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Tunneling spectroscopy ofRTe2 „RÄLa, Ce… and possible coexistence
between charge-density waves and magnetic order

M. H. Jung*
Department of Quantum Matter, ADSM, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

T. Ekino
Faculty of Integrated Arts and Sciences, Hiroshima University, Higashi-Hiroshima 739-8521, Japan

Y. S. Kwon
Department of Physics, Sung Kyun Kwan University, Suwon 440-746, South Korea

T. Takabatake
Department of Quantum Matter, ADSM, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

~Received 5 September 2000; published 22 December 2000!

Tunneling spectra are measured on the charge-density wave~CDW! compound LaTe2 and the isostructural
antiferromagnet CeTe2 with TN54.3 K by a break-junction method. In contrast to the well-developed CDW
gap 2D50.9 eV wide for LaTe2, the spectrum of polycrystal CeTe2 is V shaped with 2D51.2 eV. These gap
structures agree with the optical-conductivity spectra for both compounds. The V-shaped spectrum for CeTe2

suggests that the CDW gap is modified by the presence of electronic states hybridized with the 4f electron
states. A smaller gap 2D* 50.5 eV was observed for the bulk tunneling current in thec plane of single crystals
of CeTe2. On cooling belowTC56.1 K, where a short-range ferromagnetic order sets in, 2D* exhibits a sharp
minimum. Furthermore, subgap anomalies appear belowTC and suddenly increase atTN . The normalized
zero-bias conductance shows a minimum atTC and a sudden increase belowTN . These facts suggest possible
interplay of CDW’s and magnetic order in CeTe2.
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Charge-density waves~CDW’s! occur in numbers of low-
dimensional materials, of which the electronic instabiliti
lead to their structural modulations.1 The CDW instability
driven by Fermi surface nesting has a tendency to lower
electronic energy by opening an energy gap at the Fe
level. Electron-tunneling spectroscopy provides direct obs
vation of the energy gap because the tunneling conducta
is proportional to the electronic density of states.2 The com-
petition between CDW condensation and superconducti
was found in certain systems.3 The coexistence betwee
CDW’s and magnetic order has recently been reported f
rare-earth based compound Er5Ir4Si10.

4 To the best of our
knowledge, however, no evidence for the interplay
CDW’s with magnetism has been reported yet.

Layered compounds such as transition-metal dica
genidesTX2 (T5transition metal;X5S, Se, Te)5 and rare-
earth polychalcogenidesRXn (R5rare earth;n52,2.5,3)6–10

are susceptible to the CDW formation due to the electro
instability. The compoundsRX2 with the layered tetragona
Cu2Sb-type structure11 consist of rare-earth-chalcogen laye
separated by a chalcogen square sheet. Commensurate
was observed inRSe1.9 (R5La, Ce, Pr), where Se dimmer
and ordered vacancies lead to distorted Se sh
superstructure.6 On the other hand, incommensurate CDW
SmTe3 was reported to be stable at room temperature.9 The
strong anisotropy in the gap of 2D'0.5 eV was revealed by
the angle-resolved photoemission spectroscopy.10

