PHYSICAL REVIEW B 83, 125322 (2011)

Bulk and surface field-induced optical rectification from (11/V) zincblende crystals in a
quasireflection geometry
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In a previous article, we presented a generalized expression for second-order bulk and third-order surface-
field-induced optical rectification for zincblende 43m crystal faces with arbitrary Miller indices (kkl) along
with experimental data for (11N)A and (11N)B GaAs in transmission geometry. We now expand the results
to quasireflection geometry, with angles of incidence and detection of 45°. While this geometry introduces a
p-polarized signal component due to mechanisms other than optical rectification, such as photocarrier acceleration
by the surface depletion field, the azimuthal angle dependence of the optical rectification component yields further
insight into the crystallographic orientation and surface properties of the sample.
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I. INTRODUCTION

The pulsed generation of terahertz radiation by samples
under excitation from ultra-short near-infrared pulses has
facilitated the development of time-domain spectroscopy and
imaging in the previously elusive terahertz region of the
electromagnetic spectrum, considered here to range from
0.3 to 3 THz. Emission is known to depend strongly on
the experimental geometry used, such as the orientation of
the excitation beam and detector relative to the sample.
Additionally, effects such as electric field screening! may
need to be considered. Emission may be due to one or more
of several mechanisms, each of which may have a distinct
dependence on the experimental geometry employed.

For instance, the application of an external electric bias
to the semiconductor surface with a photolithographically
grown photoconductive switch,>* or with simple silver paint
contacts,*> results in a terahertz electric field in the surface
plane, parallel to the bias field, as above-bandgap optical pulses
generate free carriers which are in turn accelerated by the bias
field. Photoconductive emitters are most commonly employed
in a straight-through transmission geometry.

Emission may also occur due to the transport of photo-
generated free-carriers at the semiconductor surface® in the
absence of an external biasing field. Such emission may
be due to the current surge effect, where photocarriers are
accelerated by an intrinsic surface depletion field which
arises due to band bending by Fermi-level pinning of the
surface states,” which is typically observed for wide-bandgap
materials such as GaAs® and InP.>!'” It may also be due to
differing diffusion rates between photogenerated electrons and
holes at the surface, known as the photo-Dember effect and
typically observed in narrow-bandgap semiconductors with a
high electron mobility such as InAs,'"!?> InSb,'* and GaSb.'*
While the effects are often mutually exclusive,' it has been
shown that either mechanism can dominate in GaAs under
the appropriate experimental conditions.® For both the current
surge and photo-Dember effects, the transient terahertz electric
field is normal to the semiconductor surface and thus will
not contribute to emission in a transmission geometry. A
quasireflection geometry is instead employed, allowing for
the detection of the p-polarized signal.
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Finally, the nonlinear processes of bulk'® and surface-
field—induced!”!'® optical rectification are known to depend
strongly on not only the angles of incidence and detection
but additionally on the polarization of the excitation beam,
the crystallographic plane on which the surface is cut, and
the azimuthal angle of the sample about its surface normal. The
azimuthal angle dependence of the emitted terahertz signal is
an identifying characteristic of optical rectification, and our
previous article (Hargreaves, Radhanpura, and Lewis, 2009,
henceforth referred to as HRL) presented a general expression
for the azimuthal angle dependence of both bulk and surface
optical rectification in a zincblende crystal of arbitrary (hkl)
crystallographic surface plane. In presenting the theory, we
compared the calculated expression to experimental data for
(1IN) GaAs in a straight-through transmission geometry
and have since demonstrated a significant enhancement of
the surface-field—induced signal in a (113)B GaBig 035A80.965
epilayer relative to the (113)B GaAs substrate.’

In this article, we extend the previous work to a quasireflec-
tion geometry, including an experimental analysis of (11N)
GaAs and a discussion of the results in the context of the
recently developed theory for (11N) zincblende samples. To
set the scene, Fig. 1 presents results for (115)A GaAs in both
transmission and reflection, with a diagram of each geometry
included as insets. We include data for (110), (111), and the
high-index (112), (113), (114), and (115) faces of GaAs.
Additionally, we include data for opposing A and B faces.

