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duża wartość ?
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duża wartość
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�

?

Pytanie: Stosowalność modeli HTSC do opisu
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 To refine the structures we started with the model proposed by Takada, et al.4

based on x-ray data.  The neutron data are of course much more sensitive to the 
hydrogen, but we found that the sodium positions were also substantially different, and 
the initial model could not give a good fit to the neutron data.  The structure we 
determined from the neutron measurements is shown in Fig. 3, and consists of alternating 
layers of CoO2 and Na, but with different Na positions relative to the CoO2 than found in 
the parent compound and assumed in the x-ray refinements.  When the water enters, it 
intercalates between the CoO2 and Na layers, and the basic elements of the structure are 
the same;  a robust CoO2 layer separated by a trilayer of water/Na/water.  The dominant 
effect is to expand the c-axis lattice parameter, from just over 11 Å without water, to 
almost 20 Å when the system becomes superconducting.  Our structure differs from the 
previous structure determined by x-rays4 in that we find that the Na ions are displaced 
compared to the parent compound, while the water in the system exhibits the basic 
structure that ice possesses.  The displacement of the Na is required in order to 
accommodate these water positions.  The final crystallographic results of the refinements 
are given in Table 1 for all three samples. 
 Since the model for the structure differs substantially from the model based on x-
ray data, we make a detailed comparison of the structures in Fig. 4.  The parent material 
has the Na(2) position at (2/3,1/3,1/4), but we find that the intercalation of the water 
shifts this to (1/3, 2/3,1/4) relative to the CoO2 layer.  Interestingly, the x-ray scattering 
patterns for these two structures are practically identical, while the neutron patterns are 
quite different for the two models, and the observed neutron diffraction pattern makes it 
is clear that the model based on the x-ray data does not explain the data. 

Fig 4.  (Color online) Structures of (a) Na0.3CoO2, (b) the superconducting phase model used in the present 
work and (c) the model reported in ref. [4].  Note that the positions for the Na and water centers are 
different in (b) and (c). 

Marianetti, PRL’04:

Jin, PRL’03:
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korelacje elekronowe

Brak bezpośrednich danych:

obliczenia z pierwszych zasad
(Zou, PRB’04; Zhang, PRL’04 ):
wiȩkszość nośników : ��� �

szerokość pasma: � � � �
�

�
eV

odpychanie Coulombowskie: � �

eV

szerokość pasma wyznaczona z ARPES
: meV (Yang, PRL’04)
: meV (Hasan, PRL’04)
: meV (Hasan, cond-mat/0501530)

rozbieżność miȩdzy LDA i ARPES korelacje
elektronowe
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obecność pseudoszczeliny

Laser-excited PES
Shimojima, PRB’05
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meV

Jin, PRL’03
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FIG. 4: Temperature dependence of the in-plane and out-
of-plane resistivity ρab (a) and ρc (b) of Na0.3CoO2·yH2O
single crystals. The inset (c) is an enlargement of the low-
temperature data, showing a superconducting transition in
both ρab and ρc at Tc = 5 K.

ρc drop spontaneously below Tc ∼ 5 K. This indicates
three-dimensional (3D) superconductivity, despite an ex-
tremely high anisotropy (ρc/ρab ∼ 103). Surprisingly,
the transition is sharper along the c axis than in the ab

plane, though at low temperatures both ρab and ρc sat-
urate with a small but non-zero value (see Fig. 4c).

Based on the above results, we believe that the cou-
pling mechanism between the CoO2 layers is the key
to understanding superconductivity in this unique sys-
tem. As shown in Fig. 1, the magnitude of magnetic sus-
ceptibility tends to decrease with increasing H2O/D2O
content at room temperature. Most prominent is that
dχ/dT(290K) exhibits a maximum at y = 1.4, a value
that also results in the highest Tc. Correspondingly, the
low-temperature tail is almost suppressed as reflected by
the smallest Tx. This indicates an intimate relationship
between the normal-state magnetism and superconduc-
tivity as proposed by Tanaka and Hu [5].
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modele jednopasmowe/wielopasmowe

distortion of the oxygen octahedra causes further split-
ting of the 3d levels. The lower three fold degenerate
t2g levels are split into a non-degenerate dz2 state with a
doublet below, denoted as eg(t2g) in figure 2. The ground
state configuration is an orbitally non-degenerate spin- 1

