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Charge- and spin-density waves observed through their spatial fluctuations
by coherent and simultaneous x-ray diffraction
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Spatial fluctuations of spin-density wave (SDW) and charge-density wave (CDW) in chromium have been
compared by combining coherent and simultaneous x-ray diffraction experiments. Despite their close relationship,
spatial fluctuations of the spin and of the charge-density waves display a very different behavior: the satellite
reflection associated to the charge density displays speckles while the spin one displays an impressive long-range
order. This observation is hardly compatible with the commonly accepted magneto-elastic origin of CDW in
chromium and is more consistent with a purely electronic scenario where CDW is the second harmonic of SDW.
A BCS model taking into account a second-order nesting predicts correctly the existence of a CDW and explains
why the CDW is more sensitive to punctual defects.
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I. INTRODUCTION

Studying systems in which two phases coexist is
particularly interesting, not only to determine the coupling
between two phases, but also to better understand the origin
of each phase individually. As examples, the coexistence
of superconducting and charge-density wave states in
cuprates [1], or in conventional superconductors [2], and
of coexisting singlet and triplet superconductivity [3] have
recently been investigated. This paper is devoted to the study of
coexisting charge-density wave (CDW) and spin-density wave
(SDW). By which process is a periodic modulation of charges
connected to a periodic modulation of spins? The answer lies
in the coupling between the two phases, which are observed
here through their spatial fluctuations, and not through their
average behavior, as is usually done. For this purpose, we
have mixed two experimental techniques, coherent x-ray
diffraction and simultaneous diffraction, to probe a model
system of itinerant antiferromagnetism such as chromium.

Chromium is unique in its kind. It is the only transition
metal stabilizing a SDW state. Despite the simplicity of
its atomic structure (body centered cubic), it stabilizes a
complicated antiferromagnetic state made of a CDW and a
SDW. The wave vectors associated to these modulations are
collinear and incommensurate with the crystal lattice at all
temperatures [4]. The period of the SDW is large, running
over more than 1/δ = 21 unit cells. The CDW is associated to
a periodic lattice distortion and its period is twice shorter.

The origin of SDW in chromium is now clear and arises
from the peculiar geometry of its Fermi surface [5,6]. It is
based on a nesting effect between the electron pocket centered
at point � and the hole pocket centered at the edge of the
Brillouin zone at point H (see Fig. 1) [7]. Note that the two
pockets do not have the same size and this size difference
explains the presence of a SDW in chromium.

In contrast, the physical origin of the CDW in chromium is
still not understood. Two scenarios may be considered. Either
the CDW is induced by a magnetostriction effect (a coupling
between elasticity and magnetism) or by a purely electronic
effect based on nesting between electronic bands [8].

The average behavior of chromium does not contradict the
magnetostriction scenario. Classical diffraction experiments

provide spatially averaged information that show that both
CDW and SDW appear simultaneously at the same Néel
temperature TN = 311 K. Micro-diffraction experiments have
also shown that their domains are highly correlated [9] and
that spin and charge orders are similarly suppressed with
pressure [10]. Other studies, using diffraction techniques, tried
to answer this issue without being able to clearly discriminate
between the two scenarios [11].

We show in this paper that a precise comparison of the
spatial fluctuations of each modulation allows us to reconsider
the origin of CDW in chromium. Indeed, this first experiment
combining coherent and simultaneous x-ray diffraction shows
that defects affect the charge order but not the spin one and
hence that spin and charge orders in chromium have the same
origin: a purely electronic effect due to the peculiar band
structure of chromium.

II. EXPERIMENTAL SETUP AND RESULTS

Classical x-ray diffraction is a powerful technique to probe
the charge and spin modulations of chromium because the
SDW period is twice larger than the CDW one, and the two
satellite reflections can be measured independently at QS =
(0,1 − δ,0) and at QC = 2QS = (0,2 − 2δ,0) wave vectors.
In Ref. [4], the profiles of the two satellite reflections indicate
that the CDW coherence length is smaller than the SDW one.

