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Coherent carrier dynamics are studied in GaMnAs using time-integrated and time-resolved

four-wave mixing techniques. Dephasing is observed to be dominated by spin-flip scattering

between the optically injected holes and Mn ions, revealing the rapid time scale of this scattering

process in the III-Mn-V diluted magnetic semiconductors. The optical response is shown to exhibit

the characteristic signatures of a simple photon echo, despite the complexity of band tail

contributions and strong exchange coupling in this system. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4742916]

Diluted magnetic semiconductors (DMS) are promising

for applications in opto-electronics due to their large

magneto-optical response1–4 and the carrier-mediated nature

of ferromagnetic coupling.5–10 The large Faraday effect is

attractive for optical isolators that may be directly integrated

with III–V semiconductor lasers.11–16 Recent observations of

optical control of ferromagnetic order on femtosecond time

scales, including ultrafast demagnetization,17,18 magnetiza-

tion precession,19–25 and optical control of the coercive

field,26–28 may lead to optically addressable memory ele-

ments for magneto-sensitive semiconductor devices.29–34 For

such applications, the linear and nonlinear optical response

of these materials, including the dynamic evolution follow-

ing femtosecond excitation, must be well characterized.

Considerable insight has emerged in recent years regard-

ing the ultrafast magnetization response,17,18,20–25 the elec-

tron spin relaxation kinetics,35 and carrier trapping and

recombination processes in DMS materials.18,36–39 In con-

trast, very little is known about the time scale for decay of

optically induced coherence in the carrier system,40 despite

the fact that the interband dephasing time (T2) is a key pa-

rameter for theories of coherent ultrafast manipulation of the

magnetization in DMS materials.42,43 In a two-pulse four-

wave mixing experiment, pulses ~E1ðt� t1Þ and ~E2ðt� t2Þ
propagating in slightly different directions (with wavevectors
~k1 and ~k2) excite a macroscopic polarization on the elec-

tronic transitions resonant with the laser spectrum. The four-

wave mixing signal corresponds to emission along 2~k2 � ~k1

generated by a component of this polarization, a process

commonly referred to as self-diffraction. The resulting signal

contains crucial information about the interactions that lead

to coherence decay in the system of excited electron-hole

pairs.46–49,51,52,54,55 Measurements of T2 in CdMnTe quan-

tum wells using four-wave mixing techniques have provided

new insight into the exchange coupling between Mn dopants

and carriers,41 however, no measurements of T2 have yet

been reported in DMS materials based on III–V semiconduc-

tors. Here, we present measurements of interband dephasing

kinetics in GaMnAs. Our results indicate that spin-flip scat-

tering between the optically excited holes and Mn ions pro-

vides the dominant dephasing mechanism, with an upper

bound on T2 of 40 fs for x � 0:014%. Our experiments have

thereby provided a direct measurement of the time scale of

this scattering process in GaMnAs. Through detection of the

time envelope of the four-wave mixing emission using fem-

tosecond gating techniques, we also show that the optical

response at the band edge of GaMnAs consists of a simple

photon echo, despite the complexity of exchange coupling

and defect-induced localization in this system.

The samples studied in this work consist of 800 nm of

Ga1�xMnxAs grown on a semi-insulating GaAs substrate by

molecular beam epitaxy. A stop etch layer (175 nm of

Al0:27Ga0:73As) was deposited prior to the GaMnAs layer to

permit removal of the substrate for experiments in the trans-

mission geometry.50 The substrate temperature during

growth of the GaMnAs layer was 250 �C. The Mn content

was determined using secondary ion mass spectrometry,44

and varies from 0 (low-temperature-grown GaAs, LT-GaAs)

to 0.1%. A reference sample of GaAs was also grown at a

substrate temperature of 600 �C (high-temperature-grown

GaAs, HT-GaAs) for comparison with the low-temperature

grown samples. The optical source used in this work is a

mode-locked Ti:Sapphire oscillator, producing pulses with a

center photon energy of 1.49 eV. A prism compressor was

used for dispersion compensation, resulting in a pulse dura-

tion at the sample position of 22 fs, measured using zero

background autocorrelation techniques at an equivalent

focus. The total excited electron hole pair density was esti-

mated for each sample using the fraction of light transmitted.