2
,

low spin state. In our coordinate system we choose the
direction of trigonal distortion to be the z-axis; so the
top non-degenerate split orbital of the t2g manifold is a
3dz2 orbital. Thus in the nominal charge state Co4+,
we have an unpaired electron in the dz2 orbital, mak-
ing Co4+ ground state an orbitally non-degenerate spin-
1

2
state. In the same way for Co3+ we have two electrons

filling the dz2 level making the ground state an orbitally
non-degenerate spin singlet. Our simple quantum chemi-
cal picture is supported by various experiments including
Co NMR study [5] in Na0.5CoO2 . It is interesting to
note that our CoO2 layer with strong trigonal distortion
has escaped some important effects which should work
against superconductivity, namely Jahn Teller distortion,
Hund coupling and possible high spin ground states of Co

ions.
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t
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e

e
g

( t
2g

d
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−S = 
2

1

Co Co
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FIG. 2. Crystal field split 3d levels of cobalt.

As in other transition metal oxides, hybridization of
dz2 with symmetry adapted oxygen orbitals and the
strong Hubbard repulsion in the dz2 should lead to the
usual super exchange interaction between neighboring
magnetic Co4+ions. As the super exchange paths are
not 1800 paths, the antiferromagnetic coupling will be
reduced in strength. We make an estimate of the super
exchange constant and parameters for our tight binding
model using the electronic structure calculation of Singh
[6] for Na0.5CoO2 . Singh finds an electron like Fermi
surface, shown in figure 3. The states close to the Fermi
level arise predominantly from the cobalt 3dz2 orbitals;
our quantum chemical arguments are in agreement with
Singh’s result. The bilayer type splitting found by Singh
for Na0.5CoO2 is not important for us as our CoO2 lay-
ers are well insulated by the Nax.yH20 layers. As a first
approximation we ignore the small electron like pockets
found by Singh. It is likely that electron correlation will
push these minority bands away from the Fermi level.

Na0.5CoO2 contains equal number of Co3+ and Co4+

ions giving an average occupancy of 1.5 electrons in the
valence dz2 orbital. Thus the dz2 based single band is
3

4
filled. In a simple tight binding model keeping only

the nearest neighbor hopping we get the following band
dispersion:

εk = −2t

(

cos kx + 2 cos
kx

2
cos

√

3

2
ky

)

(1)

We can estimate the value of the hopping parameter t

by fitting to Singh’s result. We get a value of t ≈ −0.1,
corresponding to a band width of ≈ 1.0 eV . It is impor-
tant to note that it is the negative sign of the hopping
parameter that makes the Fermi surface electron like for
our 3

4
filled band. If t were negative we would have got

hole like Fermi surfaces. In view of the strong particle
hole asymmetry in a triangular lattice the sign of t is
important.

K

K’

MΓ

FIG. 3. Fermi surface of electron doped CoO2 layer, as cal-
culated by Singh for Na0.5CoO2 , ignoring small Fermi surface
pockets.

Since coulomb interaction in the effective 3dz2 orbital
is ∼ 5 to 7 eV , the net super exchange interaction be-

tween two neighboring Co4+ ions is J ≡ 4t2

U
∼ 6

to 8 meV . Using the paramagnetic curie temperature
Θ ≈ −118 K obtained from susceptibility measurements
in Na0.5CoO2 we independently estimate J ≈ 7 meV ,
assuming an average of 3 nearest neighbor Co4+ ion for
a given Co4+ ion. These considerations lead us to a t-J
model for the electron doped CoO2 layer:

HtJ = −t
∑

〈ij〉
C

†
iσCjσ + h.c. + J

∑

〈ij〉
(Si · Sj −

1

4
ninj)

with the local constraint ni↑ + ni↓ 6= 0.
Existence of superconductivity in 2D t-J model in a

square lattice is no more doubted, thanks to RVB theory
[7–11] and related recent [12] variational and numerical
efforts. The singlet proliferation tendency arising from
the super exchange, contained in the J term seems to be
sufficient to induce a robust spin singlet superconducting
state [13]. We believe the same is true for the triangular
lattice. However, the enhanced frustration could modify
the symmetry of the superconducting state or introduce
novel quantum states such as chiral RVB metal with weak
ferromagnetism. Further, possibility of superconductiv-
ity in a repulsive Hubbard model on a triangular lattice
at and close to half filling has been studied by various au-
thors [14,15] invoking spin fluctuation mediated pairing,
mainly in the context of organic superconductors. We
take an RVB approach, as it is a natural way to study a
system in its strong correlation limit and dominated by
spin singlet correlation and chiral fluctuation. We study
the undoped case first and discuss a simple RVB mean

