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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 dimensional
conductor. The system studied wasNdo¢O,;, and the measured Fermi surface consists of electron
and hole pockets that can be combined to form sets of pseudo-one-dimensional Fermi surfaces,
exhibiting the nesting necessary to drive a Peierls transition to a charge density wave state. The
observed nesting vector is shown to be in excellent agreement with theory. [S0031-9007(96)00001-4]

PACS numbers: 71.18.+y, 73.20.Dx, 79.60.Bm

The concept of hidden Fermi surface nesting wasa CDW state at 80 K [6]. (While Peierls transitions in
developed to explain the existence of charge densityD systems result in transitions to insulating CDW states,
waves (CDW) periodic lattice distortions (PLD) and the CDW state in quasi-2D materials remains metallic,
Peierls transitions in both organic and inorganigasi- as the opening of a band gap occurs only over part
two-dimensional2D) conductors [1,2]. These phenom- of the Fermi surface.) The measurements reported here
ena are generally associated wigbasi-one-dimensional were made using angle resolved photoemission (ARP)
(1D) solids, and originate from the existence of nestedpectroscopy [7—9]. The Fermi surface consists of hole
1D Fermi surfaces. The transition to a CDW-PLD stateand electron structures, and the observed nesting is in
is driven by an anomaly in the generalized susceptibilvery good agreement with the calculated Fermi surface of
ity resulting from the coupling of electronic states at theWhangboet al. [1]. Since hidden Fermi surface nesting is
Fermi level(Er) with phonon modes that have a displace-widely cited to explain CDW-PLD phenomena in organic
ment wave vector that spans heavily nested regions of thend inorganic 2D conductors, this work has significant
Fermi surface. Once in the CDW state, a gap opens up a@nplications for our understanding of a wide class of
Er in the electron density of states [3]. While this modelmaterials [1,2].
is quite satisfactory for quasi-1D conductors, its applica- Experiments were performed at the National Syn-
tion to quasi-2D conductors is problematic, since the 2Dchrotron Light Source (NSLS), on the Boston University—
susceptibility anomaly is much smaller. However, CDW-Bell Labs—NSLS bending magnet beam line U4A, which
PLD instabilities have been observed in quasi-2D conducis equipped with a 6 m toroidal grating monochromator
tors, for example, in the purple molybdenum bronzes suclnd a custom designed hemispherical electron analyzer
as KMogO4; and NaMogO47 [4], in monophosphate [10]. Typical energy and full angular resolution were
tungsten bronzes [4] of the form (BR(WO3),, and approximately 75 meV and°l respectively. All mea-
in organic conducting salts such as (BEDT-TJR@O, surements were performed at room temperature, i.e., in
(where BEDT-TTF refers to bisethylenedithiotetrafulva-the metallic state. Binding energies are referencefito
lene). Whangbet al. introduced the idea that the Fermi determined from an atomically clean Cu foil in electrical
surfaces in these materials can be viewed as a combinati@ontact with the sample. Single crystals of N&l0O;;
of quasi-1D structures, with distinct 1D nesting vectors were grown by a temperature gradient flux technique
[1,2]. Indirect experimental confirmation of this model [11], and all measurements were performed on crystals
comes from x-ray diffraction measurements, which showcleaved in the spectrometer chamber (base pressure
that the displacement vector of the structural instability in<2 X 107! Torr). Surfaces of quasi-low-dimensional
KMo 0,7 and Na ¢MosO,; are consistent with the pre- transition metal oxides have been found to be sensitive to
dicted “hidden” quasi-1D nesting wave vector [1]. How- electron beam damage [12]. Consequently, low energy
ever, until now there have been no direct measurementdectron diffraction was not used to orientatesitu the
of Fermi surfaces that exhibit such nesting. crystals with respect to the spectrometer rotation axes

We present here the first measurement of hidden Fernand the incident photons. Instead, crystals were visually
surface nesting. The system studied was NéosO,;,  aligned in the spectrometer chamber, which is feasible
which possesses a layered structure consisting of planes dfie to their anisotropic shape, and the exact alignment
Mo-O polyhedra separated by Na ions [5]. {N®l0gO,; of the axes determined kgx situx-ray diffraction. The
exhibits quasi-2D transport properties within the (001)labeling of all spectra shown here has been corrected for
cleavage plane, and undergoes a metal-metal transition tbe small offsets found. Fermi surface mapping with ARP
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was performed in the conventional manner by defining The spectra in Fig. 1 show remarkably clear band
a point on the Fermi surface by the locationkirepace dispersion, particularly for a transition metal oxide, and
where emission from a particular band disappears as thequally clear dispersion was observed for all spectra
associated band disperses abaue. This method is from this material. There are three occupied Md 4
widely used and has been reviewed elsewhere [8,9]. bands in Ng Mog0O,7 which are predicted to form three