The optical density was measured to be �0.2 for all samples,

indicating that propagation effects may be neglected. Our

experiments were performed in the small signal limit (vð3Þ

regime), as verified from the cubic power dependence of the

detected signal. For all experiments, the samples were held

in a liquid helium flow cryostat at 10 K.

Results of time-integrated four-wave mixing (TI-FWM)

experiments are shown as a function of the time delay between

the two excitation pulses (t2 � t1) in Fig. 1(a) for GaMnAs

with x¼ 0.1%. The corresponding results for HT-GaAs

and the pulse autocorrelation are also shown. For these meas-

urements, the four-wave mixing beam was passed through a

monochromator (resolution 2 meV) prior to detection to
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discriminate between the response of the exciton and contin-

uum electron-hole pair states.40 The data shown correspond

to a photon energy of 1.53 eV (�10 meV above the band gap,

in the interband continuum). The position of zero delay

was determined using the mirror image of the signals along

2~k2 � ~k1 and 2~k1 � ~k2 , with an accuracy of 6 10 fs. For both

HT-GaAs and GaMnAs, the TI-FWM signal reaches a maxi-

mum at positive time delay, however, the decay is much more

rapid in the Mn-containing samples. The inset shows the

results for x¼ 0.1% on a logarithmic scale, where the peak of

the TI-FWM signal was translated to zero delay for compari-

son with the pulse autocorrelation. The decay of the measured

TI-FWM response was found to be comparable to the time

resolution of our experiments for x � 0:014%:
To gain further insight into the nature of the optical

response in GaMnAs, the time-envelope of the four-wave

mixing signal was measured by upconverting the spectrally

integrated signal pulse with a third (gate) pulse. The results

of these time-resolved four-wave mixing (TR-FWM) experi-

ments are shown in Fig. 2(a) for HT-GaAs and in Fig. 2(b)

for GaMnAs (x¼ 0.005%). The arrival times of the two exci-

tation pulses (t1 and t2) were determined to an accuracy of

65 fs by upconverting the scattered laser light from the

respective beams along the detection direction (2~k2 � ~k1 )

with the gate pulse. For HT-GaAs, the TR-FWM signal at

zero delay exhibits a slow rise on a time scale of �100 fs,

followed by an exponential decay with a time constant of

200 fs. Such a response, which is only present during overlap

of the two excitation pulses, is consistent with an excitonic

contribution mediated by exciton-carrier scattering, as seen

in earlier experiments in HT-GaAs by several groups.51,52

This excitonic contribution is removed by spectral filtering

in the TI-FWM experiments described above. Beyond the

region of pulse overlap (t2 � t1 � 35 fs), the TR-FWM signal

in HT-GaAs consists of a symmetric peak that shifts to larger

times with increasing pulse delay. For the GaMnAs response

in Fig. 2(b), the signal peak is symmetric for all time delays,

and shifts towards larger times with increasing pulse delay,

similar to the signal characteristics in HT-GaAs beyond the

region of pulse overlap.

The general features of the four-wave mixing signals in

HT-GaAs and GaMnAs are consistent with a photon echo

response associated with an inhomogeneously broadened

two-level system. From an analytical treatment in the short

pulse limit,45 such a photon echo response is manifest in

TI-FWM experiments by a shift of the peak of the signal to

positive time delay, in agreement with the results in Fig. 1(a).

Physically, the position of the peak is determined by the

degree of inhomogeneous broadening and the value of T2.