II. THEORY

Bulk optical rectification in the crystallographic frame
may be calculated using the second-order susceptibility tensor

Xi(jz,z(Q; —w,w), where  is the terahertz difference frequency

and w is the excitation frequency. In materials with 43m
zincblende crystal symmetry, the tensor contains only a single
nonvanishing term d4 = Xi(ﬁz [i # j # k], such that the bulk
terahertz polarization is given by

phuk E,E.
P;Juu( =2dy4 | Ex Ez s (1)
szulk Ex Ey
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where P; and E; are components of the terahertz polarization
and the excitation electric field, respectively. Similarly, the
surface-field—induced effect may be calculated using the third-

surf
P x

surf | __
Py =

P surf

where o =3 Xzixzo B= 6 Xzzex, a0d ¥ =3 (Xzzzz — Xoxxz —
2 X..xx) and F; describes components of the surface depletion
field. By transforming the excitation electric field and the
surface depletion field into the crystallographic frame of
reference, calculating the terahertz polarization due to optical
rectification, and transforming the polarization back into the

phuk

phk | =

phk
Pﬁb‘rf Vi1 + Via cos@ + Vi3 sin + Vi,
P = | Vai + Vi €00 4 Va3 sinf + Vay
pst Va1 4+ V3p cos6 + Vi3 sinf + Vi

The coefficients G;; and V;; depend on the Miller indices
of the crystallographic plane (h, k, and [), the refracted
angle of incidence ¢nir, the polarization angle relative to the
plane of incidence ®, and the pump electric field magnitude
Ey. Furthermore, the bulk optical rectification depends on
the second-order susceptibility coefficient dj4, and the
surface-field-induced signal depends on the surface field Fj
and the third-order susceptibility coefficient . The values
of these coefficients may be found in Appendix A of HRL.
The polarization components Py, Py, and P, are those in
the laboratory-fixed frame of reference, with the detected
signal corresponding to a rotation of the double-primed
components by the refracted angle of detection ¢ry, into
the quadruple-primed frame (x””,y””,z"”"). The « and B
surface-field—induced components are azimuthally invariant
and are estimated to be small compared to the current surge
effect and have been neglected.

The coordinates were chosen such that X lies along the
surface normal or along the (hk!) crystallographic direction
for the A face and (hkl) for the opposing B face. The
distinction between opposing A and B faces is outlined in
Fig. 2. Also, y” lies along the [kh0] and [khO] directions
for the A and B faces, respectively, constraining z to lie
along the [—hl, — kil ,h? + k?] direction for both faces. The
laboratory-fixed double-primed frame is chosen such that
X" also lies along the surface normal, and y” lies along
the projection of the excitation beam onto the surface. The
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order susceptibility tensor XS,;(Q; —w,w,0), with the zero

term corresponding to the DC surface depletion field. The
surface-field—induced terahertz polarization is given by'®

o« E3F,+B(ExF.+E,Fy+E . F)E,+yE?F,
«EjFy+B(ExFe+E Fy+E. F)E,+yE}F, |, 2)
CE}F, +B(E.F,+E,F,+E. F)E, +yE’F,

laboratory frame, HRL calculated the azimuthal angle depen-
dence of the total induced polarization due to second-order
bulk and third-order surface-field—induced components. The
total response was found to consist of sinusoidal components
up to 36 as follows:

G11+Gpcost + Gz sinf + Gy cos26 + G5 sin26 + Gig cos360 + Gy7 sin36
G+ Go cosO + Gy sinf + Gog cos260 4+ Gos sin260 + Gy cos30 + Gy7 sin30 |, 3)
G31+ Gz cosO + G33 sinf + Gz cos26 + Gizs sin26 + Gz cos30 + Giz7 sin30

cos26 + Vis sin26 + Vig cos30 + Vy7 sin30
c0s26 + Vo5 sin26 + Vo6 cos360 + Vo7 8in30 | . “4)
cos20 + V35 sin26 + Vig cos36 + V37 sin360

angle 6 corresponds to a clockwise azimuthal rotation of the
sample about the surface normal, with & = 0 corresponding to
coincident double-primed and triple-primed frames. Figure 3
illustrates the crystal-fixed triple-primed frame for opposing
A and B faces.