However, a precise comparison of correlation lengths of
coexisting phases is difficult by diffraction techniques since
the probed volumes are usually not the same for the different
modulations. In the case of chromium in Ref. [4], the volume
probed at QS is much smaller that the one probed at 2QS [12],
which makes the comparison of the two correlation lengths
only qualitative.

We have used here a combination of two techniques to go
beyond these limitations. Coherent x-ray diffraction has been
performed to measure spatial fluctuations of the two modula-
tions without spatial average and simultaneous diffraction to
probe CDW and SDW in the same sample volume.

A coherent x-ray beam has been obtained from a weakly
coherent synchrotron source by using a set of two slits. The
first one is located just after the optics to get rid of optical
aberrations and the second one at 15 cm upstream of the
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FIG. 1. (Color online) (a) Schematic Fermi surface section in
the (001) plane. The red region is the electron pocket centered
at � and the two blue regions are the holes pockets at H . The
partial dispersion curves are assumed to be linear, so we consider
three prisms with four surfaces each. The second-order nesting
phenomenon is described with colored planes connecting surfaces.
(b) The (001) plane containing the satellite reflections associated to
the SDW located at QS = (0,1 ± δ,0) and the satellites associated to
the CDW at QC = (1,1 ± 2δ,0).

sample. Thanks to this setup and using appropriate apertures, a
10-μm x-ray beam with 90% degree of coherence is obtained.
The experimental setup used for coherent diffraction
experiments is described in details in Ref. [13] and the ability
of this technique to probe charge-density wave systems in
Ref. [14]. The experiments have been performed at the Cristal
beam line of synchrotron Soleil and at the ID20 beam line
of the ESRF using an energy of E = 5.9 keV, just below the
chromium k edge to avoid fluorescence. A single-Q domain
chromium sample has been probed in reflection geometry
with δ ≈ 0.047 in reciprocal lattice units (r.l.u.) at T = 140 K.

To fulfill simultaneous diffraction conditions, the sample is
placed in such a way that the QS = (0,1 − δ,0) and the QC =
(1,1 − 2δ,0) satellites are simultaneously located on the Ewald
sphere. Therefore both reflections can be measured by moving
only the detector and not the sample. As a consequence, the
beam location on the sample’s surface and the volume probed
by the beam are equal for the two satellites.

The three diffraction patterns displayed in Fig. 2 give a
clear picture of the SDW and CDW states in chromium. No
speckle is observed at the satellite reflection QS associated
to the SDW. The pattern displays a single peak, the width of
which corresponds to the footprint of the beam at the sample
surface [Figs. 3(a) and 3(c)]. The fundamental (0 1 1) reflection
associated to the lattice displays also a single peak with an
equal width. In contrast, the satellite QC associated to the
CDW is broader and displays speckles [see Fig. 3(b)].

III. DISCUSSION

The interpretation is clear and unequivocal: the SDW in
chromium displays a impressive long-range order, without
domains or phase shifts, over the entire probed volume,

FIG. 2. (Color online) Schematic drawing of the simultaneous
diffraction experiment. Given an incident wave vector ki , there exists
a sample orientation for which the QS and QC satellite reflections
are simultaneously located on the Ewald sphere. As a consequence,
both reflections can be measured only moving the detector, and not
the sample. This particular geometry ensures that the probed volume
is the same when probing the two reflection satellites at Qc and Qs .

i.e., 10 μm × 10 μm × 7 μm (in depth). Note that a single
phase shift of the magnetic order would induce a splitting
of the satellite reflection in Fig. 3(c) [15]. On the contrary,
in the same volume, the CDW displays phase shifts. This
measurement proves that, contrary to the charge one, the spin
order is unaffected by the presence of punctual defects such
as interstitials or/and vacancies, which are abundant in such a
large volume. This conclusion differs from that of Ref. [16]
in which the authors interpret the presence of speckles on
the CDW reflection as a consequence of the presence of
magnetic domain walls. In our case, the sample is single Q

and speckles are present on the CDW reflection and not on the
SDW reflection. Thus, in our case, the presence of speckles on
the CDW reflection can not be explained by the presence of
antiferromagnetic domains.

