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Hidden one-dimensional electronic structure and non-Fermi-liquid angle-resolved photoemission
line shapes of 7-Mo,0;

G.-H. Gweon,b* S.-K. Mo,' J. W. Allen,! C. R. Ast,>" H. Hochst,2 J. L. Sarrao,>* and Z. Fisk>?%
'Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
2Synchrol‘ron Radiation Center, University of Wisconsin—Madison, Stoughton, Wisconsin 53589, USA
3National High Magnetic Field Laboratory, Florida State University, Florida 32306, USA
(Received 5 November 2004; published 18 July 2005)

We report angle-resolved photoemission spectra (ARPES) of 7-Mo,0,;, a layered metal that undergoes
two-charge density wave (CDW) transitions at 109 K and 30 K. We have directly observed the “hidden
one-dimensional (hidden 1D)” Fermi surface and an anisotropic gap opening associated with the 109 K tran-
sition, in agreement with the band theoretical description of the CDW transition. In addition, as in other hidden
1D materials such as NaMogO 7, the ARPES line shapes show certain anomalies, which we discuss in terms of

non-Fermi-liquid physics and possible roles of disorder.
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7-Mo,0O;; has a monoclinic crystal structure in which
MogO,, layers, made up of distorted MoOg octahedra and
defining a two-dimensional (2D) tetragonal plane (bc plane),
are connected weakly by MoQy, tetrahedra,'? giving rise to a
quasi-two-dimensional (quasi-2D) electronic ~structure.>*
Within the octahedral layer, crossed conducting chains exist
along b and b+c directions. In this paper, we will refer to the
three 1D bands defined on these chains as b band and b+c
bands. These 1D bands are nonetheless weakly hybridized
and so 7-Mo,O,; displays the ‘“hidden one dimen-
sionality.”>® The resulting Fermi surface (FS)° can be
viewed as being made up of pairs of parallel lines derived
from each chain, with only slight distortions due to the weak
hybridization between the chains. The nominally 1D portions
of the FS are “nested,” i.e., separated by a constant wave
vector q.=2Kky, where kj is the FS wave vector, and so the
term “hidden nesting”® was originally used to describe such
materials.

One important aspect of the electronic structures of hid-
den 1D metals is that the nesting property can lead to the
formation of a charge density wave (CDW) having the nest-
ing wavevector q..” The nested portion of the FS is then
destroyed below the CDW transition temperature 7. by the
formation of gaps in the single particle electron structure. 7
-Mo,4O,, undergoes two successive CDW transitions® at T,
=109 K and T,,=30 K, with wave vectors q,;=0.23b" and
q.=xa" +0.42b"+0.28¢" (x is unknown), respectively, as de-
termined by electron diffraction and x-ray diffuse scattering.
These wave vectors are in good agreement with calculated
nesting vectors of the hidden 1D FS.*3 A unique property of
7-Mo,4Oq; is that it shows an anomalous bulk quantum Hall
effect (QHE) at a very low temperature in the second CDW
phase.”!® The FS topology is equally important in under-
standing the QHE, since the formation of the small cylindri-
cal FS below T,,, after most of the FS is destroyed by the
imperfect nesting, is a central part of current the understand-
ing of the QHE.

Another important aspect is that the underlying 1D char-
acter raises the possibility that the exotic non-Fermi-liquid
(NFL) properties of strictly 1D interacting electron models,
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e.g., the electron fractionalization of the Luttinger liquid,
may be present in one form or another in spite of the electron
hopping between the chains. In this respect, hidden 1D ma-
terials are significant!! for being intermediate between mate-
rials with weakly coupled parallel 1D chain, and fully 2D
materials.

17-Mo,0,, has interesting similarities and differences in
the electronic structure, when compared to the well-known
quasi-low-d  “purple bronze” materials, LijoMo0gO;7,
NaMogO;; and KMogO;;. Notably, all these four materials
share a common structural motif, a zig-zag chain of corner-
shared MoO, octahedra,’ along which a certain t,, orbital
forms a 1D band, corresponding to the b band for 7%
-Mo40,,. In the case of the Li purple bronze, this is the only
band dispersing up to the Fermi energy (Ey) and therefore
the FS is almost perfectly 1D.!* However, for the other com-
pounds, this band is one of the three bands that disperse to
Er, and therefore the FS is quasi-2D, albeit hidden 1D. In the
case of Na or K purple bronze, the other two bands are
generated by threefold rotations of the b band, but, in the
case of 7-Mo4O,,, they (b+c bands) are unrelated to the b
band by any crystal symmetry. In fact, the b+c bands have
different fillings (about three-quarters filled) from that of the
b band (about half-filled, as in the other three materials). In
this paper, we will note some consequences of these similari-
ties and differences for the CDW and NFL properties of 7
-MO4011.