Figure 4 illustrates the theoretical distinction between
opposing A and B faces using the example of the (112) face.
A reversal of the dominant 6 and 30 terms between faces
is evident for the surface-field induced effect but not for the
bulk effect. On the other hand, the 26 term and the signal
offset reverse between faces for the bulk effect but not for the
surface effect. Hence the choice of face is expected to have a
pronounced effect on the combined optical rectification signal.
This is not observed for (110) cuts due to the equivalence of
opposing faces, and with the threefold rotational symmetry of
the (111) face, the choice of A or B faces corresponds only to
a change in the amplitude of the azimuthal angle dependence
and not to its shape. Hence high-index samples yield insights
into the surface properties that are not available for low-index
samples.

III. EXPERIMENT

In contrast to the simple case of emitter-transmission
geometry employed in HRL, a quasireflection geometry, with
angles of incidence and detection of 45°, was employed. In
principle, both optical rectification and current surge effects
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FIG. 1. (Color online) Results for the (115)A face in (a) trans-
mission and (b) quasireflection geometry. Green horizontal diamonds
(color online) represent the p-polarized or horizontally polarized
signal, blue vertical diamonds represent the s-polarized or vertically
polarized signal.

may be observed in this geometry. Several GaAs samples
cut along (11N) planes were tested using p-polarized sub-
12-fs excitation pulses at a center wavelength of 790 nm
(hv =1.57 eV), detected electro-optically with a 1 mm
(110) ZnTe wafer in a conventional time-domain spectroscopy

[001] T

D &GN

[110]

FIG. 2. (Color online) The III-V zincblende crystal structure, as
seen from the [110] direction, illustrating the A and B surfaces of
several (11N) planes. Black atoms correspond to group III atoms,
white atoms correspond to group V atoms. Note that due to the
symmetry of (001) and (110) planes (and their equivalents), both
sides of cuts along these planes are equivalent and there is no need to
specify “A” or “B” faces. The [001] and [110] directions are included
for reference.
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FIG. 3. Opposing A and B faces of a semiconductor crystal.
Included are the crystal-fixed triple-primed coordinates.
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arrangement. The signal is measured as the differential voltage
output of a balanced photodiode pair, which is directly
proportional to the THz field in the ZnTe crystal.

The p-polarized pump beam corresponds to & = 0, and by
using the refractive index of GaAs at 790 nm (n = 3.67),2! one
finds that ¢nr = 11.1°. Similarly, using the low-frequency
refractive index of n = 3.58,2! the refracted angle of detection
¢rH, equals 11.4°. Separate measurements were taken on both
A and B faces for each (11N) sample (N =0to N =5).

For each azimuthal angle, separate time-domain scans over
the main terahertz peak were taken, with the terahertz signal
amplitude taken to be the peak-to-peak value of the differential
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FIG. 4. (Color online) Calculated terahertz signal amplitude in
(112) GaAs as a function of azimuthal angle due to (a) bulk optical
rectification and (b) surface-field—induced optical rectification. A
distinction between the A face (solid lines) and B face (dashed lines)
is evident for the (112) face; this is not expected for the (110) face.
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voltage signal detected by the photodiode pair. The process
was repeated for alternate terahertz polarizations (s and p
isolated with a wire-grid polarizer) and for each GaAs sample.
While the azimuthal orientation of the samples was not known
beforehand, it could be inferred from the orientation of best
fit between theoretical and experimental data, allowing us to
identify the crystallographic directions (k20) and (kA0) in the
surface plane.

If the absorption length is sufficiently short relative to the
depletion width, the surface depletion field can be considered
constant over the absorption length, and y Fy/dj4 may be
determined experimentally by comparing the bulk and sur-
face contributions to the signal. The absorption length for
GaAs at 790 nm is*> «~! =7.0 x 1077 m, and according
to the Schottky model,>® the depletion width is given by
W = 2eye, Vii/q N)'/?, where €y and €, correspond to the
permittivity of free space and the static relative permittivity
respectively, Vy; is the built-in potential, g is the carrier charge,
and N is the carrier density. With a built-in potential of 0.75 V
for SI GaAs,>* we expect the absorption depth to be less than
the depletion width if N < 1.9 x 10'> cm™3, which is the case
for the samples measured.