This comparison between charge and spin orders is crucial
to better understand the origin of both states. How can we
explain that, despite the strong relationship between SDW
and CDW in chromium, the spin correlation length remains
long-range while the charge one is much smaller [17]? In the
following, the two scenarios mentioned in the introduction are
discussed in the light of our experimental results.

Magnetostriction is the most frequently cited scenario to ac-
count for the presence of CDW in chromium. The appearance
of a periodic lattice distortion within a magnetic order may re-
duce the total energy. In that case, three contributions have to be
considered: the anisotropy energy (Ean), the exchange energy
(Eex) and the elastic cost due the periodic distortion (Eel):

Eel = C

2

∑
(un − un+1)2

Eex = −
∑
n,m

J (Rnm)〈Jn〉〈Jm〉 (1)

Ean = −
∑

n

K2(xn+1 − xn−1)μ2
n,

where μn is the magnetic momentum of the nth atom, un

the atomic displacement with respect to the nonmagnetic
structure, K2 depends on the distance between planes n + 1
and n − 1, C the force constant and Jn the kinetic momentum.
In chromium, the lowest total energy is found when the
CDW period is twice shorter than that of SDW, in agreement
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FIG. 3. (Color online) Comparison of SDW and CDW in chromium by using coherent and simultaneous diffraction. Here are the diffraction
patterns through the maximum intensity of the CDW [QC = (1,1 − 2δ,0)] and SDW satellites [QS = (0,1 − δ,0)]. (a) Simultaneous diffraction
(SD) of the SDW satellite [beamsize = 100 μm × 300 μm (H)]. (b) Simultaneous and coherent diffraction of the CDW satellite (beamsize =
10 μm × 10 μm) and (c) coherent diffraction (CD) of the QS satellite (beamsize = 10 μm × 10 μm). (d) Profiles corresponding to the three
patterns along the direction represented by the white dashed lines. In all cases, the QC satellite displays speckles, while no speckle is observed
at QS . The maximum intensity obtained on the two reflections is 150 counts/pixel for the SDW reflection and 100 counts/pixel for the CDW
reflection.

with experiments [18]. The main point here is that the
energy minimization gives a close relationship between CDW
and SDW: spatial fluctuations of the first lead to spatial
fluctuations of the second and reciprocally. From this point of
view, the magnetostriction scenario seems hardly compatible
with our experimental data displayed in Fig. 3.

In the following, we consider the second scenario intro-
duced by Young and Sokoloff [8] based on a three-band model.
We show that this model, in the presence of punctual defects,
is in agreement with our measurement. In this approach, the
CDW is the second harmonic of SDW. More generally, these
authors have shown that odd harmonics are spin orders and
even ones are charge orders.

In this purpose, inelastic nesting between bands has been
considered as in Ref. [19] and linear dispersion curves for
electrons [εa(qx,qy)] and holes [εb(qx,qy)] have been assumed.
We thus have to consider three prisms and connect the four

surfaces of each of them. The model is adjusted to the case
of chromium [20]; the size of the electron (s1) and hole (s2)
pockets is such as δ = s2 − s1. The two Fermi velocities (ve

and vt ) have also been extracted from experimental data.
The three corresponding prisms with maximum energies
ea = −s1ve and eb = s2vt are drawn in Figs. 1(a) and 4(a).
For a strict coexistence of both phases such as measured
in chromium, a simultaneous nesting is authorized between
the electron and the hole pockets with |Q2kF | = 1 ± δ and
between the two hole pockets at |Q4kF | = 2 ± 2δ. The three-
band Hamiltonian reads