Angle-resolved photoemission spectroscopy (ARPES) is a
valuable tool to directly measure the FS topology, as well as
the size and the geometrical anisotropy of the gap function,
as seen in other molybdenum oxides'? and high temperature
superconductors.'? Also, by directly probing the single elec-
tron spectral function, the ARPES line shape provides de-
tailed information about the nature of the single particle ex-
citations of the system.!'4-1® In past ARPES work on
quasi-1D LipoMogO;7, and on hidden 1D NaMosO;;, we
have directly observed their nested FS characters'>!415 and
have identified certain fractionalization and NFL signatures'!
in their ARPES line shapes.

In this paper, we report the complete normal state FS
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geometry of 7-Mo,O;; as measured by ARPES. Based on
the observed FS geometry, CDW nesting vectors q.; and q,,
are explained by nesting of different parts of the normal state
FS. In particular, we find that, for explaining q,,, the small
2D modulation of the b band is a crucial factor. We also
report the associated spectra above T, and the formation of
the anisotropic gap function as temperature is decreased be-
low T, but not the changes that occur below T,,, given our
limited energy resolution. Most important, we report and dis-
cuss NFL aspects of the ARPES line shapes, just like those
found previously!' for hidden 1D Na purple bronze. In par-
ticular, the near E, power law behavior for band b is quite
similar to that of the Na purple bronze, but is very different
from that of the Li purple bronze. This finding is consistent
with the near perfect 1D FS for the Li purple bronze and the
noticeable 2D modulations in the others.

Single crystalline samples of 7-Mo,O,; were grown by a
vapor transport technique.* ARPES was performed at the
4m-NIM beamline of the Synchrotron Radiation Center
(SRC) at the University of Wisconsin. Samples oriented by
Laue diffraction were cleaved in situ just before the measure-
ment in a vacuum of ~2.0 X 107'° Torr or better, exposing a
clean surface of quasi-2D bc plane. The integrity of the
sample surface was continually monitored by the reproduc-
ibility of the spectrum. The sample temperature was con-
trolled by a cryostat utilizing a closed-cycle He refrigerator
with an embedded resistive heater. Monochromatized pho-
tons of energy 17 eV were used for the data reported in this
paper. Data taken in the photon energy range 8—20 eV, not
shown, were consistent with a quasi-2D electronic structure
expected for the layered structure, and so, throughout this
paper, we will employ a 2D crystal approximation consider-
ing only a single tetragonal MogO,, layer. In this approxima-
tion, b||b" and c||c*, the latter of which breaks down when
the 3D monoclinic symmetry is taken into account. The
Fermi energy (Er) and experimental energy resolution were
calibrated by a reference spectrum taken on a freshly depos-
ited Au thin film. The total instrumental energy resolution
AE was 40 meV and the full acceptance angle of the ana-
lyzer was 0.9°, which amounts to 3% of the Brillouin zone
dimension along the b" direction.

The FS geometry was measured by making a momentum
space Ep intensity map. The experimental geometry was
such that the sample orientation is fixed with respect to the
direction of incidence of photons onto the sample and the
electron energy analyzer was moved around the sample with
angles well defined relative to the sample’s crystal axes. In
the standard interpretation of ARPES, varying angles at a
fixed kinetic energy gives access to momentum values of the
photohole on a spherical shell in the momentum space.
Within our 2D crystal approximation, only the momentum
values projected onto the bc plane are meaningful.

In Fig. 1, we address the normal state FS geometry. Figure
1(a) shows the FS intensity map measured at 7=50 K. High
symmetry points of the tetragonal unit cell of the MogO,,
layer are indicated. The distance between I' and Y is
0.58 A~! corresponding to 19°, and the distance between I
and Z is 0.47 A~! corresponding to 15°. The data were taken
in 1° steps in both angles for only the upper half of the whole
FS map presented. The full map was then generated by ver-

PHYSICAL REVIEW B 72, 035126 (2005)

IENE iy =— T

FIG. 1. (Color online) (a) The Fermi energy intensity map of
7-Mo0,40;; measured at 7=50 K using photon energy hv=17 eV.
(b) The FS geometry extracted from the map of (a) by tracing the
intensity local maxima of the map. Only one repeat unit is shown
here. (c) Same as (b), but repeated in many Brillouin zones.

tical reflection, a valid symmetry operation within the 2D
crystal approximation. In addition to this map, we have taken
several maps at temperatures from below 7,, to above T,;.
However, given our energy resolution, all maps were readily
interpreted as showing the normal state FS geometry, while
the effect of the phase transition shows up only in a subtle
change of intensity (see discussion of Fig. 2 below).

