVWA.V“ANV&AxVWAS .
B A A A A A A A AT A MR AR A AN VR The resolution of the modulated structures of REG@mpounds

- Pl with 70 2821 and 30294 honding threshold sheds light on the subtle details of their CDW distortion(s).

A T A T A Y T Y A A N AN A AL I A 2 i A Furthermore, it reveals for the first time that the nature of the CDW
R RN VR ANV R AN S RAN Y RA M URA R LA URR - - :
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R A N N A R I R A e N N A A B N wave in these compounds varies subtly yet detectably with RE
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element. This result is surprising given that the substitution of one
) RE for the next is isoelectronic in nature and, therefore, should

Figure 2. (A) Resolved structure of the Te net of CeTa a threshold of identical distorti tt

3.035 A showing V- and N-shaped oligomers. The arrow indicates the region presage an iden 'C_a '_S ortion pattern. . . .

of successive “tetramers”. (B) Te net of PgTa a threshold of 3.029 A. Because of the fine differences found in CDW distortions across

The arrow indicates the presence of “single” Te atoms. (C) Te netof NdTe the RE series, the structural characterization of the remaining

at a threshold of 3.028 A lts threshold value corresponds to the maximum members of the REGefamily is now justified. It is necessary to

value at which the tetramers and trimers are not interconnected. The apply the superspace group crystallographic approach in order to

g-vectors correspond to a 25-fold, 39-fold, and 63-fold supercell, respec- . . . .
tively. The boxed areas represent regions where identical domains aresSuccessfully decipher these subtle differences. The new information

similar pattern MulTe, with q=0. 283 1i4) and 3 028 4 honding threshold

encountered between RETenembers. The changes in ¥&e bond reported here regarding the CDW distortions opens fresh perspec-
distances are more subtle and gradual than what might be implied by thetives on how to think about these systems and provides new
arbitrary (but reasonable) choice of the bonding cutoffs. possibilities for more informed theoretical interpretations of their

crystallographic approach was used to refine the structures based’ hysical properties.

on the existence of a modulatiopvector!? X-ray diffraction gave Acknowledgment. Support from the NSF (DMR-0443785,
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the RE element (i.e.q = 0.2801(4), 0.2821(4), and 0.2831(4), ) ] ) ) )

respectively, for Ce, Pr, and Nd), and this has consequences on Supporting Information Available: Details of structural analysis

the observed distortion. in CIF format. This material is available free of charge via the Internet
The superspace crystallographic analysis gave for ¢#ie at http://pubs.acs.org.

minimum Te-Te distance in the net to be 2.9564(16) A and the

maximum 3.2407(18) A. For Priethese distances are 2.956(3) References

and 3.214(3) A, respectively, and for NdJe2.9454(14) and 1) ;?g%?;er' G.Density Waes in Solids Addison-Wesley: Reading, MA,
3.2104(15) A, respectively. By arbitrarily taking 3.035 A to be the (2) (a) Van der Zant, H. S. J.: Slot, E.: Zaitsev-Zotov, S. V.: Artemenko, S.
Te—Te bonding threshold, the square net of Cedan be easily N. Phys. Re. Lett. 2001 87, 126401. (b) Mantel, O. C.; Chalin, F..
viewed as a sequence of V-shaped “trimers” and N-shaped Eﬂgﬁﬁiréu?;,,;/%”s_dsg_Zl_%rt‘ttjng(féi"sgg_tysr‘ev' Yu. I Pannetier, B.;

“tetramers” and, infrequently, even “single” Te atoms (Figure 2A).  (3) Lin, W.; Steinfink, H.; Weiss, E. dnorg. Chem.1965 4, 877.
The Te-Te distances within the oligomers are shorter than the (4 Kuzmicheva, G. M.; Matveenko, I. ARuss. J Coord. Chen001, 27,

average 3.1034(6) A found in the origin@mcmstructure. (5) Patschke, R.; Kanatzidis, NPhys. Chem. Chem. Phy2002 4, 3266.

The most surprising finding of the superspace analysis is that (6) Tremel, W.; Hoffmann, RJ. Am. Chem. S0d.987 109, 124-140.

the three RETganalogues do not have identical CDW distortions. (") gyag'iggg%rgnffgié\_’" C.; Mansfield, J. F.; Foran, B.; Lee,Pys.