H =
⎛
⎝εa − iω �s �s

�s εb − e0δ − iω �c

�s �c εb + e0δ − iω

⎞
⎠ , (2)

where �s is the SDW order parameter and �c the CDW order
parameter. The linear temperature dependence of δ has been
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FIG. 4. (Color online) Authorized paths between the electron and
hole pockets (Q2kF ) and the two hole pockets (Q4kF ). Red circles are
in-volved in the inelastic process. Black squares do not fulfill the
necessary conditions and are not involved in the nesting: (a) in the
perfect case and (b) in the case with defects where states at the border
of the Brillouin zone in two 2α width strips are removed from the
process. (c) The number of authorized paths between the electron and
hole pockets (open circles) and between the two hole pockets (full
circles) vs α.

extracted from [5]. The Green function can be extracted from
G(iω − H) = I following the standard BCS equation:⎛

⎝ εa �s �s

�s εb �c

�s �c εb

⎞
⎠

⎛
⎝Ga Fs Fs

F†
s Gb Fc

F†
s F†

c Gb

⎞
⎠ =

⎛
⎝1 0 0

0 1 0
0 0 1

⎞
⎠ .

(3)

Making the summation of Fs and Fc over all Matsubara
frequencies, one finds two simultaneous gap equations:

1

gs

=
∫

dqxdqy

[
(εb − x0 + e0δ − �c) tanh

(
x0
2T

)
2(x0 − x1)(x0 − x2)

+ (εb − x1 + e0δ − �c) tanh
(

x1
2T

)
2(x0 − x1)(x2 − x1)

+ (εb − x2 + e0δ − �c) tanh
(

x2
2T

)
2(x0 − x2)(x1 − x2)

]

and

1

gc

=
∫

dqxdqy

[
(εa − x0 − �2

s /�c) tanh
(

x0
2T

)
2(x0 − x1)(x0 − x2)

+
(
εa − x1 − �2

s /�c

)
tanh

(
x1
2T

)
2(x0 − x1)(x2 − x1)

+
(
εa − x2 − �2

s /�c

)
tanh

(
x2
2T

)
2(x0 − x2)(x1 − x2)

]
,

where x0, x1, and x2 are the three zeros of det(H),
e0 = eb − ea , gs is the coupling constant between elec-
tron and hole and gc the coupling between holes. We are

looking for simultaneous solutions of the two gap equations
corresponding to a stable thermodynamical phase. Solu-
tions of each gap equation separately correspond to single
(spin or charge) phases, when the other order parameter is
suppressed. The integration in the (qx,qy) plane taking into
account all nesting processes corresponds to the summation
over the four surfaces of each prism. Considering only one
surface out of four, the process is described in Fig. 4(a) where
the points fulfilling simultaneously both conditions (|Q2kF | =
1 ± δ and |Q4kF | = 2 ± 2δ along the [010] direction only) are
represented with red circles. Note that the electron surface,
which is smaller, constrains the hole surface and restricts
the total number of nested points. Within this model, we
correctly reproduce the mixed state in chromium and the
Néel temperature of T = 311 K. A paper detailing theoretical
aspects will be published elsewhere.

In this approach, CDW is the second harmonic of SDW
and will be more sensitive to punctual defects in agreement
with our measurement. One can simply understand this greater
sensibility by considering the influence of punctual defects on
the three prims of Fig. 1. Indeed, similarly to phonons in
the presence of punctual defects [21], we consider that the
dispersion curves will be mainly affected at the border of
Brillouin zone. Therefore only the two hole pockets centered
at points H will be affected and not the electron one at �.
To take into account this effect, we remove from nesting
processes the states located in two 2α wide stripes (one along
qy and one along qx) centered at points H [see Fig. 4(b)]. As
a consequence, the contribution of the second-order nesting
in the total energy is strongly reduced with respect to the
contribution of the first-order one. This statement becomes
clear if the number of authorized paths between bands is
taken into account: the number of paths between the two hole
pockets decreases much more sharply than the number of paths
between the electron and hole pockets for increasing α. Since
the two holes areas are affected by punctual defects, the first
one decreases as α2, while the second one decreases as linearly
for α < δ [see Fig. 4(c)].