Figure 1(b) summarizes the FS geometry extracted from
the map of Fig. 1(a). The best way to understand the FS is to
use a repeated zone scheme, as in Fig. 1(c). To our knowl-
edge, this is the first time that ARPES data have been pre-
sented to support a hidden 1D FS picture*? for this material.
Indeed, the measured FS can be interpreted approximately as
being composed of three 1D FSs defined by three 1D chain
directions b and b+c, marked by dashed arrows in Fig. 1(c).
Also included in Fig. 1(c) are wave vectors q,; and q,, ob-
served by diffraction. Given the observed hidden 1D FS, it is
straightforward to deduce that the maximum nesting of FS
would occur by a simultaneous nesting of b+c bands with
the wave vector =~(,, thus explaining the origin of the CDW
transition at 7,;. Next, for the second CDW transition, we
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FIG. 2. The near-E. spectra at two points on the FS, A and B of
Fig. 1(a). Data are taken approximately at, and well below, T,
(109 K). The leading edge shift (arrow “E”) and intensity pile-up
(arrow “P”) occur at low temperature for point A (a), but not for
point B (b).
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invoke a nesting scenario for the quasi-1D b band. As is well
known,” when a 1D FS acquires a small periodic modulation
perpendicular to the chain direction, maximum nesting con-
dition is satisfied by connecting FS pieces at a well-defined
angle relative to the 1D chain direction. This is clearly the
case in the current example, as the measured wave vector
and its symmetry equivalent, the two arrows shown below
the label q.,, are approximately those wave vectors that
maximally nest the FS arising from the b band, given the
slight zigzag of the FS. Thus, our FS map nicely explains the
origin of both CDW transitions. Note that this explanation
cannot yet give the shape of the FS geometry in either of the
CDW phases. To get at such details, data taken in each phase
with far better momentum and energy resolutions would be
necessary.

Figure 2 shows the change of the valence band spectra as
temperature is lowered below 7, for two points in k space,
labeled in Fig. 1(a). Point A is on the hidden 1D line which
disappears below the CDW transition at 7,;, while point B is
on a part of remnant FS that is not nested by q.;. As ex-
pected, and as observed previously,'” with particular clarity
in SmTes, little change is observed through the transition for
point B where the nesting condition is not fulfilled, with the
small observable change near Ep consistent with a slight
sharpening of the edge at low temperature. At point A, we
observe a leading edge shift, on the order of =15 meV, as
well as intensity pile-up below Ep over an energy scale of
~50 meV. These spectral changes are qualitatively similar to
what was observed in a quasi-lD CDW material
K(3Mo00s5.!3 In the latter material, the spectral changes were
observed over a much larger energy scale than that of the
transition temperature scale. Presumably due to the higher
dimensionality, the extent of this scale difference is much
reduced in the current material, by a factor of =4 when the
ratio of the intensity pile-up energy scale (50 meV), and the
transition temperature scale (16 meV)'® is compared to the
equivalent ratio for K,;MoOQ;. Lastly, we point out that, de-
spite the clearly observed CDW-induced changes in Fig.
2(a), an energy resolution better than the current one
(40 meV) would be necessary to address changes occurring
in small energy scales. For example, likely due to this finite
energy resolution, the intensity at £ undergoes only a small
reduction below T, in the current data, which explains why
the normal state FS geometry can be extracted from our FS
map in Fig. 1(a) taken well below T,,.

Figure 3 shows detailed energy dispersions for the states
contributing to the FS shown in Fig. 1 and, more importantly,
their anomalous NFL line shapes in the normal metallic
phase well above T.;. The data correspond to the momentum
space cut shown as a dashed line in Fig. 1(a). Consistent with
the map of Fig. 1(a), the data in Fig. 3(a) show three FS
crossings, as clearly indicated in Fig. 3(b). In addition, there
is a slowly dispersing band well below E., dispersing along
the 1D chain parallel to the b+c direction and giving rise to
the next E crossings not covered by this cut but seen in Fig.
1(a). Thus this map verifies in detail the hidden 1D picture.

