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Observation of Hidden Fermi Surface Nesting in a Two Dimensional Conductor
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We report the first direct measurement of hidden Fermi surface nesting in a two dimension
conductor. The system studied was Na0.9Mo 6O17, and the measured Fermi surface consists of electron
and hole pockets that can be combined to form sets of pseudo-one-dimensional Fermi surfa
exhibiting the nesting necessary to drive a Peierls transition to a charge density wave state.
observed nesting vector is shown to be in excellent agreement with theory. [S0031-9007(96)00001

PACS numbers: 71.18.+y, 73.20.Dx, 79.60.Bm
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The concept of hidden Fermi surface nesting w
developed to explain the existence of charge den
waves (CDW) periodic lattice distortions (PLD) an
Peierls transitions in both organic and inorganicquasi-
two-dimensional(2D) conductors [1,2]. These phenom
ena are generally associated withquasi-one-dimensiona
(1D) solids, and originate from the existence of nes
1D Fermi surfaces. The transition to a CDW-PLD sta
is driven by an anomaly in the generalized susceptib
ity resulting from the coupling of electronic states at t
Fermi levelsEFd with phonon modes that have a displac
ment wave vector that spans heavily nested regions of
Fermi surface. Once in the CDW state, a gap opens u
EF in the electron density of states [3]. While this mod
is quite satisfactory for quasi-1D conductors, its applic
tion to quasi-2D conductors is problematic, since the
susceptibility anomaly is much smaller. However, CDW
PLD instabilities have been observed in quasi-2D cond
tors, for example, in the purple molybdenum bronzes su
as KMo6O17 and Na0.9Mo6O17 [4], in monophosphate
tungsten bronzes [4] of the form (PO2)4(WO3)2m, and
in organic conducting salts such as (BEDT-TTF)2ReO4

(where BEDT-TTF refers to bisethylenedithiotetrafulv
lene). Whangboet al. introduced the idea that the Ferm
surfaces in these materials can be viewed as a combina
of quasi-1D structures, with distinct 1D nesting vecto
[1,2]. Indirect experimental confirmation of this mod
comes from x-ray diffraction measurements, which sh
that the displacement vector of the structural instability
KMo 6O17 and Na0.9Mo6O17 are consistent with the pre
dicted “hidden” quasi-1D nesting wave vector [1]. How
ever, until now there have been no direct measureme
of Fermi surfaces that exhibit such nesting.

We present here the first measurement of hidden Fe
surface nesting. The system studied was Na0.9Mo6O17,
which possesses a layered structure consisting of plane
Mo-O polyhedra separated by Na ions [5]. Na0.9Mo6O17

exhibits quasi-2D transport properties within the (00
cleavage plane, and undergoes a metal-metal transitio
0031-9007y96y76(17)y3172(4)$10.00
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a CDW state at 80 K [6]. (While Peierls transitions i
1D systems result in transitions to insulating CDW state
the CDW state in quasi-2D materials remains metall
as the opening of a band gap occurs only over p
of the Fermi surface.) The measurements reported h
were made using angle resolved photoemission (AR
spectroscopy [7–9]. The Fermi surface consists of ho
and electron structures, and the observed nesting is
very good agreement with the calculated Fermi surface
Whangboet al. [1]. Since hidden Fermi surface nesting i
widely cited to explain CDW-PLD phenomena in organi
and inorganic 2D conductors, this work has significa
implications for our understanding of a wide class o
materials [1,2].

Experiments were performed at the National Sy
chrotron Light Source (NSLS), on the Boston University
Bell Labs–NSLS bending magnet beam line U4A, whic
is equipped with a 6 m toroidal grating monochromato
and a custom designed hemispherical electron analy
[10]. Typical energy and full angular resolution wer
approximately 75 meV and 1±, respectively. All mea-
surements were performed at room temperature, i.e.,
the metallic state. Binding energies are referenced toEF

determined from an atomically clean Cu foil in electrica
contact with the sample. Single crystals of Na0.9Mo6O17

were grown by a temperature gradient flux techniqu
[11], and all measurements were performed on cryst
cleaved in the spectrometer chamber (base press
,2 3 10210 Torr). Surfaces of quasi-low-dimensiona
transition metal oxides have been found to be sensitive
electron beam damage [12]. Consequently, low ener
electron diffraction was not used to orientatein situ the
crystals with respect to the spectrometer rotation ax
and the incident photons. Instead, crystals were visua
aligned in the spectrometer chamber, which is feasib
due to their anisotropic shape, and the exact alignm
of the axes determined byex situx-ray diffraction. The
labeling of all spectra shown here has been corrected
the small offsets found. Fermi surface mapping with AR
© 1996 The American Physical Society
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was performed in the conventional manner by defini
a point on the Fermi surface by the location ink space
where emission from a particular band disappears as
associated band disperses aboveEF . This method is
widely used and has been reviewed elsewhere [8,9].