IV. RESULTS AND DISCUSSION

Waterfall plots of the s-polarized and p-polarized time-
domain signals for (112)A GaAs are given as Figs. 5 and
6, respectively. It is clear that the s-polarized signal and the
p-polarized signal are distinct. The p-polarized signal is
stronger, with optical rectification contributing to a propor-
tionally small angular dependence relative to the azimuthally
invariant term due to photocarrier acceleration. The polarity
of the the p-polarized signal is consistent with both the photo-
Dember effect and current surge from a surface depletion
field pointing out of the surface plane; however, under our
experimental conditions, it is believed to be due primarily
to the current surge effect. It is also apparent that the time-
domain profile of the s-polarized signal shows greater temporal
symmetry than the p-polarized signal.

ITerahertz Signal (mV)

0 10 20 30 40 50 60
Time (ps)

FIG. 5. (Color online) A waterfall plot of the s-polarized time-
domain electric field profile of THz emission from (112)A GaAs,
illustrating the variation as the azimuthal angle of the sample is varied.
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FIG. 6. (Color online) A waterfall plot of the p-polarized time-
domain electric field profile of THz emission from (112) A GaAs as the
azimuthal angle is varied. Since the strong current surge component
does not depend on the azimuthal angle, the azimuthal variation is
less pronounced.

We turn our attention to the azimuthal angle dependence
of the (110) “A” and “B” faces in Fig. 7. While the bulk
structure of the two faces is equivalent due to crystal symmetry,
both faces are included for completeness. Both faces have a
significant p-polarized offset due to the azimuthally invariant
current surge effect; however, the offset was slightly stronger
for the nominal “A” face with an offset of 1.61 +0.02 mV
compared to 1.21 £ 0.02 mV for the “B” face. Although there
was significant noise in the p-polarized (110)“B” response, the
s-polarized response for both faces and the p-polarized (110)
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FIG. 7. (Color online) Measured terahertz signal amplitude in
opposing (a) “A” and (b) “B” GaAs (110) faces as a function of the
azimuthal angle of the sample. Due to the symmetry of the (110)
plane, the two faces are theoretically equivalent.
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FIG. 8. (Color online) Measured terahertz signal amplitude in
(a) (111)A and (b) (111)B GaAs as a function of the azimuthal angle
of the sample.

“A” response proved a good fit to theory with fitting parameters
of Z = (170 & 30) mV [where Z is the ratio between the
detected signal and the dimensionless polarization expression
P/(d\s E3)] and y Fy/dy4 = 1.5 & 0.8 respectively.

By retaining these fitting parameters for (111) samples, a
close fit between theoretical and experimental results is again
observed, as given in Fig. 8. Due to the threefold rotational
symmetry of the (111) face, the azimuthal angle dependence
contains only sin36 and cos36 terms. For the A face, the
surface component is in phase with the bulk term, leading to
an enhancement of the total signal. For the B face, the two
components are out of phase and the total signal is reduced.
The current surge offset is slightly less than for the (110)
faces, at 1.15+0.02 and 0.79 +0.02 mV for the A and B
faces, respectively.

Results for the high-index (112), (113), (114), and (115)
samples are presented in Figs. 9 and 10 for s and p
polarizations, respectively, still retaining the previous fitting
parameters. For the s-polarized signal, the A face gave stronger
results than the B face as predicted by theory; however, due to
an increased signal-to-noise ratio for the B face, the A face had
a closer correspondence between theoretical and experimental
data.

For the p-polarized signal, the predicted distinction be-
tween the A and B faces in the shape of the azimuthal angle
dependence is observed. While the current surge offsets for
the (112) samples were comparable to the (110) samples,
at 1.37+£0.02 and 1.67£0.02 mV for the A and B faces
respectively, the offsets for both faces of the higher-index
(113), (114), and (115) samples were all found to lie in the
range of 0.57 to 0.68 mV.
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FIG. 9. (Color online) Measured s-polarized terahertz signal
amplitude in (112), (113), (114), and (115) GaAs as a function of
azimuthal angle. Both (a) A and (b) B faces are included.