The NFL character of these two hidden 1D bands be-
comes apparent when the angle integrated spectrum is exam-
ined. In Fig. 3(c), the line shapes for the spectrum angle
integrated over all bands (circles) or over the b band alone
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FIG. 3. (Color online) (a) The angle-energy intensity map,
where the angle range corresponds to momentum path along the
dashed line shown in Fig. 1(a). (b) The dispersions of hidden 1D
bands extracted from this map. Each dispersion is labeled with the
relevant 1D chain direction. For weaker features of the map, dis-
persions are given in dashed lines. (c) The angle-integrated spec-
trum of the map in (a), showing no Fermi edge (FE). Data plotted in
circles were obtained by angle integration over the entire angle
range of (a), while data plotted in triangles were obtained by inte-
gration over a narrower range marked by the white bracket in (a),
i.e., they show near-behavior of the b band alone. The near-Er
region is fit with a finite temperature Luttinger liquid theory line
shape (Ref. 19), giving a (“anomalous dimension™) =0.2. The
spectrum in the full energy window is shown as inset. (d) The
energy distribution curves (EDCs) for the map of (a). The spectrum
pointed by the thick arrow corresponds to the angle pointed by thick
arrow in (b). (e) The EDC at the Y point [see Fig. 1(a)], where no
occupied electron level exists according to the band calculation.
Data for (a,c,d) were taken at 200 K, while data for (e) were taken
at 250 K.

(triangles) are compared with theoretical line shapes, calcu-
lated from the finite temperature Luttinger liquid (LL) spec-
tral theory,! including full account of the instrumental en-
ergy resolution. The comparison shows that the angle
integrated spectrum in either case is best described by an LL
line shape with a power law exponent 0.2, far from showing
the Fermi edge expected for a Fermi liquid. This exponent is
similar to that!" of NaMogzO7, 0.3, but different from that'!
of Liy gMogO47, 0.9, showing that the overall quasi-2D nature
of the electronic structure has an important consequence on
the properties of individual 1D bands.

An additional possible NFL signature is the anomalous
line shape after the band dispersion crosses Ep. In Fig. 3(d),
the thick line highlights the line shape for angle —11°, at
which no intensity is expected from the band theory except
for a peak at =—0.6 eV for the b+c band. Figure 3(e) shows
a similar line shape with comparable intensity at the ¥ point
[see Fig. 1(a)], where no occupied bands are expected in the
band theory. Because the Y point (=11° point) lies at the
center of a +4° (x1°; see Fig. 3(b)) window in which no
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bands are expected, the effect of the angle resolution window
(£0.45° or +0.55° if the effect of the energy resolution
40 meV is also included) cannot explain the observed inten-
sity. This line shape also cannot be due to inelastic photo-
electron scattering, since its weight is confined to the band-
width of the main bands. Instead, line shape features
observed at other momentum values [e.g., see the feature
marked by a slanted arrow in Fig. 3(d)] imply that this same
line shape contributes additively to the spectra at all momen-
tum values. A similar feature has been seen in NaMogO;
and a high 7. cuprate, as discussed in Ref. 11, and more
recently also in graphite.?’ The origin of this spectral feature
is unknown, and possible explanations include elastic scat-
tering by disorder/defect and quasi-elastic scattering by
phonons, in both the initial and the final states of the photo-
emission process. In the case of NaMogO,; and the cuprate,
we also offered'' a speculative interpretation in terms of
electron fractionalization (‘“melted holon™) in the initial state,

PHYSICAL REVIEW B 72, 035126 (2005)

which is equally applicable to 7-Mo,O;;. While the validity
of this last interpretation remains to be investigated further,
we note that it is the only scenario that connects with the
NFL line shape of the angle integrated spectrum. In any case,
a recent STM study?' shows defects and disorder on the
cleaved surface of 7-Mo,0;, so the presence of disorder is
another feature in common with the other materials.

In conclusion, the electronic structure of 7-Mo,O,; as
determined by ARPES displays the same properties that we
have found for other hidden 1D molybdenum oxides, a hid-
den 1D FS that is consistent with band theory and with ob-
served CDW transitions, and anomalous ARPES line shapes
that yield no Fermi edge.
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