IV. CONCLUSION

In conclusion, an original experiment coupling coherent
x-rays and simultaneous diffraction has been performed to
precisely measure correlation lengths in chromium. The SDW
does not display any dislocation over several micrometers in
the sample, while the CDW one displays many speckles. This
observation is a clear misstatement of the usually accepted
magnetostriction theory. We explain these experimental fea-
tures using the Young and Sokoloff model where the CDW
and the SDW are coming from the same phase with the CDW
being a second harmonic of the SDW. This second harmonic
theory and the peculiar band structure of chromium makes the
CDW more sensitive to punctual defects, in agreement with
our measurement. From this approach, we predict that in the
limit case, in the presence of many uncorrelated defects, a new
phase of chromium should stabilize SDW with no CDW. In
this framework, the Q4kF wave vector is not associated to a
simple strain wave but to a true incommensurate CDW linked
to a periodic lattice distortion. From this point of view, the
CDW in chromium should slide under an external current.
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F. Livet, F. Bley, T. Schülli, P. Marion, and H. T. Metzger,
J. Synch. Rad. 9, 258 (2002).

[14] V. L. R. Jacques, D. Le Bolloc’h, S. Ravy, J. Dumas, C. V.
Colin, and C. Mazzoli, Phys. Rev. B 85, 035113 (2012); V. L. R.
Jacques, D. Le Bolloc’h, S. Ravy, C. Gilles, F. Livet, and S. B.
Wilkins, Eur. Phys. J. B 70, 317 (2009); E. Pinsolle, N. Kirova,
V. L. R. Jacques, A. A. Sinchenko, and D. Le Bolloc’h, Phys.
Rev. Lett. 109, 256402 (2012).

[15] V. L. R. Jacques, S. Ravy, D. Le Bolloc’h, E. Pinsolle,
M. Sauvage-Simkin, and F. Livet, Phys. Rev. Lett. 106, 065502
(2011).

[16] O. G. Shpyrko, E. D. Isaacs, J. M. Logan, Y. Feng, G. Aeppli,
R. Jaramillo, H. C. Kim, T. F. Rosenbaum, P. Zschack, M.
Sprung, S. Narayanan, and A. R. Sandy, Nature (London) 447,
68 (2007).

[17] P. Habibi, C. Barreteau, and A. Smogunov, J. Phys.: Condens.
Matter 25, 146002 (2013).

[18] C. Nourtier, J. Phys. 34, 57 (1973); T. Nishikubo and
T. Nagamiya, J. Phys. Soc. Jpn. 20, 808 (1965); Y. Tsunoda,
M. Mori, N. Kunitomi, Y. Teraoka, and J. Kanamori, Solid States
Commun. 14, 287 (1974).

[19] X. W. Jiang and R. S. Fishman, J. Phys.: Condens. Matter 9,
3417 (1997).

[20] E. Fawcett, Rev. Mod. Phys. 60, 209 (1988).
[21] See, for example, D. Le Bolloc’h, J. L. Robertson, H. Reichert,