A closer look at the pattern of the Te nets reveals substantial (8) (a) Brouet, V.; Yang, W. L.; Zhou, X. J.; Hussain, Z.; Ru, N.; Shin, K.
; ; ; Y.; Fisher, I. R.; Shen, Z. XPhys. Re. Lett 2004 93, 126405. (b)
dlf_ferences in the way the net_s distort as the RE element chapges Laverock, .. Dugdale. 5. B. Major, Zs.: Alam, M. A+ Ru. N.: Fisher, I.
(Figure 2). The net does not simply shrink to follow the lanthanide R.; Santi, G.; Bruno, EPhys. Re. B 2005 B71, 085114 and references

i i therein.
contraction. I.nStead’ the longhort bond é}ltem.atlon amgng the. (9) lyeiri, Y.; Okumura, T.; Michioka, C.; Suzuki, ©hys. Re. B 2003 67,
Te atoms varies from Ce to Pr to Nd, forming different oligomeric 144417
patterns. Starting from the left of Figure 2, we can see that the net (10) ?%%%GTQ; l;glévgfléngzP. T.; Simon, P.; Lidin, S.; SohnelChem. Eur.
for the three compounds is 'dentl(.:al up to 6? Ce':tam d'Stan?e (shown (11) érystal g’rowth of all IIQETﬁwas accomplished with the flux technique
by the boxed area). After that point, there is divergence; in geTe described in ref 9.

i (12) A STOE IPDS Il diffractometer was used to collect intensity data (Mo
for example, Te atoms form two tetramers, thereby breaking the Ko radiation). An analytical absorption correction was performed, and

trimer-to-tetramer order (Figure 2A). In contrast, the order of all structures were refined with JANA2000 software (Petricek, V.; Dusek,
i i i i i i M. Institute of Physics; Praha, Czech Republic, 2000). Crystal data: All
oligomers in PrTg and NdTe cqntlnues to bg identical until the RETe, structures adopt th&2cm(00,)000 (no. 40a) sUper-spaceqroup
appearance of single Te atoms in PyT&own in the dotted boxed Xith Z=4.CeTeg a=4.3732(5) /s}313 b = 25.9733(41) Ac = 4.3849(5)
area) (Figure 2B,C). At this point, the patterns of Pydied NdT . § = 0.2801(4g*, V = 498.1(2) &, 7356 reflections collected (2167
. ) (Fig ) P P Ry e main+ 5189 satellite), 2475 unique reflections (822 m&id653 satellite)
diverge. [Rnt = 0.029],R = 0.033,wR = 0.092 for reflections having > 20(l),

To ensure that the observed modulations were representative of min/max residual electron density —2.69/2.23 e A3 PrTe; a =
he bulk and not of isolated sinal ol d . led 4.3566(4) Ab = 25.8878(29) Ac= 4.3606(5) A,g = 0.2821(4p*, V =
the bulk and not of isolated single-crystal domains sample 491.8(2) /&, 9783 reflections collected (3116 main6667 satellite), 3140
selectively by our electron or X-ray diffraction experiments, we unique reflections (1094 maih 2046 satellite) R, = 0.045],R = 0.051,

: . : wR = 0.142, min/max residual electron density —3.50/4.01 e A3,
sought a total scattering technique to check the entire sample. The NdTe; a = 4.3469(7) A.b = 25.8515(30) A,c'z 4.3629(5) A,q =

PDF technique is a powerful and unique tool for the characterization 2621851(4¢*|,|_V): fgg%Z(Z)_A*, 655f4|1 re_flectit)(rgsf1 Egollea*ci;elds(()18940 mli':riﬂ)

1 H H H H H H satellite), unique reflections m satellite
a_nd structure reflnt_ament of crystalline materials Wlth |ntr|qs!c [Ro = 0.032],R = 0026 wR= 0.088, min/max residual electron density
disordert? The technigue has proven to be successful in determining = —2.02/161e AS -
the structure of crystalline materials exhibiting local deviations from ~ (13) Billinge, S. J. L.; Kanatzidis, M. GChem. Commur004 74.

the average structure arising from different degrees of disorder or JA0505292
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