Figure 1 shows two representative sets of ARP spectrdistinct Fermi surface structures as they craéss[14].
taken with 18 eV photons. Only the energy region closeConsequently, the spectral feature extending between 0
to Er is shown, and the spectral feature is due to emissioand 1 eV belowEr is comprised of emission from up to
from Mo 4d states. (Thel character of these states wasthreed bands, depending on the location in the Brillouin
verified using resonant photoemission [13].) The onsetone. As a guide to the eye, the dispersion of the primary
of the O 2 emission occurs at 2.5 eV. The light was features of the spectra have been marked. Considering the
incident at 48 to the sample normal, approximately along ¢ = 12° set of spectra in Fig. 1, a symmetric dispersive
the T'Y' direction in the rectangular surface Brillouin feature is clearly visible on both sides 6f= 0°. This
zone corresponding to the projected monoclinic unitis designated as band 1. A& is varied from —30°
cell. In this geometry, variation of the spectrometerto —20°, band 1 disperses away fromBr to higher
angled corresponds to detecting electrons with momentainding energies, reaching a maximum binding energy
approximately along thd'Y’ direction, while variation of 700 meV, then disperses back towards as 6
of the spectrometer angleé corresponds to detecting approaches zero, disappearing abfyeat approximately
electrons with momenta approximately along the’ —4°, The peak reappears for > +4°, and proceeds to
direction. (The Brillouin zone and symmetry labels aredisperse to higher binding energies. Clearly band 1 forms
shown in Fig. 2.) All angles are measured relative to thea hole pocket in the Fermi surface centered around the
sample normal. Figure 1 presents data for two differenl’X’ axis @ = 0°). (Note that thel’ point is # = 0°,
values of¢, with 6 varied in Z steps, and corresponds to ¢ = 0°.) The spectra in the left-hand panel of Fig. 1 are
scanning through the Brillouin zone in two slices, parallelequivalent to the spectra in the right-hand panel, but with
to I'Y’. The full data set consists of many hundreds of¢p = 4°. Thus these spectra also show emission from
spectra, with scans taken both parallel and perpendiculatates in a slice through the zone parallel It&’, but
toTY". closer tol'. Here, band 1 approaches, but does not cross
Er, indicating the closure of the hole pocket.

Further examination of theb = 4° spectra in Fig. 1
reveals that a second feature nday is visible in the
vicinity of I" when band 1 has dispersed far bel@y.

: This emission is unrelated to band 1, and is designated as
280 band 2. Unlike band 1, this feature disperseshigher

2z binding energy nead’, attaining a binding energy of
2ae 350 meV atl’, where it essentially coincides with band 1.
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FIG. 1. ARP spectra from cleaved BiMo0¢O.7. hy =