The two level model in Ref. 45 provides an excellent fit to

the measured results after convolution with the Gaussian laser

pulse profile, as shown by the solid curves in Fig. 1(a). The

characteristic signature of a photon echo is the observation in

TR-FWM of a peak close to t ¼ 2ðt2 � t1Þ after the arrival of

pulse one (i.e., relative to t1 ¼ 0) for delays that are long rela-

tive to the optical pulse duration.45 Such a trend is observed

in both HT-GaAs and GaMnAs, as shown in Fig. 2. Evidence

for a photon echo response was observed previously in

TR-FWM experiments in HT-GaAs.48,49 For GaMnAs, the

FIG. 1. (a) TI-FWM results at 10 K for HT-GaAs (triangles) and

Ga1�xMnxAs for x¼ 0.1% (squares), together with the pulse autocorrelation

(dashed curve). These data were taken at a photon energy of 1.53 eV. The

solid curves are fits to the formula in Ref. 45. Inset: results for x¼ 0.1%

shown on a logarithmic scale after translating to zero delay for comparison

with the pulse autocorrelation. (b)/(c): Interband dephasing times extracted

from fits to the TI-FWM results as a function of (b) optically injected carrier

density (Neh); and (c) Mn concentration. The values of Neh are much larger

for LT-GaAs and GaMnAs than HT-GaAs for similar pump beam powers

due to absorption into band tail states (see Ref. 40). The solid curve in (b)

indicates a fit of the data for HT-GaAs and LT-GaAs to 1
T2
¼ aN

1
3

eh, with

a¼ 0.012 cm/fs.

FIG. 2. TR-FWM results at 10 K for (a) HT-GaAs and (b) Ga1�xMnxAs for

x¼ 0.005% for various value of the time delay t2 � t1. The arrival time of

pulse 1 (t1) is chosen as position of zero time t.

062403-2 Yildirim et al. Appl. Phys. Lett. 101, 062403 (2012)
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optical response in the vicinity of the band gap is complicated

by the presence of As antisites (introduced during low-

temperature growth) and strong hole-Mn exchange coupling.

The former leads to band tail transitions below the optical

band gap, for which the degree of localization varies with

carrier energy.53 The latter is expected to increase the degree

of inhomogeneous broadening due to coupling of holes to Mn

ions with a random spin orientation,41 and has been shown to

enhance the valence band density of states.40 Despite these

complications, a linear shift in the peak position is observed

beyond the region of pulse overlap (Fig. 3(b)) and the two

level model provides excellent agreement with the shape of

the TR-FWM trace at a fixed delay (solid curve in Fig. 3(a)).

(It should be noted that the only free parameters in the model

are the inhomogeneous bandwidth and the T2 time, which

were both extracted from the TI-FWM results, as discussed in

more detail below.) The observation of a simple photon echo

response in GaMnAs indicates that the dephasing rate is inde-

pendent of carrier energy despite the prevalence of band tail

states and strong hole-Mn exchange coupling.

Fits to the TI-FWM response using the two-level model

in Ref. 45 were used to extract T2 for all samples. In each

case, the inhomogeneous bandwidth was determined from

the width of the TI-FWM spectrum at zero delay. The result-

ing values of T2 are shown in Figs. 1(b) and 1(c). A strong

dependence of T2 on the optically injected electron-hole pair

density (Neh) was observed in both HT-GaAs and LT-GaAs.

The density dependence is well described for both samples

by 1
T2
¼ aN

1
3

eh, with a¼ 0.012 cm/fs, shown as the solid curve

in Fig. 1(b). This density dependence is in agreement with

earlier four-wave mixing studies in GaAs,46–49 in which the 1
3

exponent was attributed to carrier-carrier scattering in the

presence of screening. (The importance of screening despite

the short time scale of these experiments was established

through comparison with quantum kinetic simulations by

H€ugel et al.49)

The absence of a density-independent dephasing contri-

bution in LT-GaAs indicates that As-related defects intro-

duced during low-temperature growth provide a negligible

contribution to dephasing relative to carrier-carrier scattering

for the conditions of our experiments. In contrast, T2 was

observed to be independent of carrier density in

Ga1�xMnxAs for all x, and was limited by the temporal reso-

lution of our experiments for x �0.014% (Figs. 1(b) and

1(c)). Since carrier-carrier scattering and coupling to As-

related defects are expected to contribute similarly in LT-

GaAs and GaMnAs, the faster dephasing process in GaMnAs

is attributed to the incorporation of Mn.