Both the surface-field-induced optical rectification and
current surge components of the results indicate a surface
field pointing outward from the surface, consistent with the
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FIG. 10. (Color online) Measured p-polarized terahertz signal
amplitude in (112), (113), (114), and (115) GaAs. Both (a) A and
(b) B faces are included.
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TABLEI. The p-polarized signal offset for each sample, believed
to be due primarily to the current surge effect. Values correspond
to the peak-to-peak signal from the photodiode detector pair and
are proportional to the peak-to-peak THz electric field at the ZnTe
detector crystal.

Surface plane A offset (mV) B offset (mV)

(110) 1.61+£0.02 1.21+£0.02
(111) 1.15+£0.02 0.79+£0.02
(112) 1.374+0.02 1.67+£0.02
(113) 0.68 +0.02 0.57+£0.02
(114) 0.624+0.02 0.60 £ 0.02
(115) 0.59+0.02 0.67+£0.02

surface depletion field for our n-type samples. There was an
apparent variation in the current surge component between
the samples, as demonstrated in Table I. This is likely due to
minor variations in the surface properties such as the carrier
concentration. Since both the surface-field—induced optical
rectification component and the current surge component
depend directly on the surface field intensity, a correlation
between the two contributions is expected; however, due
to uncertainties in the surface-field—induced term, such a
correlation could not be conclusively identified.

Part of the uncertainty in fitting the results to the theoretical
predictions comes from the complication of the differing time-
domain profiles of the current surge and optical rectification
signal components (see Figs. 5 and 6), such that the total
peak-to-peak signal may not correspond to the sum of the
peak-to-peak signal for each component. Drift and noise in the

PHYSICAL REVIEW B 83, 125322 (2011)

near infrared laser was also evident. There may also be as-yet
unidentified azimuthal angle—dependent contributions to the
total signal, as observed previously for (100) InP.>

V. CONCLUSIONS

The azimuthal angle dependence of the time-domain
electric field profile of emitted terahertz radiation from GaAs
in a quasireflection geometry has been observed for several
(11N)-cut samples, with N ranging from O to 5.

As well as a clear contribution to the p-polarized signal
from the current surge effect, the characteristic azimuthal
variation of optical rectification is also observed. We find
that the results may be explained as a sum of current surge,
bulk optical rectification, and surface optical rectification
components, using our previously developed theory for optical
rectification in high-Miller-index zincblende crystals.

We observe a clear distinction between crystallographic
planes and between opposing A and B faces, measure the
direction and relative intensity of the surface depletion field
in each sample, and identify the in-plane crystallographic
direction [110]. Optical rectification may hence be used in the
analysis of semiconductor surface properties and to identify
the precise crystallographic orientation of a sample.

ACKNOWLEDGMENTS

This work was supported by the Australian Research
Council and by the University of Wollongong. We thank
M. Henini for provision of the samples used in this work.

“sh64 @uowmail.edu.au
'H. Heesel, S. Hunsche, H. Mikkelsen, T. Dekorsy, K. Leo, and
H. Kurz, Phys. Rev. B 47, 16000 (1993).
2P. LeFur and D. H. Auston, Appl. Phys. Lett. 28, 21 (1976).
3C. Fattinger and D. Grischkowsky, Appl. Phys. Lett. 53, 1480
(1988).
4D. Schénherr, H. L. Hartnagel, S. Hargreaves, R. A. Lewis, and
M. Henini, Semicond. Sci. Technol. 23, 105012 (2008).
3G. Zhao, R. N. Schouten, N. van der Valk, W. T. Wenckebach, and
P. C. M. Planken, Phys. Med. Biol. 47, 3699 (2002).
oT. Dekorsy and T. Pfeifer, W. Kiitt, H. Kurz, Phys. Rev. B 47, 3842
(1993).
"H. Takahashi, A. Quema, M. Goto, S. Ono, and N. Sarukura, Jap.
J. Appl. Phys. 42, L1259 (2003).
8T N. Heyman, N. Coates, A. Reinhardt, and G. Strasser, Appl. Phys.
Lett. 83, 5476 (2003).
9X.-C. Zhang and D. H. Auston, J. Appl. Phys. 71, 326 (1992).
OM. Nakajima, Y. Oda, and T. Suemoto, Appl. Phys. Lett. 85, 2694
(2004).
P, Gu, M. Tani, S. Kono, K. Sakai, and X.-C. Zhang, J. Appl. Phys.
91, 5533 (2002).
12R. Mendis, M. L. Smith, L. J. Bignell, R. E. M. Vickers, and R. A.
Lewis, J. Appl. Phys. 98, 126104 (2005).