18 eV, incident at 45 to the sample normal in thEY’ plane. FIG. 2. Measured Fermi surface of NMogO,;. Band
Variation in6 and ¢ corresponds approximately to the’ and 1 data= @, band2 data= HM; hollow symbols indicate sym-
I'X’ directions in the Brillouin zone, respectively. See text for metry mapped points. The projected monoclinic and pseudo-
details. The surface Brillouin zone is shown in Fig. 2. hexagonal Brillouin zones are indicated. See text for details.
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Band 2 disperses toward8r on both sides ofl’, and surfaces are drawn in Fig. 3, where the same data points
disappears at approximately12° and 8, respectively. are shown as in Fig. 2. A pair of lines running parallel
Thus band 2 is found to form an electron pocket in theto I'M' connects both the electron and hole structures
Fermi surface. The exact positions of the Fermi levelshown in Fig. 2. This is precisely the Fermi surface
crossings associated with band 2 can be determined withesting postulated by Whangte al. [1]. Although the
a much better accuracy for scans whkris varied along calculations were performed for KM®,,, the authors
the I'X’ direction (not shown). argue that the results also apply to N&loO,7, as both
Additional Fermi surface crossings are visible in bothoxides are structurally similar. Figures 4(a), 4(b), and
sets of spectra in Fig. 1. These correspond to Fermd(c) show the calculated Fermi surfaces for the thiee
surface structures in the second Brillouin zone. Foibands that are predicted to cross the Fermi level. The
example, there is a clear crossing visible in the= 12°  combination of these three Fermi surfaces is shown in
spectra when the peak that dominates the spectr#imeat  Fig. 4(d). When combined, these Fermi surfaces lead
28° disperses toward&r and crosses at approximately to three quasi-1D Fermi surfaces parallel to thés
0 = 24°. From symmetry arguments presented belowdirection as drawn in Fig. 4(e). The nesting of this
this is, in fact, band 2 crossingg in the second zone. hidden Fermi surface corresponds to the displacement
By scanning the entire surface Brillouin zone in a man-vectors that are associated with the superlattice spots
ner similar to that described above, the full Fermi surfaceobserved below the critical temperature for the Peierls
was measured, and is presented in Fig. 2. Here crossinggnsition. As can be seen in Fig. 4(f), two pairs of
of Er by band 1 are displayed as circles, while crossinggjuasi-1D Fermi surface segments can be connected to
of band 2 are shown as squares. Filled symbols corresach other by the same veciprthereby maximizing the
spond to the measured data points, hollow symbols indinesting. The calculations in Fig. 4(f) can be compared
cate symmetry mapped points. The performed symmetrgirectly with the measured Fermi surface of Fig. 3. To
operations consist of reflections about th&’ and 'Y’  within experimental error, the measured quasi-1D nesting
axes, and of translations by lattice vectors of the “pseuvector 2kr = 0.67 A~') is essentially identical both to
dohexagonal” zone. This symmetry reflects the pseudahe predicted value and also to the displacement vector
hexagonal character of the bulk crystal structure. Theagiven by the KMqO.; x-ray diffraction data [1,16].
choice of unit cell and the validity of these symmetry Despite our observation of nesting of the correct mag-
operations can be directly extrapolated from the experinitude and direction to explain the observed lattice dis-
mental data. The spectra in Fig. 1 reveal that band 1 catortion, there are two significant differences between the
be measured in the second zone, irrespective of the choi@alculated Fermi surface for KM@,; and our measure-
of the zone (monoclinic or hexagonal). The Fermi sur-ment for Ng M0O,7. The first is that while the calcula-
face in Fig. 2 is shown with respect to the rectangulations predict two electron pockets centered aroundlthe
cell that follows from the projection of the bulk mono- point, only one such structure is observed. A third band is
clinic unit cell onto the surface and also with respect to aobserved in the spectra, but it does not ciBss This fea-
hexagonal cell that has twice the volume. The hexagondulre is most clearly visible in Fig. 1 at regions of the zone
cell would be correct if the angle between the [100] andwhere bands 1 and 2 have crosded The second dif-
the [001] axis was not 89.94but 9C, as this leads to a ference is that there is no evidence for a 1D Fermi surface
trigonal cell equivalent to that of the structurally very sim-
ilar material KMo;0O47 [4,15]. The choice of the surface

unit cell is therefore not obvious. However, the measured 0.75
Fermi surface consists of two distinct types of structures: a
closed electron pocket (roughly elliptical in shape) around 0.507, 2

I' formed by band 2, and hole pockets (roughly diamond __
shaped) alond’X’ andT'Y’, formed by band 1 (Fig. 2). ‘:-< 0.25+8

(Note that the lines drawn in Fig. 2 are guides to the eye, —

and not fits to the data points; they emphasize the obser- § 0.00-

vation of two distinct types of structures.) It is evident —

that only translations with vectors of the hexagonal lattice = 0.259

produce a periodic Fermi surface. At the same time, the 0.50-

only valid symmetry operations are those compatible with ' ) : ,

the monoclinic symmetry. Consequently, this symmetry 075 % g .” " ; i n\“l 2 z
can be labeled as pseudohexagonal. ©-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Inspection of Fig. 2 shows that the Fermi surfaces of ky [010] (A'1)
the electron and hole pockets can be combined to form I

almost uninterruptegpseudo-1DFermi surfaces parallel FiG. 3. Same data as in Fig. 2, but with the “hidden” quasi-
to theI'M’ axes of the rectangular zone. These 1D FermilD Fermi surfaces indicated. See text for details.
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