The sp-d exchange interaction leads to spin-flip scatter-

ing between the localized Mn spins and hole spins, a process

that plays a crucial role in optically induced demagnetization

in DMS systems.17 This spin-flip scattering process also

introduces an additional source of dephasing, accounting for

the shorter T2 we observe in GaMnAs relative to LT-GaAs

and HT-GaAs. Our experiments therefore reveal the rapid

time scale of this process, indicating an upper bound of 40 fs

in Ga1�xMnxAs for x �0.014%, providing new insight into

exchange coupling in this system. The interband dephasing

rate has been shown theoretically to have a critical influence

on the optically induced magnetization trajectory in coherent

control experiments in DMS materials.42 Due to the potential

for application of this ultrafast control process in optically

addressable memory elements, knowledge of T2 is of crucial

importance. The experiments we report here provide insight

into the response of the carrier system in the femtosecond

regime.

In summary, the interband dephasing kinetics in GaM-

nAs were investigated using femtosecond four-wave mixing

techniques. A photon echo response is observed, indicating a

uniform dephasing rate for the interband transitions despite

the prevalence of band tail states in this system. Our experi-

ments reveal the presence of a rapid dephasing process in

GaMnAs, which we attribute to spin-flip scattering between

the optically injected holes and Mn ions, providing a direct

measurement of the time scale of this process. Our experi-

ments provide insight into exchange coupling and ultrafast

carrier dynamics in diluted magnetic semiconductors.

This research is supported by the Natural Sciences and

Engineering Research Council of Canada, Lockheed Martin

Corporation, and the National Science Foundation (Grant

DMR10-05851).

1J. Szczytko, W. Mac, A. Twardowski, F. Matsukura, and H. Ohno, Phys.

Rev. B 59, 12935 (1999).
2B. Beschoten, P. A. Crowell, I. Malajovich, D. D. Awschalom, F. Matsu-

kura, A. Shen, and H. Ohno, Phys. Rev. Lett. 83, 3073 (1999).
3K. Ando, T. Hayashi, M. Tanaka, and A. Twardowski, J. Appl. Phys. 83,

6548 (1998)
4R. Chakarvorty, S. Shen, K. J. Yee, T. Wojtowicz, R. Jakiela, A. Barcz, X. Liu,

J. K. Furdyna, and M. Dobrowolska, Appl. Phys. Lett. 91, 171118 (2007).

FIG. 3. (a) TR-FWM results at 10 K for x¼ 0.005% at a pulse delay of 54 fs

(triangles); solid curve: fit using the analytic result in Ref. 45 convoluted

with the Gaussian laser pulse profile. The arrival time of pulse 1 (t1) is cho-

sen as position of zero time t. (b) Peak position of the TR-FWM response

relative to t1 ¼ 0 for x¼ 0.005% (triangles), together with the analytic result

in Ref. 45 for the short-pulse limit (dashed curve). A similar trend was found

for HT-GaAs (data not shown). The photon echo occurs slightly earlier than

2(t2 � t1) (solid curve) due to the finite inhomogeneous broadening and

dephasing time (see Ref. 45).

062403-3 Yildirim et al. Appl. Phys. Lett. 101, 062403 (2012)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.173.74.49 On: Wed, 25 May 2016

11:55:18

http://dx.doi.org/10.1103/PhysRevB.59.12935
http://dx.doi.org/10.1103/PhysRevB.59.12935
http://dx.doi.org/10.1103/PhysRevLett.83.3073
http://dx.doi.org/10.1063/1.367780
http://dx.doi.org/10.1063/1.2804561


5T. Dietl, H. Ohno, and F. Matsukura, Phys. Rev. B 63, 195205 (2001).
6S.-R. E. Yang and A. H. MacDonald, Phys. Rev. B 67, 155202 (2003).
7M. Berciu and R. N. Bhatt, Phys. Rev. Lett. 87, 107203 (2001).
8J. Masek, F. M�aca, J. Kudrnovsk�y, O. Makarovsky, L. Eaves, R. P. Cam-

pion, K. W. Edmonds, A. W. Rushforth, C. T. Foxon, B. L. Gallagher, V.