Figure 1 shows two representative sets of ARP spec
taken with 18 eV photons. Only the energy region clo
to EF is shown, and the spectral feature is due to emiss
from Mo 4d states. (Thed character of these states wa
verified using resonant photoemission [13].) The ons
of the O 2p emission occurs at 2.5 eV. The light wa
incident at 45± to the sample normal, approximately alon
the GY 0 direction in the rectangular surface Brillouin
zone corresponding to the projected monoclinic un
cell. In this geometry, variation of the spectromet
angleu corresponds to detecting electrons with momen
approximately along theGY 0 direction, while variation
of the spectrometer anglef corresponds to detecting
electrons with momenta approximately along theGX 0

direction. (The Brillouin zone and symmetry labels a
shown in Fig. 2.) All angles are measured relative to t
sample normal. Figure 1 presents data for two differe
values off, with u varied in 2± steps, and corresponds t
scanning through the Brillouin zone in two slices, parall
to GY 0. The full data set consists of many hundreds
spectra, with scans taken both parallel and perpendicu
to GY 0.

FIG. 1. ARP spectra from cleaved Na0.9Mo 6O17. hn 
18 eV, incident at 45± to the sample normal in theGY 0 plane.
Variation inu andf corresponds approximately to theGY 0 and
GX 0 directions in the Brillouin zone, respectively. See text fo
details. The surface Brillouin zone is shown in Fig. 2.
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The spectra in Fig. 1 show remarkably clear ba
dispersion, particularly for a transition metal oxide, a
equally clear dispersion was observed for all spec
from this material. There are three occupied Mod
bands in Na0.9Mo6O17, which are predicted to form thre
distinct Fermi surface structures as they crossEF [14].
Consequently, the spectral feature extending betwee
and 1 eV belowEF is comprised of emission from up to
threed bands, depending on the location in the Brillou
zone. As a guide to the eye, the dispersion of the prim
features of the spectra have been marked. Considering
f  12± set of spectra in Fig. 1, a symmetric dispersi
feature is clearly visible on both sides ofu  0±. This
is designated as band 1. Asu is varied from 230±

to 220±, band 1 disperses away fromEF to higher
binding energies, reaching a maximum binding ene
of 700 meV, then disperses back towardsEF as u

approaches zero, disappearing aboveEF at approximately
24±. The peak reappears foru . 14±, and proceeds to
disperse to higher binding energies. Clearly band 1 for
a hole pocket in the Fermi surface centered around
GX 0 axis (u  0±). (Note that theG point is u  0±,
f  0±.) The spectra in the left-hand panel of Fig. 1 a
equivalent to the spectra in the right-hand panel, but w
f  4±. Thus these spectra also show emission fr
states in a slice through the zone parallel toGY 0, but
closer toG. Here, band 1 approaches, but does not cr
EF , indicating the closure of the hole pocket.

Further examination of thef  4± spectra in Fig. 1
reveals that a second feature nearEF is visible in the
vicinity of G when band 1 has dispersed far belowEF .
This emission is unrelated to band 1, and is designate
band 2. Unlike band 1, this feature disperses tohigher
binding energy nearG, attaining a binding energy o
350 meV atG, where it essentially coincides with band

FIG. 2. Measured Fermi surface of Na0.9Mo 6O17. Band
1 data d, band2 data j; hollow symbols indicate sym-
metry mapped points. The projected monoclinic and pseu
hexagonal Brillouin zones are indicated. See text for details
3173
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Band 2 disperses towardsEF on both sides ofG, and
disappears at approximately212± and 8±, respectively.
Thus band 2 is found to form an electron pocket in th
Fermi surface. The exact positions of the Fermi lev
crossings associated with band 2 can be determined w
a much better accuracy for scans wherek is varied along
theGX 0 direction (not shown).

Additional Fermi surface crossings are visible in bot
sets of spectra in Fig. 1. These correspond to Fer
surface structures in the second Brillouin zone. F
example, there is a clear crossing visible in thef  12±

spectra when the peak that dominates the spectrum atu 
28± disperses towardsEF and crosses at approximately
u  24±. From symmetry arguments presented belo
this is, in fact, band 2 crossingEF in the second zone.

By scanning the entire surface Brillouin zone in a ma
ner similar to that described above, the full Fermi surfa
was measured, and is presented in Fig. 2. Here crossi
of EF by band 1 are displayed as circles, while crossin
of band 2 are shown as squares. Filled symbols cor
spond to the measured data points, hollow symbols in
cate symmetry mapped points. The performed symme
operations consist of reflections about theGX 0 and GY 0

