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Reconstruction of the Fermi surface and the anisotropic excitation gap of Na,sCo00,
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We have performed high-resolution angle-resolved photoemission spectroscopy of Naj;CoO, to elucidate
the origin of the two-step phase transition at 7,;=88 K and 7.,=53 K. At well below T,, we find anisotropic
energy-gap opening on the remnant Fermi surface (FS). This gap does not disappear at the metal-insulator

transition temperature 7., and survives up to 7y

. The remnant FS below T, shows a deviation from the

normal-state FS above T, suggesting a possible reconstruction of FS caused by the magnetic ordering.
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Since the discovery of superconductivity in hydrated co-
balt oxides (Na,CoO,-yH,0,T.~5 K),! intensive theoreti-
cal and experimental studies have been performed to eluci-
date the physical properties and their relation to the
superconductivity. It is known that Na,CoO, shows a com-
plicated phase diagram with a variety of ground states such
as the magnetic ordering and the spin density wave (SDW)
as a function of Na concentration.>~* In particular, Na, sCoO,
has attracted a special attention because it shows an anoma-
lous two-staged phase transition at 7,,=88 K and T,
=53 K, where the magnetic susceptibility shows a sudden
jump at T, and the metal-insulator transition (MIT) takes
place at T,,. Neutron scattering experiments have revealed
the presence of superlattice spots below T, suggestive of
the 2X?2 antiferromagnetic (AF) ordering in the CoO,
plane.>® An infrared spectroscopy experiment reported that
an energy gap opens below T,, consistent with the charge-
density-wave (CDW) formation” as also suggested by a Ra-
man scattering experiment.® NMR experiments®!? observed
the splitting of >’Co signal below T.,, indicative of one-
dimensional charge inhomogeneity in the CoO, plane, al-
though its relation to the MIT has not been well understood.
Angle-resolved photoemission spectroscopy (ARPES) of a
related compound K;sCoO, (Ref. 11) reported an aniso-
tropic energy-gap opening at low temperatures, proposing
that the MIT originates in the particle-hole instability on the
Fermi surface (FS) induced by crystallization of the alkali-
metal layer,'' whereas the evolution of electronic states upon
two-staged phase transition of NajsCoO, as well as micro-
scopic origin of these transitions has not been well under-
stood.

In this paper, we report our ARPES results on Naj sC00O,.
We have determined the accurate k-dependence of the energy
gap below T, and its temperature evolution. We found that
the remnant FS of the insulating phase below 7., shows a
marked deviation from the FS of other doping levels as well
as the calculated normal-state FS, suggesting the reconstruc-
tion of the electronic structure due to the magnetic ordering.

High-quality single crystals of Na,CoO, were grown by
the floating zone method. We measured the electrical resis-
tivity and confirmed the apparent upturn below 7,,=53 K
indicative of the MIT as in previous studies.> ARPES mea-
surements were performed with a VG-SCIENTA SES2002
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PACS number(s): 71.18.+y, 71.30.+h, 73.20.At, 71.20.Be

spectrometer at beamline BL28A at Photon Factory. We used
circularly polarized lights of hv=65 and 100 eV to excite
photoelectrons. The energy and angular resolutions were set
at 20-40 meV and 0.2°, respectively. A clean surface was
obtained by in situ cleaving in an ultrahigh vacuum of better
than 1 X 107!'° Torr and no degradation of the sample sur-
face was observed during the measurement. The Fermi level
(Eg) of sample was referenced to that of a gold film evapo-
rated onto the sample substrate.