13S. Kono, P. Gu, M. Tani, and K. Sakai, Appl. Phys. B: Lasers Opt.
71, 901 (2000).

4R. Ascédzubi, C. Shneider, 1. Wilke, R. Pino, and P. S. Dutta, Phys.
Rev. B 72, 045328 (2005).

I5F. Nastos and J. E. Sipe, Phys. Rev. B 74, 035201 (2006).

1A Rice, Y. Jin, X. F. Ma, X.-C. Zhang, D. Bliss, J. Larkin, and
M. Alexander, Appl. Phys. Lett. 64, 1324 (1994).

7M. Reid, I. V. Cravetchi, and R. Fedosejevs, Phys. Rev. B 72,035201
(2005).

18y, L. Malevich, A. Krotkus, A. Bi¢ianas, and V. Padebutas, J. Appl.
Phys. 104, 113117 (2008).

19S. Hargreaves, K. Radhanpura, and R. A. Lewis, Phys. Rev. B 80,
195323 (2009).

20K. Radhanpura, S. Hargreaves, R. A. Lewis, and M. Henini, Appl.
Phys. Lett. 94, 251115 (2009).

21J. S. Blakemore, J. Appl. Phys. 53, R123 (1982).

22E. D. Palik, Handbook of Optical Constants of Solids (Academic
Press, New York, 1985).

23S. M. Sze, Physics of Semiconductor Devices, 2nd ed. (Wiley,
New York, 1991).

2], Qi, M. S. Yeganeh, L. Koltover, A. G. Yodh, and W. M. Theis,
Phys. Rev. Lett. 71, 633 (1993).

25S. Hargreaves and R. A. Lewis, Appl. Phys. Lett. 93,242101 (2008).

125322-6


http://dx.doi.org/10.1103/PhysRevB.47.16000
http://dx.doi.org/10.1063/1.88565
http://dx.doi.org/10.1063/1.99971
http://dx.doi.org/10.1063/1.99971
http://dx.doi.org/10.1088/0268-1242/23/10/105012
http://dx.doi.org/10.1088/0031-9155/47/21/304
http://dx.doi.org/10.1103/PhysRevB.47.3842
http://dx.doi.org/10.1103/PhysRevB.47.3842
http://dx.doi.org/10.1143/JJAP.42.L1259
http://dx.doi.org/10.1143/JJAP.42.L1259
http://dx.doi.org/10.1063/1.1636821
http://dx.doi.org/10.1063/1.1636821
http://dx.doi.org/10.1063/1.350710
http://dx.doi.org/10.1063/1.1796532
http://dx.doi.org/10.1063/1.1796532
http://dx.doi.org/10.1063/1.1465507
http://dx.doi.org/10.1063/1.1465507
http://dx.doi.org/10.1063/1.2149161
http://dx.doi.org/10.1103/PhysRevB.72.045328
http://dx.doi.org/10.1103/PhysRevB.72.045328
http://dx.doi.org/10.1103/PhysRevB.74.035201
http://dx.doi.org/10.1063/1.111922
http://dx.doi.org/10.1103/PhysRevB.72.035201
http://dx.doi.org/10.1103/PhysRevB.72.035201
http://dx.doi.org/10.1063/1.3040691
http://dx.doi.org/10.1063/1.3040691
http://dx.doi.org/10.1103/PhysRevB.80.195323
http://dx.doi.org/10.1103/PhysRevB.80.195323
http://dx.doi.org/10.1063/1.3157272
http://dx.doi.org/10.1063/1.3157272
http://dx.doi.org/10.1063/1.331665
http://dx.doi.org/10.1103/PhysRevLett.71.633
http://dx.doi.org/10.1063/1.3046287