S. C. Moss, and M. L. Crow, Phys. Rev. B 63, 035204 (2001)
and references therein.

245127-5

http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1126/science.1223532
http://dx.doi.org/10.1103/PhysRevB.84.054531
http://dx.doi.org/10.1103/PhysRevB.84.054531
http://dx.doi.org/10.1103/PhysRevB.84.054531
http://dx.doi.org/10.1103/PhysRevB.84.054531
http://dx.doi.org/10.1038/nphys699
http://dx.doi.org/10.1038/nphys699
http://dx.doi.org/10.1038/nphys699
http://dx.doi.org/10.1038/nphys699
http://dx.doi.org/10.1016/j.ssc.2013.07.003
http://dx.doi.org/10.1016/j.ssc.2013.07.003
http://dx.doi.org/10.1016/j.ssc.2013.07.003
http://dx.doi.org/10.1016/j.ssc.2013.07.003
http://dx.doi.org/10.1103/PhysRevB.51.10336
http://dx.doi.org/10.1103/PhysRevB.51.10336
http://dx.doi.org/10.1103/PhysRevB.51.10336
http://dx.doi.org/10.1103/PhysRevB.51.10336
http://dx.doi.org/10.1103/PhysRevLett.65.369
http://dx.doi.org/10.1103/PhysRevLett.65.369
http://dx.doi.org/10.1103/PhysRevLett.65.369
http://dx.doi.org/10.1103/PhysRevLett.65.369
http://dx.doi.org/10.1209/0295-5075/1/9/009
http://dx.doi.org/10.1209/0295-5075/1/9/009
http://dx.doi.org/10.1209/0295-5075/1/9/009
http://dx.doi.org/10.1209/0295-5075/1/9/009
http://dx.doi.org/10.1088/0305-4608/18/9/009
http://dx.doi.org/10.1088/0305-4608/18/9/009
http://dx.doi.org/10.1088/0305-4608/18/9/009
http://dx.doi.org/10.1088/0305-4608/18/9/009
http://dx.doi.org/10.1103/PhysRevLett.83.2069
http://dx.doi.org/10.1103/PhysRevLett.83.2069
http://dx.doi.org/10.1103/PhysRevLett.83.2069
http://dx.doi.org/10.1103/PhysRevLett.83.2069
http://dx.doi.org/10.1088/1367-2630/10/2/023003
http://dx.doi.org/10.1088/1367-2630/10/2/023003
http://dx.doi.org/10.1088/1367-2630/10/2/023003
http://dx.doi.org/10.1088/1367-2630/10/2/023003
http://dx.doi.org/10.1103/PhysRevB.88.205134
http://dx.doi.org/10.1103/PhysRevB.88.205134
http://dx.doi.org/10.1103/PhysRevB.88.205134
http://dx.doi.org/10.1103/PhysRevB.88.205134
http://dx.doi.org/10.1103/PhysRev.128.1437
http://dx.doi.org/10.1103/PhysRev.128.1437
http://dx.doi.org/10.1103/PhysRev.128.1437
http://dx.doi.org/10.1103/PhysRev.128.1437
http://dx.doi.org/10.1088/0305-4608/4/8/023
http://dx.doi.org/10.1088/0305-4608/4/8/023
http://dx.doi.org/10.1088/0305-4608/4/8/023
http://dx.doi.org/10.1088/0305-4608/4/8/023
http://dx.doi.org/10.1126/science.1066870
http://dx.doi.org/10.1126/science.1066870
http://dx.doi.org/10.1126/science.1066870
http://dx.doi.org/10.1126/science.1066870
http://dx.doi.org/10.1103/PhysRevLett.99.137201
http://dx.doi.org/10.1103/PhysRevLett.99.137201
http://dx.doi.org/10.1103/PhysRevLett.99.137201
http://dx.doi.org/10.1103/PhysRevLett.99.137201
http://dx.doi.org/10.1088/0953-8984/5/7/001
http://dx.doi.org/10.1088/0953-8984/5/7/001
http://dx.doi.org/10.1088/0953-8984/5/7/001
http://dx.doi.org/10.1088/0953-8984/5/7/001
http://dx.doi.org/10.1103/PhysRevB.82.195121