2

Pole krystaliczne:
Baskaran, PRL’03

LDA: (Marianetti, PRL’04)
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culated by Singh for Na0.5CoO2 , ignoring small Fermi surface
pockets.

Since coulomb interaction in the effective 3dz2 orbital
is ∼ 5 to 7 eV , the net super exchange interaction be-

tween two neighboring Co4+ ions is J ≡ 4t2

U
∼ 6

to 8 meV . Using the paramagnetic curie temperature
Θ ≈ −118 K obtained from susceptibility measurements
in Na0.5CoO2 we independently estimate J ≈ 7 meV ,
assuming an average of 3 nearest neighbor Co4+ ion for
a given Co4+ ion. These considerations lead us to a t-J
model for the electron doped CoO2 layer:

HtJ = −t
∑

〈ij〉
C

†
iσCjσ + h.c. + J

∑

〈ij〉
(Si · Sj −

1

4
ninj)

with the local constraint ni↑ + ni↓ 6= 0.
Existence of superconductivity in 2D t-J model in a

square lattice is no more doubted, thanks to RVB theory
[7–11] and related recent [12] variational and numerical
efforts. The singlet proliferation tendency arising from
the super exchange, contained in the J term seems to be
sufficient to induce a robust spin singlet superconducting
state [13]. We believe the same is true for the triangular
lattice. However, the enhanced frustration could modify
the symmetry of the superconducting state or introduce
novel quantum states such as chiral RVB metal with weak
ferromagnetism. Further, possibility of superconductiv-
ity in a repulsive Hubbard model on a triangular lattice
at and close to half filling has been studied by various au-
thors [14,15] invoking spin fluctuation mediated pairing,
mainly in the context of organic superconductors. We
take an RVB approach, as it is a natural way to study a
system in its strong correlation limit and dominated by
spin singlet correlation and chiral fluctuation. We study
the undoped case first and discuss a simple RVB mean

2
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– : obsadzenie wȩzłów sieci

Jak uwzglȩdnić pojedyncze obsadzenie wȩzłów sieci

Niewolnicze bozony (slave boson - SB):

Niewolnicze fermiony (slave fermion - SF):

Średnie pole : , separacja pól i
SB antyferromagnetyzm zanika dla (Feng, PRB’94)

SF antyferromagnetyzm stabilny dla (Kane, PRB’90)
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Średnie pole : , separacja pól i
SB antyferromagnetyzm zanika dla (Feng, PRB’94)

SF antyferromagnetyzm stabilny dla (Kane, PRB’90)

Kazimierz 2005 – p.9



�

– : obsadzenie wȩzłów sieci
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wady i zalety parametryzacji

zalety:

pojedyncze obsadzenie wȩzłów sieci

zmienne � ,

�

niezależne

“gauge” niezmienniczość pól � ,
�

�� � � � � � 	
� � � � � �

� �� � � �� �
� �� � 	

wady:

Powia̧zanie � ,

�

z polami fermionów i bozonów

Przybliżenia moga̧ łamać symetrie

interpretacja:

�

- holony o ładunku �, � - spinony
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zaniedbane oddziaływanie holon-spinon
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MF SB: P. Lee, PRB 69 (2004)

2.4%, 2.4% for the same set of t/J . This is significantly
different from the mean-field solution of the square lattice
with t/J53 as appropriate for the cuprates. In that case the
system is inhomogeneous with alternating stripes of super-
conducting and magnetic regions at roughly 2%<x<12%,
and the magnetic order becomes commensurate with coexist-
ing uniform pairing order at higher doping levels up to xc

;20%.12 For the hexagonal lattice, the stable region of the
antiferromagnetic solution is greatly reduced. This is reason-
able in view of the frustration of the lattice, which disfavors
magnetic order and was the original motivation of the RVB
as a competing state.2