For LaTe2, a periodic lattice distortion was observe
through transmission electron microscopy.12 It was shown
that the CDW’s with the superlattice wave vectorq5a* /2
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are stable even at room temperature. Band calculation
LaTe2 suggested that the CDW states arise from the nes
between the electron and hole Fermi surfaces of the
square sheet.12,13 However, no direct evidence of the CDW
gap in LaTe2 has been given to date. Recently, we ha
grown high-quality single-crystalline samples
CeTe22d (d>0.15).14 This value of d is common to
SmTe1.84 and DySe1.85, which was ascribed to the defectiv
Te layers builtup isolated Te.6,7,9,15 This vacancy stabilizes
the dimerization of Te ions and the structur
modulation,15,16 resulting in semiconducting behavior of th
electrical resistivity.14,17 The electronic band structure o
CeTe2 is in nature analogous to that of LaTe2 except the
existence of the 4f state, which is believed to deform the ga
because of the hybridization between the Ce 4f state and the
Te 5p hole band in the Te sheet.14,18 Recently, the possible
presence of CDW’s has been suggested in CeTe2 from the
electrical resistivity measurements.14,18 The c-axis resistivity
r iC exhibits a semiconducting temperature dependence
the order of a few tens ofV cm, while thec-plane resistivity
r'C shows a broad maximum at 100 K and then decrease
cooling, resulting in the resistivity ratior iC /r'C;150 at 1.5
K.14 At low temperatures, CeTe2 undergoes two characteris
tic transitions. The electrical resistivity exhibits a sharp pe
at TC56.1 K,14,18below which a two-dimensional ferromag
netic order develops in the CeTe layer. BelowTN54.3 K, a
three-dimensional antiferromagnetic order occurs among
ferromagnetic CeTe layers in the spin sequence up-do
down-up along thec axis.19,20 It should be interesting if the
magnetic orders in CeTe2 have significant effect on the CDW
gap.
©2000 The American Physical Society01-1
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In this paper, we report electron-tunneling experiments
LaTe2 and CeTe2. The results give the evidence for th
CDW gap in these compounds. We have used anin situ
break-junction method, which prevents Ce-based compou
from serious surface oxidation.21 A platelet sample with its
cross section;0.132 mm2 was mounted on a flexible sub
strate and cracked at 4.2 K by applying an adjustable be
ing force. In this way, we were able to make stable tunnel
junctions with a clean interface. The tunneling conducta
dI/dV was measured by an ac-modulation technique wit
four-probe method. If a few junctions coexist at the interfa
then the observed conductance is a superposition of co
butions from each junction, where the tunneling current m
strongly depends on the surface state and geometry with
spect to the crystallographic axis.21 In order to study the
possible interplay between the magnetic order and CDW
CeTe2, we have measured the temperature and magn
field dependence of the tunneling spectra in the vicinity
TC andTN , using single-crystalline samples. We confirm
that the stoichiometry, electrical resistivity, and magne
susceptibility of the present samples agree with previ
results.14

Figure 1 shows representative data ofdI/dV for polycrys-

FIG. 1. Differential tunneling conductancedI/dV for polycrys-
talline samples of LaTe2 and CeTe2. Top: the typicaldI/dV curve
measured at 60 K~curve 1! for LaTe2 dI/dV for LaTe2 at 30 K
~curve 2! exhibits double-gap structures due to SIN and SIS ju
tions. The spectra for CeTe2 at 77 K ~curve 3! and 55 K~curve 4!
correspond to SIN and SIS junctions, respectively. Bottom:dI/dV
for a junction of CeTe2 at 4.2 K ~curve 6! and 10 K~curve 5!. The
arrows indicate subgap anomalies.
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talline samples of LaTe2 and CeTe2 at various temperatures
The gap features are reproducible for several samples
different junctions with various resistance values over a w
range, 30–5000V, which is much larger than the estimate
sample resistance 0.1–1V. In the top frame, the typica
dI/dV curve for LaTe2 at 60 K exhibits well-defined sym
metric peaks atV560.85 V with respect to the zero bias
The gap width of 1.70 eV is unchanged at least over
measured temperatures up to 120 K. In the middle frame,
curve 2 exhibits double-gap structures with the bias sep
tions of 1.70 and 0.86 V. Here it is noteworthy that th
former is twice the latter. This double structure may com
from two junctions coexisting at the broken interface,
mentioned above; the former corresponds to 4D/e of SIS ~S
is the semiconducting state with CDW, I is the insulati
barrier! junction and the latter corresponds to 2D/e of SIN
~N is the normal state without CDW! junction, whereD is
half the energy gap. It is likely that the SIS junction
formed at a cleaved surface between layers in a gr
whereas the SIN junction is formed at a grain boundary. A
in CeTe2 two gap values are observed, 4D52.4 eV in the
curve 4 and 2D51.2 eV in the curve 3, respectively. Be
cause the gap value is comparable to that for LaTe2, we
attribute this gap to the CDW gap in CeTe2. If the empirical
relation 2D/kBTCDW512214 is used, then 2D;1 eV yields
TCDW'1000 K. Therefore, no change of the gap val
against temperatures up to 120 K is reasonable. Howe
there is a significant difference in the gap structure betw

-

FIG. 2. Temperature variations ofdI/dV for I'c in a single-
crystal CeTe2 with increasing temperature from 4.2 K~bottom! to
38 K ~top!. The spectra are shifted vertically for clarity. Right ins
represents the temperature dependence of the bias sepa
2V1(d) and V2(s) determined from the analysis ofdI/dV data
~see text!. Left inset shows thedI/dV curves at temperatures 4.
and 6.3 K in the overall bias range.
1-2
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the two compounds. In contrast to the U-shaped spectra
LaTe2, the spectra of CeTe2 is V shaped with electronic
density-of-states within the gap. This in-gap state may or
nate from the hybridization of Ce 4f states with conduction
electron states. We will discuss this point later by the co
parison with the data of optical conductivity.