Nov�ak, J. Sinova, and T. Jungwirth, Phys. Rev. Lett. 105, 227202 (2010).
9H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno,

and K. Ohtani, Nature 408, 944 (2000).
10D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno, Science 301, 943

(2003).
11K. Onodera, T. Masumoto, and M. Kimura, Electron. Lett. 30, 1954

(1994).
12T. Kuroiwa, T. Yasuda, F. Matsukura, A. Shen, Y. Ohno, Y. Segawa, and

H. Ohno, Electron. Lett. 34, 190 (1998).
13H. Akinaga, S. Miyanishi, K. Tanaka, W. Van Roy, and K. Onodera, Appl.

Phys. Lett. 76, 97 (2000).
14H. Shimizu, M. Miyamura, and M. Tanaka, Appl. Phys. Lett. 78, 1523

(2001).
15H. Shimizu and M. Tanaka, Appl. Phys. Lett. 81, 5246 (2002).
16S. Ohya, H. Shimizu, Y. Higo, J. Sun, and M. Tanaka, Jpn. J. Appl. Phys.

Part 2 41, L24 (2002).
17J. Wang, C. Sun, J. Kono, A. Oiwa, H. Munekata, L. Cywi�nski, and L. J.

Sham, Phys. Rev. Lett. 95, 167401 (2005).
18J. P. Zahn, A. Gamouras, S. March, X. Liu, J. K. Furdyna, and K. C. Hall,

J. Appl. Phys. 107, 033908 (2010).
19Y. Mitsumori, A. Oiwa, T. Slupinski, H. Maruki, Y. Kashimura, F. Min-

ami, and H. Munekata, Phys. Rev. B 69, 033203 (2004).
20D. M. Wang, Y. H. Ren, X. Liu, J. K. Furdyna, M. Grimsditch, and R.

Merlin, Phys. Rev. B 75, 233308 (2007).
21J. Qi, Y. Xu, N. H. Tolk, X. Liu, J. K. Furdyna, and I. E. Perakis, Appl.

Phys. Lett. 91, 112506 (2007).
22J. Wang, I. Cotoros, K. M. Dani, X. Liu, J. K. Furdyna, and D. S. Chemla,

Phys. Rev. Lett. 98, 217401 (2007).
23Y. Hashimoto, S. Kobayashi, and H. Munekata, Phys. Rev. Lett. 100,

067202 (2008).
24E. Rozkotova, P. Nemec, N. Tesarova, P. Maly, V. Novak, K. Olejnik, M.

Cukr, and T. Jungwirth, Appl. Phys. Lett. 93, 232505 (2008).
25J. Wang, I. Cotoros, D. S. Chemla, X. Liu, J. K. Furdyna, J. Chovan, and I.

E. Perakis, Appl. Phys. Lett. 94, 021101 (2009).
26G. V. Astakhov, A. V. Kimel, G. M. Schott, A. A. Tsvetkov, A. Kirilyuk,

D. R. Yakovlev, G. Karczewski, W. Ossau, G. Schmidt, L. W. Molen-

kamp, and Th. Rasing, Appl. Phys. Lett. 86, 152506 (2005).
27K. C. Hall, J. P. Zahn, A. Gamouras, S. March, J. L. Robb, X. Liu, and J.

K. Furdyna, Appl. Phys. Lett. 93, 032504 (2008).
28A. H. M. Reid, G. V. Astakhov, A. V. Kimel, G. M. Schott, W. Ossau, K.

Brunner, A. Kirilyuk, L. W. Molenkamp, and Th. Rasing, Appl. Phys.

Lett. 97, 232503 (2010).
29S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von

Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science

294, 1488 (2001).

30Semiconductor Spintronics and Quantum Computation, edited by D. D.