axes, and of translations by lattice vectors of the “pse
dohexagonal” zone. This symmetry reflects the pseud
hexagonal character of the bulk crystal structure. T
choice of unit cell and the validity of these symmetr
operations can be directly extrapolated from the expe
mental data. The spectra in Fig. 1 reveal that band 1 c
be measured in the second zone, irrespective of the cho
of the zone (monoclinic or hexagonal). The Fermi su
face in Fig. 2 is shown with respect to the rectangul
cell that follows from the projection of the bulk mono
clinic unit cell onto the surface and also with respect to
hexagonal cell that has twice the volume. The hexago
cell would be correct if the angle between the [100] an
the [001] axis was not 89.94±, but 90±, as this leads to a
trigonal cell equivalent to that of the structurally very sim
ilar material KMo6O17 [4,15]. The choice of the surface
unit cell is therefore not obvious. However, the measur
Fermi surface consists of two distinct types of structures
closed electron pocket (roughly elliptical in shape) aroun
G formed by band 2, and hole pockets (roughly diamon
shaped) alongGX 0 and GY 0, formed by band 1 (Fig. 2).
(Note that the lines drawn in Fig. 2 are guides to the ey
and not fits to the data points; they emphasize the obs
vation of two distinct types of structures.) It is eviden
that only translations with vectors of the hexagonal lattic
produce a periodic Fermi surface. At the same time, t
only valid symmetry operations are those compatible wi
the monoclinic symmetry. Consequently, this symmet
can be labeled as pseudohexagonal.

Inspection of Fig. 2 shows that the Fermi surfaces
the electron and hole pockets can be combined to fo
almost uninterruptedpseudo-1DFermi surfaces parallel
to theGM 0 axes of the rectangular zone. These 1D Ferm
3174
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surfaces are drawn in Fig. 3, where the same data po
are shown as in Fig. 2. A pair of lines running parall
to GM 0 connects both the electron and hole structu
shown in Fig. 2. This is precisely the Fermi surfa
nesting postulated by Whangboet al. [1]. Although the
calculations were performed for KMo6O17, the authors
argue that the results also apply to Na0.9Mo6O17, as both
oxides are structurally similar. Figures 4(a), 4(b), a
4(c) show the calculated Fermi surfaces for the thred
bands that are predicted to cross the Fermi level. T
combination of these three Fermi surfaces is shown
Fig. 4(d). When combined, these Fermi surfaces le
to three quasi-1D Fermi surfaces parallel to theGM
direction as drawn in Fig. 4(e). The nesting of th
hidden Fermi surface corresponds to the displacem
vectors that are associated with the superlattice sp
observed below the critical temperature for the Peie
transition. As can be seen in Fig. 4(f), two pairs
quasi-1D Fermi surface segments can be connecte
each other by the same vectorq, thereby maximizing the
nesting. The calculations in Fig. 4(f) can be compar
directly with the measured Fermi surface of Fig. 3. T
within experimental error, the measured quasi-1D nest
vector s2kF  0.67 Å21d is essentially identical both to
the predicted value and also to the displacement ve
given by the KMo6O17 x-ray diffraction data [1,16].

Despite our observation of nesting of the correct ma
nitude and direction to explain the observed lattice d
tortion, there are two significant differences between
calculated Fermi surface for KMo6O17 and our measure-
ment for Na0.9Mo6O17. The first is that while the calcula
tions predict two electron pockets centered around theG

point, only one such structure is observed. A third band
observed in the spectra, but it does not crossEF . This fea-
ture is most clearly visible in Fig. 1 at regions of the zo
where bands 1 and 2 have crossedEF. The second dif-
ference is that there is no evidence for a 1D Fermi surf

FIG. 3. Same data as in Fig. 2, but with the “hidden” qua
1D Fermi surfaces indicated. See text for details.
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FIG. 4. Predicted Fermi surface for KMo6O17 from tight
binding calculations of Ref. [1]. (a)–(c) Individual Ferm
surfaces from three distinct bands; (d) full Fermi surface;
“hidden” 1D Fermi surfaces; and (f) nesting wave vectorq
connecting two 1D Fermi surfaces.

structure parallel to theGX 0 direction (Fig. 2). AlongGX 0

the bands behave quite differently than predicted from
calculation with the hexagonal symmetry. This directio
which corresponds to the projected [100] axis, is precis
the direction in which symmetry is broken when the trig
nal cell of KMo6O17 is modified to form a monoclinic cell
in Na0.9Mo6O17. While many features of the Fermi su
face maintain their identity in the monoclinic symmetr
there appear to be symmetry induced changes of the Fe
surface resulting in modified nesting properties. This m
explain why the electronic properties of purple bronz
are not identical, as it is the case for the blue bronze
ries sA0.3MoO3, A  alkalid. While the nesting vectors in
Na0.9Mo6O17 and KMo6O17 are believed to be identical
the transition temperatures to the CDW state are diff
ent [16]. KMo6O17 undergoes a transition at 120 K whil
Na0.9Mo6O17 becomes unstable at 80 K. This indicat
that there are significant changes in the electronic str
ture due to the quite subtle changes of the crystal str
ture [11].

In conclusion, the full Fermi surface of the quasi-2
conductor Na0.9Mo6O17 has been measured and found
exhibit the predicted hidden quasi-1D Fermi surface ne
ing. The concept of hidden Fermi surface nesting is th
verified, supporting the identification of the metal-me
transitions in inorganic and organic quasi-2D conduct
as Peierls transitions.
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