At 4.2 K just belowTN54.3 K, thedI/dV curve of CeTe2
reveals subgap anomalies atV1560.1 V andV2560.2 V,
which are indicated by arrows in the bottom frame of Fig.
Since the anomalies are reproducible for various junctio
they appear to be inherent. The subgap anomalies in
curve 6 disappear upon heating to 10 K aboveTN to become
the curve 5, whereas the main gap structure atV560.45 V
is unchanged. This disappearance should be only due to
thermal effect, because the junction is very stable and
main gap is reproduced. These two subgap anomalies fo
for polycrystalline samples are more clearly observed
single crystals, which is shown in Fig. 2. The bias sepa
tions are, respectively, denoted by 2V1 and 2V2 . On heating,
both V1 andV2 decrease suddenly atTN54.3 K and gradu-
ally decrease to vanish atTC56.1 K ~see the right inset o
Fig. 2!. This temperature dependence is similar to that of
order parameter of a second-order phase transition. Howe
it is rather surprising that excitations of 0.1–0.2 eV~1000–
2000 K! disappear only at 6.1 K. We have further examin
the magnetic-field dependence of the subgap anoma
which will be presented later.

The maximum atV560.24 V (2D* 50.48 eV) was ob-
served only in single crystals CeTe2 for the bulk tunneling
current in thec plane. The maximum possesses the stren
of 40% of the background conductance, as seen in the
inset of Fig. 2. In order to trace the temperature depende
of 2D* , the spectra are enlarged in Fig. 3. As the tempe
ture is raised fromTN54.3 K, 2D* initially decreases and
turns to increases, then saturates to a value of 0.47 eV a

FIG. 3. Temperature variations ofdI/dV for I'c in a single
crystal CeTe2 at different temperatures 4.2, 4.3, 5.5, 6.3, 9.4, and
K from bottom to top. The temperature dependence of 2D* is dis-
played in the inset.
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TC56.1 K. ForT>TC , no temperature dependence in 2D*
was observed as in 2D, but the magnitude of 2D*
50.47 eV is nearly half of 2D50.9 eV. The different values
might be related to the shift in stoichiometry of the junctio
and/or anisotropic nature of the gap in CeTe2. However, the
well-reproducible observations of 2D* for I'c in several
single crystals allow us to exclude the sample depende
The large gap 2D is then assumed to be the gap formed alo
the c axis, while the small one 2D* is in the c plane. This
interpretation is based on the large anisotropy in the resis
ity, r(I ic)/r(I'c);100.14 Actually, we confirmed by opti-
cal microscopic observation that polycrystalline samp
were cleaved preferably between layers perpendicular to
c axis, while thin-plate single-crystalline samples we
cracked parallel to thec axis. Therefore, 2D* may be as-
cribed to the CDW gap in thec plane. This conjecture is
strengthened by the fact that the value of 2D* is close to the
gap value of 0.5 eV for CDW’s in the Te layers of SmTe3.

10

The strong variations of 2D* (T) below TC indicate the sig-
nificant effect of the magnetic ordering on the energy gap
thec plane. The minimum in 2D* (T) betweenTN andTC is
probably associated with the competition between the th
dimensional antiferromagnetic order and the tw
dimensional ferromagnetic order. The following rapid i
crease up toTC can be a result of the loss of ferromagne
order, which should be in favor of the CDW states.

Another remarkable feature of thedI/dV curves in Fig. 2
is the hump at zero bias, which fades out aboveTC . For such
a zero-bias hump, two possible origins are recorded:~i! mag-
netic scattering across the tunneling barrier by the interac

8

FIG. 4. Comparison of temperature dependence between
normalized zero-bias conductance@dI/dV(0)#/@dI/dV(0.3 V)#,
the magnetic susceptibilityx for Bic, and the electrical resistivityr
for I'c.
1-3
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of the carrier spins with the localized 4f moments, the so-
called Kondo scattering,2,22 and ~ii ! Andreev-like reflection
at the metallic contact accidentally formed at t
interface.23,24 In any case, the zero-bias feature should b
consequence of the magnetic transition because it disapp
on heating exactly atTC56.1 K. The normalized zero-bia
conductance@dI/dV(0)#/@dI/dV(0.3 V)# also changes dra
matically at both 4.3 and 6.1 K, as shown in Fig. 4. T
former coincides withTN determined as the peak in the ma
netic susceptibility, and the latter agrees withTC determined
as the peak of the electrical resistivity.14 Therefore, the tun-
neling conductance indeed probes the electronic density
states affected by the magnetic transitions.