Awschalom, D. Loss, and N. Samarth (Springer-Verlag, Berlin, 2002).
31S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
32K. C. Hall, W. H. Lau, K. G€undo�gdu, M. E. Flatt�e, and T. F. Boggess,

Appl. Phys. Lett. 83, 2937 (2003).
33K. C. Hall and M. E. Flatt�e, Appl. Phys. Lett. 88, 162503 (2006).
34J. Rudolph, D. H€agele, H. M. Gibbs, G. Khitrova, and M. Oestreich, Appl.

Phys. Lett. 82, 4516 (2003).
35A. V. Kimel, G. V. Astakhov, G. M. Schott, A. Kirilyuk, D. R. Yakovlev,

G. Karczewski, W. Ossau, G. Schmidt, L. W. Molenkamp, and Th. Rasing,

Phys. Rev. Lett. 92, 237203 (2004).
36E. Kojima, R. Shimano, Y. Hashimoto, S. Katsumoto, Y. Iye, and M.

Kuwata-Gonokami, Phys. Rev. B 68, 193203 (2003).
37K. J. Yee, D. Lee, X. Liu, W. L. Lim, M. Dobrowolska, J. K. Furdyna, Y. S.

Lim, K. G. Lee, Y. H. Ahn, and D. S. Kim, J. Appl. Phys. 98, 113509 (2005)
38S. Kim, E. Oh, J. U. Lee, D. S. Kim, S. Lee, and J. K. Furdyna, Appl.

Phys. Lett. 88, 262101 (2006).
39J. Wang, Y. Hashimoto, J. Kono, A. Oiwa, H. Munekata, G. D. Sanders,

and C. J. Stanton, Phys. Rev. B 72, 153311 (2005).
40M. Yildirim, S. March, R. Mathew, A. Gamouras, X. Liu, M. Dobrowol-

ska, J. K. Furdyna, and K. C. Hall, Phys. Rev. B 84, 121202(R) (2011).
41S. T. Cundiff, R. Hellmann, M. Koch, G. Mackh, A. Waag, G. Landwehr,

W. H. Knox, and E. O. G€obel, J. Opt. Soc. Am. B 13, 1263 (1996).
42J. Chovan, E. G. Kavousanaki, and I. E. Perakis, Phys. Rev. Lett. 96,

057402 (2006).
43J. Chovan and I. E. Perakis, Phys. Rev. B 77, 085321 (2008).
44R. Chakarvorty, Y.-Y. Zhou, Y.-J. Cho, X. Liu, R. Jakiela, A. Barcz, J. K.

Furdyna, and M. Dobrowolska, IEEE Trans. Magn. 43, 3031 (2007).
45T. Yajima and Y. Taira, J. Phys. Soc. Jpn. 47, 1620 (1979).
46P. C. Becker, H. L. Fragnito, C. H. Brito Cruz, R. L. Fork, J. E. Cunning-

ham, J. E. Henry, and C. V. Shank, Phys. Rev. Lett. 61, 1647 (1988).
47J.-Y. Bigot, M. T. Portella, R. W. Schoenlein, J. E. Cunningham, and C.

V. Shank, Phys. Rev. Lett. 67, 636 (1991).
48A. Lohner, K. Rick, P. Leisching, A. Leitenstorfer, T. Elsaesser, T. Kuhn,

F. Rossi, and W. Stolz, Phys. Rev. Lett. 71, 77 (1993).
49W. A. H€ugel, M. F. Heinrich, M. Wegener, Q. T. Vu, L. B�anyai, and H.

Haug, Phys. Rev. Lett. 83, 3313 (1999).
50The GaMnAs epilayer is glued to sapphire prior to substrate removal, lead-

ing to a �0.01% tensile strain at 10 K. This strain is well below the level

for which significant effects on the magnetic properties are expected (see

Ref. 5).
51S. T. Cundiff, M. Koch, W. H. Knox, J. Shah, and W. Stolz, Phys. Rev.