Figure 1 shows the plot of ARPES intensity at Ep as a
function of two-dimensional wave vector for NajsCoO, at
T=20 and 100 K. These temperatures correspond to those
below T,,(53 K) and above T,.;(88 K), respectively. It is
noted that the bright area in Fig. 1(b) (T=100 K) corre-
sponds to the normal-state FS, while that in Fig. 1(a) (T
=20 K) shows the “remnant” FS (Ref. 13) because we found
that an energy gap opens everywhere on the remnant FS, as
explained later. Theoretical FS calculated by the local den-
sity approximation (LDA) (Ref. 12) is superimposed on the
experimental result in Fig. 1(b). Comparison with the calcu-
lation suggests that the observed large FS centered at I'(A)
point is assigned to the hexagonal holelike a;, FS in the
calculation, while the theoretically predicted small eé FS lo-
cated at K(H) point is not seen in the experiment. These
experimental results are essentially consistent with previous
ARPES studies.!""'* Although the remnant FS at 20 K looks
similar to the normal-state FS at 100 K in the sense that both
are a large holelike FS centered at I'(A) point, the shape
appears to be different from each other. The remnant FS
looks to be rotated by 30° with respect to the calculated FS
as seen in Figs. 1(a) and 1(b). This is most evident from the
experimental fact that the remnant FS has a corner of hexa-
gon in the 'K(AH) direction while the normal-state FS is
rather rounded and the hexagonlike shape is less visible. This
anomalous rotation of FS with respect to the calculated FS is
discussed later in detail. To demonstrate the energy-gap
opening on the remnant FS, we show in Fig. 1(c) a set of
ARPES spectra measured at 20 K along a cut shown by an
arrow in Fig. 1(a). As seen in Fig. 1(c), a dispersive a;, band
rapidly approaches Er and turns back again toward higher
binding energy before reaching Ep. This behavior is high-
lighted in Fig. 1(d), where the second-derivative intensity of
ARPES spectra is plotted as a function of wave vector and
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FIG. 1. (Color online) (a) Plots of ARPES intensity at Er as a
function of k, and k, measured with h7v=100 eV at T=20 K for
Naj 5C00,. The ARPES intensity is integrated over the energy
range of =2 meV with respect to Eg. (b) Same as (a) but at T
=100 K. Calculated FSs by LDA (Ref. 12) at k,=0 (dashed line)
and k,=0.57r (solid lines) are also shown for comparison. (c)
ARPES spectra of NaysCoO, measured along a cut shown in (a).
(d) Second-derivative intensity of ARPES spectra in (c) as a func-
tion of binding energy and wave vector. Open circles denote the
energy position of a quasiparticle peak determined by tracing the
peak position of EDCs.

binding energy. We clearly recognize a backfolding of the
band, as observed in various CDW materials.!>

To illustrate the momentum dependence of the energy gap
below T,,, we show in Fig. 2(a) ARPES spectra at various kg
points in the BZ shown by colored circles in Fig. 2(b). We
find that a well-defined peak appears near Ey. for all kg points
and its energy position shows a systematic momentum de-
pendence indicative of an anisotropic nature of the energy
gap, as reported also in K, sC00,.!" In order to estimate the
gap size, we have divided each ARPES spectrum by the
Fermi-Dirac (FD) function at 20 K convolved with the in-
strumental resolution. The result is shown in Fig. 2(c). As
indicated by the open circles, the energy position of peak,
reflecting the gap size, varies significantly with momentum.
A smallest gap of 20 meV is seen at points C and D while a
relatively large gap of 60 meV opens at points H and 1. We
plot in Fig. 2(d) the peak position and the shift of leading-
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FIG. 2. (Color online) (a) Near-Er ARPES spectra of Naj sCoO,
measured at 7=20 K at various kg points shown on the FS in (b).
Coloring of the spectrum is the same as that of circles in (b). Lo-
cation of kg points of the a;, band (solid circles) together with the
definition of the FS angle (¢) is shown in (b). (c) ARPES spectra
divided by the FD function at 20 K convolved with a Gaussian
reflecting the instrumental resolution. (d) Energy position of a peak
in (c) reflecting the gap size (blue circles) together with the LEM
shift (red circles) as a function of the FS angle ().

edge midpoint (LEM) relative to Ep as a function of the FS
angle ¢ by the blue and red circles, respectively. It is clear
from Fig. 2(d) that the energy gap shows a distinct aniso-
tropy with the minimum and maximum in I'M and 'K di-
rections, respectively.

Figures 3(a) and 3(b) show the temperature dependence of
ARPES spectrum near Er measured at two representative kg
points (¢=0° and 30°). As seen in the figures, the LEM
gradually moves toward Ep with increasing temperature and
finally reaches Ef at around 100 K for both .y points. This is
better illustrated in Fig. 3(d), where we plot the energy po-
sition of LEM relative to Ef as a function of temperature. We
find that the LEM shift is quite remarkable at 7=20-80 K,
but looks to be saturated at 7=90-100 K. The persistence
of the gradual shift of LEM even in the metallic phase of
T»(53 K)<T<T,(88 K) suggests that there is a
pseudogap in the metallic phase. It is also remarked that the
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FIG. 3. (Color online) Temperature dependence of ARPES spec-
trum measured on the FS (a) and (b) at ¢p=0° (red/gray circle) and
30° (blue/dark gray circle), respectively, as shown in (c). (d) Tem-
perature dependence of LEM shift for ¢»=0 and 30°.