We further studied the magnetic-field dependence of
subgaps at 4.2 K in fields up to 3 T applied parallel to thec
axis, the easy magnetization direction, using the same ju
tion that was used for the temperature variation meas
ments in Fig. 2. The spectra in the inset of Fig. 5 show t
the depth of the dips atV1560.1 V decreases but the sep
ration 2V1 increases as the magnetic field is increased
Fig. 5, we plot the magnetic-field dependence of 2V1(B)
22V1(0) together with the magnetization curveM (Bic)
measured at 5 K. The nonlinear increase of 2V1(B)
22V1(0) is well scaled withM (B). This fact indicates tha
the magnetic order of CeTe2 gives rise to the subgap anom
lies through the spin polarization of electronic states by
internal magnetic field. The spectra in Fig. 5 also show t
the background conductance is raised with magnetic fi
This change may be related to the field alignment of the
magnetic moments in parallel on both barrier sides. The
crease of conduction driven by the alignment of magne
moments is analogous to the field-induced spin-polari
tunneling in layered manganites~La, Sr!3Mn2O7.

25

Finally, we point out the close relation between t
present tunneling spectradI/dV and optical-conductivity
spectrasopt obtained by optical-reflection measurements26

FIG. 5. Inset: magnetic-field variations ofdI/dV spectra for a
single crystal CeTe2 taken in fieldsBic at 0, 0.05, 0.1, 0.2, 0.4, 0.6
0.8, 1.5, and 3 T from bottom to top. Magnetic-field dependence
the subgapV1(Bic) at 4.2 K is well scaled with the magnetizatio
curveM (Bic).
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In Fig. 6, the data ofdI/dV for polycrystalline samples o
LaTe2 and CeTe2 are, respectively, compared with symm
trized data ofsopt(E). It is remarkable that the overall spec
tral features ofdI/dV coincide with those ofsopt. Namely,
sopt for LaTe2 is nearly flat in a low-energy region below 0.
eV and then increases rapidly with increasing photon ene
whereassopt for CeTe2 is V shaped. This quantitative agree
ment between the tunneling and optical spectra suggests
2D in dI/dV and the energy gapEg in sopt have the same
origin. The main structure insopt is observed at 0.5 eV for
both LaTe2 and CeTe2 which is essentially independent o
temperature up to 300 K. If the structures insopt reflect the
direct transition across the band gap from the valence b
to the conduction band,Eg should equal to 2D. However, we
find the relationD'Eg for both compounds. The reason o
this twofold discrepancy is not clear at present, and we c
jecture that the optical measurement does not probe the
siparticle excitations, instead it sees the direct band gap
the conduction electrons. Further studies on the anisotro
gap structures are necessary by optical-reflection meas
ments on single-crystalline samples, together with pho
emission spectroscopic measurements that probe the q
particle density of states.

In conclusion, the energy gap of 2D50.9 and 1.2 eV was
observed for the layered compounds LaTe2 and CeTe2 re-
spectively. Since the main gap 2D in CeTe2 is comparable to
the CDW gap in LaTe2 the gap in CeTe2 is also ascribed to
the CDW gap. The tunneling spectra of both systems, res
tively, correspond well with the optical conductivity spectr
A smaller gap 2D* 50.5 eV was found for the bulk tunnel
ing current in thec plane of single crystals of CeTe2. The
important observation is that 2D* decreases when the C
magnetic moments order ferromagnetically belowTC . This
fact and the remarkable change in the zero-bias conduct
at bothTC and TN point to the significant interplay of the
CDW’s and the magnetic orders in CeTe2.

f FIG. 6. Comparison of the tunneling conductancedI/dV
~dashed line! with the optical conductivitysopt ~full line! for poly-
crystalline samples of LaTe2 and CeTe2, respectively. The data o
sopt are taken from Ref. 26.
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