In the second stage of the calculation we concentrate on
doping greater than xc . In view of the first-order nature of
the transition to magnetic order, we shall present results
without magnetic order even for x,xc , with the understand-
ing that the solution is only locally but not globally stable.
We suppress magnetic order and perform an unrestricted
search for solutions of Hnm in Eq. ~4! on a 4003400 lattice.
In the elementary unit cell ~varied from 131 up to 438) we
put random initial values for x i j , D i j , xi , and m i , and
evolve them so that the mean-field free energy is minimized
at the desired doping level. Note that this time we allow
nonuniform charge density. However, with our choice of pa-
rameters, we found spatially nonuniform solutions only for
x,xu , where xu is always less than xc and these will be
ignored from now on. Due to the uncertainty of t/J we have
studied two cases ut/Ju55 and ut/Ju59. It turns out that in
both cases there is a significant doping range in which the
ground state is superconducting. The pairing symmetry is
always dx22y21idxy , hence breaks the time-reversal sym-
metry. It is interesting to note that if one ignores the mag-
netic order parameter at zero doping the same mean-field
theory predicts a degenerate family of ground states. Among
them the dx22y21idxy paired state and the p/2 flux state are
two examples.13,14 To visualize the pairing pattern, consider
an arbitrary site. The D i j associated with the six bonds stem-
ming from it has the form D i j5Dei2u i j for dx22y21idxy
pairing and D i j5De2i2u i j for dx22y22idxy pairing. To gen-
erate the pairing field over the entire lattice, simply translate
the above pattern to other sites. In the absence of a magnetic
field the dx22y21idxy and dx22y22idxy pairing are degener-
ate.

The doping dependence of the zero-temperature pairing
order parameter D5uD i ju is plotted in Fig. 2 ~solid lines! for
t55J ~a!, 9 J ~b!, 25 J ~c!, and 29 J ~d!, where we observe
that pairing exists for x<13% ~a!, 8% ~b!, 56% ~c!, and
13% ~d!. The peak in D at x50.5 in Fig. 2~c! is explained by
the Van Hove peak in the free-electron density of states. Also
shown in Fig. 2 is the hopping order parameter x5ux i ju
~dashed lines!. It is weakly dependent on x for x,30%.
Interestingly x i j has the same sign of t from our calculation.
This is a reasonable result as it increases the bandwidth of
the fermions so that the kinetic energy is lowered. Finally, a
much more important feature in Fig. 2 is the considerable
asymmetry between electron doping (t.0) and hole doping
(t,0). This is due to the particle-hole asymmetry in the
free-electron dispersion on the triangular lattice. Indeed, the

stronger pairing for hole doping is due to the increases in the
Fermi-level density of state as the averaged occupation de-
creases from half filling.

We have also computed the onset temperature of the RVB
fermion pairing and Bose-Einstein condensation ~BEC! of
holons.15 The mean-field superconducting transition is the
smaller of the RVB and BEC curves ~Fig. 3!. As usual, the
Bose condensation temperature is an overestimate of the
phase-coherence temperature of the slave bosons. More gen-
erally because of the proximity to the Mott insulator limit,
we expect that the superconducting transition temperature
will be determined by the superfluid density at low doping,
and by the onset of pairing at higher doping, forming a phase
diagram similar to that of the cuprates. It is worth noting that
in the case of cuprates, the thermal excitation of nodal qua-
siparticles significantly reduces the superfluid density and
therefore the transition temperature at low doping.16,17 The

FIG. 2. Dependence of the order parameters on hole doping (x):
t55 J ~a!, 9 J ~b!, 25 J ~c!, and 29 J ~d!. Note the scale change in
~b! and ~c!.

FIG. 3. Dependence of the RVB and BEC critical temperatures
~in units of J! on hole doping (x): t55 J ~a!, 9 J ~b!, 25 J ~c!, and
29 J ~d!. Note the scale change in 2~b! and 2~c!.
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RVB - poza przybliżeniem MF
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podsumowanie

Najważniejsze pytania:

koncentracja nośników

symetria parametru porza̧dku: singlet/tryplet

Wiemy:

układy kwazi–dwuwymiarowe

istotne znaczenie korelacji elektronowych

Przypuszczalnie:

najprostszy model: 2D –
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