LEM shift at ¢=0° shows a plateau at 7., <T<T,;, suggest-
ing that the LEM-shift value is correlated with both T, and
Tcl . 16

Now we discuss the origin of the unconventional shape of
the remnant FS below T, shown in Fig. 1(a). Possible can-
didates to explain the anomalous shape of the remnant FS
and the energy-gap opening would be (i) the CDW caused by
nesting of the parallel segment of a;, FS as shown in Fig.
4(a), (ii) the charge ordering of Na* ions,!” (iii) the magnetic
ordering or the SDW, and (iv) the combination of these ef-
fects. The possible scenario (i) may be unlikely since the
samples with other doping levels do not show a phase tran-
sition whereas the parallel segments of FS still remains. As
for the scenario (ii), 2 X V’ENa* charge order defines a new
rectangular BZ [blue dashed line in Fig. 4(b)]. The original
FS is folded [gray solid lines in Fig. 4(b)] with respect to this
reconstructed BZ to create several small FSs [solid blue
curves in Fig. 4(b)] due to a finite hybridization between the
original and the folded bands. In this case, the expected re-
constructed FS shows a mirror symmetry with respect to the
vertical line along the MI'M cut [orange line in Fig. 4(b)] but
do not appear to show the 30°-rotation behavior unlike the
present experiment [Fig. 1(a)].

In relation to the scenario (iii), it is remarked that the 2
X 2 magnetic ordering has been observed below T; by neu-
tron scattering experiments.’ The 2 X2 magnetic ordering
forms a magnetic BZ which has a shape exactly the same as
the original BZ but shrinks by 50%, as shown by the red
dashed line in Fig. 4(c). The original FS is folded with re-
spect to this magnetic BZ [gray lines in Fig. 4(c)], and the
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FIG. 4. (Color online) Schematic view of the FS reconstruction.
(a) Simple nesting case where the parallel segments of the normal-
state FS (black line) are connected with each other. (b)
Na*-order-induced FS reconstruction. Normal-state FS (black line)
is folded (gray line) with respect to the reconstructed BZ (blue
dashed line) reflecting the 2 X V3Na* order. Expected FSs with the
finite hybridization of bands are shown by solid light blue curves.
(c) Magnetic-order-induced FS reconstruction. Normal-state FS
(black line) is folded (gray line) with respect to the reconstructed
BZ (dashed red line) with the 2 X2 magnetic potential. Expected
FSs with the finite hybridization of bands are shown by solid red
curves.

hybridization between the original and folded FSs would
produce several disconnected FSs as shown by red curves in
Fig. 4(c). Taking into account a finite momentum broaden-
ing, we expect that the overall shape of FS shows a good
agreement with the present ARPES experiment in Fig. 1(a).
In this sense, the rounded shape of the 100 K FS would be a
fingerprint of strong magnetic fluctuations even above T,;.
We think that the character of energy gap in Fig. 3 is also
related to this magnetic ordering picture. As shown in Fig. 3,
the temperature dependence of the energy gap along the 'K
and I'M directions appears to reflect the 7,,(88 K) and
T.,(53 K) instabilities, respectively. We speculate that the
reason why the states along the I'K direction are more asso-
ciated with the T, instability would be due to the smaller
Fermi velocity as compared to that along the I'M direction,'
which would result in the better nesting condition of the
magnetic ordering along the I'K direction. We also note that
the difference in the magnitude of the energy gap well below
T,, along two directions [Fig. 3(d)] is not satisfactorily un-
derstood by the simple magnetic ordering scenario, suggest-
ing that another additional mechanism is at work. As for a
possible mechanism, (i) cooperation of the magnetic order-
ing and the Na* charge ordering and/or (ii) possible influ-
ences from the FS nesting would be considered, while we
leave this point as an open question.

Finally, we compare the present results with other experi-
ments. An optical spectroscopy measurement’ reported the
existence of an energy gap of ~15 meV, which may basi-
cally reflect the smallest gap in ARPES. The electrical resis-
tivity measurement>'® shows an insulatinglike behavior be-

081101-3



ARAKANE et al.

low T,,, consistent with the present ARPES result which
shows that the energy gap opens everywhere in BZ. On the
other hand, at 7., <T<T,,, the resistivity shows a metallic
behavior while the finite LEM shift (pseudogap) is still ob-
served in ARPES. This would be because the observed
pseudogap has a finite density of states at Er as shown by
Figs. 3(a) and 3(b).

In conclusion, we have reported our ARPES results of
Naj5Co0, to elucidate the nature of the two-step phase
transition. We observed anomalous reconstruction of the
electronic structure below T,,. We also found a highly aniso-
tropic energy gap below T, which does not close at the MIT
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temperature 7, and survives up to 7,.;. We have concluded
that the magnetic ordering plays an important role for the
energy gap and the remnant FS below T,.
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