Lett. 77, 1107 (1996).
52K. El Sayed, D. Birkedal, V. G. Lyssenko, and J. M. Hvam, Phys. Rev. B

55, 2456 (1997).
53G. Segschneider, T. Dekorsy, H. Kurz, R. Hey, and K. Ploog, Appl. Phys.

Lett. 71, 2779 (1997).
54D.-S. Kim, J. Shah, J. E. Cunningham, T. C. Damen, S. Schmitt-Rink, and

W. Sch€afer, Phys. Rev. Lett. 68, 2838 (1992).
55M. D. Webb, S. T. Cundiff, and D. G. Steel, Phys. Rev. Lett. 66, 934 (1991).

062403-4 Yildirim et al. Appl. Phys. Lett. 101, 062403 (2012)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.173.74.49 On: Wed, 25 May 2016

11:55:18

http://dx.doi.org/10.1103/PhysRevB.63.195205
http://dx.doi.org/10.1103/PhysRevB.67.155202
http://dx.doi.org/10.1103/PhysRevLett.87.107203
http://dx.doi.org/10.1103/PhysRevLett.105.227202
http://dx.doi.org/10.1038/35050040
http://dx.doi.org/10.1126/science.1086608
http://dx.doi.org/10.1049/el:19941327
http://dx.doi.org/10.1049/el:19980128
http://dx.doi.org/10.1063/1.125668
http://dx.doi.org/10.1063/1.125668
http://dx.doi.org/10.1063/1.1354657
http://dx.doi.org/10.1063/1.1533114
http://dx.doi.org/10.1143/JJAP.41.L24
http://dx.doi.org/10.1103/PhysRevLett.95.167401
http://dx.doi.org/10.1063/1.3275347
http://dx.doi.org/10.1103/PhysRevB.69.033203
http://dx.doi.org/10.1103/PhysRevB.75.233308
http://dx.doi.org/10.1063/1.2785114
http://dx.doi.org/10.1063/1.2785114
http://dx.doi.org/10.1103/PhysRevLett.98.217401
http://dx.doi.org/10.1103/PhysRevLett.100.067202
http://dx.doi.org/10.1063/1.3046718
http://dx.doi.org/10.1063/1.3058765
http://dx.doi.org/10.1063/1.1899231
http://dx.doi.org/10.1063/1.2963972
http://dx.doi.org/10.1063/1.3524525
http://dx.doi.org/10.1063/1.3524525
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1063/1.102730
http://dx.doi.org/10.1063/1.1609656
http://dx.doi.org/10.1063/1.2192152
http://dx.doi.org/10.1063/1.1583145
http://dx.doi.org/10.1063/1.1583145
http://dx.doi.org/10.1103/PhysRevLett.92.237203
http://dx.doi.org/10.1103/PhysRevB.68.193203
http://dx.doi.org/10.1063/1.2137889
http://dx.doi.org/10.1063/1.2216108
http://dx.doi.org/10.1063/1.2216108
http://dx.doi.org/10.1103/PhysRevB.72.153311
http://dx.doi.org/10.1103/PhysRevB.84.121202
http://dx.doi.org/10.1364/JOSAB.13.001263
http://dx.doi.org/10.1103/PhysRevLett.96.057402
http://dx.doi.org/10.1103/PhysRevB.77.085321
http://dx.doi.org/10.1109/TMAG.2007.894343
http://dx.doi.org/10.1143/JPSJ.47.1620
http://dx.doi.org/10.1103/PhysRevLett.61.1647
http://dx.doi.org/10.1103/PhysRevLett.67.636
http://dx.doi.org/10.1103/PhysRevLett.71.77
http://dx.doi.org/10.1103/PhysRevLett.83.3313
http://dx.doi.org/10.1103/PhysRevLett.77.1107
http://dx.doi.org/10.1103/PhysRevLett.77.1107
http://dx.doi.org/10.1103/PhysRevB.55.2456
http://dx.doi.org/10.1063/1.120131
http://dx.doi.org/10.1063/1.120131
http://dx.doi.org/10.1103/PhysRevLett.68.2838
http://dx.doi.org/10.1103/PhysRevLett.66.934