http://dx.doi.org/10.1103/PhysRevB.82.195121
http://dx.doi.org/10.1103/PhysRevB.82.195121
http://dx.doi.org/10.1103/PhysRevB.82.195121
http://dx.doi.org/10.1103/PhysRevB.86.144117
http://dx.doi.org/10.1103/PhysRevB.86.144117
http://dx.doi.org/10.1103/PhysRevB.86.144117
http://dx.doi.org/10.1103/PhysRevB.86.144117
http://dx.doi.org/10.1140/epjb/e2011-20123-1
http://dx.doi.org/10.1140/epjb/e2011-20123-1
http://dx.doi.org/10.1140/epjb/e2011-20123-1
http://dx.doi.org/10.1140/epjb/e2011-20123-1
http://dx.doi.org/10.1107/S0909049502005708
http://dx.doi.org/10.1107/S0909049502005708
http://dx.doi.org/10.1107/S0909049502005708
http://dx.doi.org/10.1107/S0909049502005708
http://dx.doi.org/10.1103/PhysRevB.85.035113
http://dx.doi.org/10.1103/PhysRevB.85.035113
http://dx.doi.org/10.1103/PhysRevB.85.035113
http://dx.doi.org/10.1103/PhysRevB.85.035113
http://dx.doi.org/10.1140/epjb/e2009-00231-3
http://dx.doi.org/10.1140/epjb/e2009-00231-3
http://dx.doi.org/10.1140/epjb/e2009-00231-3
http://dx.doi.org/10.1140/epjb/e2009-00231-3
http://dx.doi.org/10.1103/PhysRevLett.109.256402
http://dx.doi.org/10.1103/PhysRevLett.109.256402
http://dx.doi.org/10.1103/PhysRevLett.109.256402
http://dx.doi.org/10.1103/PhysRevLett.109.256402
http://dx.doi.org/10.1103/PhysRevLett.106.065502
http://dx.doi.org/10.1103/PhysRevLett.106.065502
http://dx.doi.org/10.1103/PhysRevLett.106.065502
http://dx.doi.org/10.1103/PhysRevLett.106.065502
http://dx.doi.org/10.1038/nature05776
http://dx.doi.org/10.1038/nature05776
http://dx.doi.org/10.1038/nature05776
http://dx.doi.org/10.1038/nature05776
http://dx.doi.org/10.1088/0953-8984/25/14/146002
http://dx.doi.org/10.1088/0953-8984/25/14/146002
http://dx.doi.org/10.1088/0953-8984/25/14/146002
http://dx.doi.org/10.1088/0953-8984/25/14/146002
http://dx.doi.org/10.1051/jphys:0197300340105700
http://dx.doi.org/10.1051/jphys:0197300340105700
http://dx.doi.org/10.1051/jphys:0197300340105700
http://dx.doi.org/10.1051/jphys:0197300340105700
http://dx.doi.org/10.1143/JPSJ.20.808
http://dx.doi.org/10.1143/JPSJ.20.808
http://dx.doi.org/10.1143/JPSJ.20.808
http://dx.doi.org/10.1143/JPSJ.20.808
http://dx.doi.org/10.1016/0038-1098(74)90855-2
http://dx.doi.org/10.1016/0038-1098(74)90855-2
http://dx.doi.org/10.1016/0038-1098(74)90855-2
http://dx.doi.org/10.1016/0038-1098(74)90855-2
http://dx.doi.org/10.1088/0953-8984/9/16/013
http://dx.doi.org/10.1088/0953-8984/9/16/013
http://dx.doi.org/10.1088/0953-8984/9/16/013
http://dx.doi.org/10.1088/0953-8984/9/16/013
http://dx.doi.org/10.1103/RevModPhys.60.209
http://dx.doi.org/10.1103/RevModPhys.60.209
http://dx.doi.org/10.1103/RevModPhys.60.209
http://dx.doi.org/10.1103/RevModPhys.60.209
http://dx.doi.org/10.1103/PhysRevB.63.035204
http://dx.doi.org/10.1103/PhysRevB.63.035204
http://dx.doi.org/10.1103/PhysRevB.63.035204
http://dx.doi.org/10.1103/PhysRevB.63.035204



