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Linear optical properties and multiphoton absorption of alkali halides calculated
from first principles

Jun Li, Chun-gang Duan, Zong-quan Gu, and Ding-sheng Wang
Laboratory for Surface Physics, Institute of Physics, and Center for Condensed Matter Physics, Academia Sinica,
Beijing 100080, China
(Received 13 August 1997

This paper reports the calculation of linear optical properties and multiphoton absdidigy) coefficients
of alkali halidesMX(M=Na, K;X=F, CI,Br, I) using the first-principles linearized augmented-plane-wave
band method and the time-dependent perturbation theory. The calculations are in good agreement with avail-
able experimental data. For linear optical properties, the trend of the static dielectric constants with respect to
the halides is attributed to the variation of the optical oscillator strength arising from the electronic transitions
of the valencep bands. For MPA coefficients the spectra of two-photon absorption given in the region of
photon energy %Eg ,Eg) show an increase of MPA coefficients with respect to the atomic number of the
halogen elements. The polarization dependence of the MPA coefficients is also given, which promotes further
experiments[S0163-182608)08403-3

I. INTRODUCTION first-principles calculation. In terms of MPA, attention is
paid to the estimation of the MPA coefficients as well as the
The multiphoton absorptioMPA) process in crystalline polarization dependence of the two-photon absorption spec-
solids, as a nonlinear optical phenomenon, has been investra. In both cases, our attention is focused on the systematic
gated extensively using many experimental and theoreticdrend of optical properties d¥1X.
methods since the advent of the laser. Nathan, Guenther, and In Sec. Il we elucidate the characteristic of the band struc-
Mitra® made an extensive review of those theoretical workgure of MX obtained from the linearized augmented-plane-
and compared results with available experimental data. In th&ave (LAPW) method. After outlining the theory of the in-
theoretical part, a time-dependent perturbation approach arfgrband transition in Sec. lll, we analyze the mechanism for

simplified empirical band schemes were usually employedt.he trend in thg static diel.ectric constants anq justify the
Because of the large discrepancy between the experimentme.Sent calculation of the linear optical properties by com-
aring calculated and measured spectra of NaCl and KCI.

data and the calculation, it was concluded that more reliabl he time-dependent perturbation theorv for the MPA coeffi-
calculations should be based on accurate band structures. . - =Pen P y ;
cient is outlined in Sec. 1V, followed by comparison between

It is not trivial to calculate the MPA coefficients from its calculated and measured values and a summary of the

first-principles band calculations because the present UaGharacters of the MPA coefficients. Section V is a brief con-
table first-principles band calculation employing the |°Cal'clusion.

density approximation(LDA) is valid only for the ground
state of an inhomogeneous electron system and is not a con-
cept suitable for the excitation problem. However, in prac- Il. BAND STRUCTURE
tice, the LDA has been accepted as a computationally expe-
ditious way to approach the nonlinear optical problem in In this paper the self-consistent LAPW metfd@iwith
recent years™® Strictly speaking, the validity of the first- the von Barth—Hedin exchange-correlation term is employed
principles band theory has not been widely verified for bothto carry out the band-structure calculation. The lattice
linear and nonlinear optical properties of ionic crystals,parameters used in the calculation are listed in Table I.
which have received less attention than semiconductors. ABbout 50 LAPW bases per atom are used in solving the
many ionic crystals are identified as important materials insemirelativistic Schrdinger equation and 20 speclkapoints
laser technoloy’ and MPA processes are important in in the irreducible Brillouin zone are used in generating the
laser-induced intrinsic damagea clear picture is required charge density in the self-consistent calculation. The conver-
from the first-principles band theory concerning the opticalgence measured by the rms difference between the input and
excitation as well as the nature of the optical properties fooutput charge densities is better than Od&a.u.>
ionic crystals. The band structure of alkali halides has been reported
This paper adopts alkali halidesMX(M=Na, K;X  extensively'? For discussion in later sections, we plot our
=F, Cl, Br, ) as the prototype, as they were used in theresults in Fig. 1 and summarize the characteristics of their
experimental studies of MPA. We confine ourselves to theéband structures(i) All the alkali halides considered have
context of the LDA theory to treat the linear response and thelirect band gaps at tHe point. In contrast, in the calculation
nonlinear excitation on an equal footing. In the linear aspectpf Ching, Gan, and Huarfythe Nal and Kl are reported as
we pay attention to the nature of the systematic trend in than indirect gap(ii) Three upper valence ban@¢B’s) con-
linear optical properties oM X and the justification of the sist of the halogem orbitals (p VB'’s), while the lower VB
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TABLE I. Calculated energy gapej), static dielectric constantg), andNg¢¢ of MX.

2223

Alkali Lattice Experiment Present Scissors
halide constantd) 2 Eq (eV)® g0 Eq (eV) o Nefs &0
NaF 4.63 115 1.74 7.26 1.670 3.906 1.317
NaCl 5.64 8.75 2.33 6.38 2.529 6.053 1.819
NaBr 5.97 7.1 2.60 5.84 2.762 6.874 2.194
Nal 6.48 5.9 2.98 4.37 3.394 7.687 2.353
KF 5.35 10.8 1.84 6.23 1.588 4.091 1.230
KCI 6.29 8.7 2.17 5.17 2.268 6.295 1.493
KBr 6.60 7.4 2.35 4.85 2.680 7.363 1.779
Kl 7.07 6.34 2.63 4.26 2.842 7.736 1.867
% rom Ref. 11.
From Ref. 13.
°From Ref. 18.
is the halogers orbital (s VB's). However, the bottom of the
conduction bandCB) is a mixture of the alkali metal and o <Y ® /\§Z /\§
halogens orbitals.(iii) FromMF, throughM Cl andMBr, to * 1] L] *f ‘f%/4
MI, the band gap reduces in accordance with the trend ok ot v *© '§§<\§>
served in the experimerifsand the width of thep VB in- § Sf g S
creases while the gap between th&B ands VB reduces. e e e e ; of
(iv) NaX has a wider VB width and larger gap than the o s} w ot
corresponding K and the gap between theVB ands VB ol (a) ol (b)
of NaX is slightly larger than that of K. Because of the b s
known failure of the LDA on the estimation of the band o »
energy, the calculated gap is lower than the measured one, 20 — 2 — :
usual. . %é\ o ol L %2
D SeEETe
lll. LINEAR OPTICAL PROPERTIES 3 st ] g L]
A. Methodology = % 0
Within the one-electron picture, the interband optical con-  * *| (©) . (d)
ductivity tensor is well known a&ll formulas in this paper o i e
use atomic units s "
-20 -20
2 .-
o(w)= 5> Wi Kele-plo)Po(Ec—E,~w), (1) o = » -
k v 15 F é\ ﬁé 15 | - %2
- S ——
wher(.eQ. is the cgll volume,w the phgton energye the . 10: /g/\jvj§ 10: %5 éi
polarization direction of the photon, aqdthe electron mo- g ° g °
mentum operator. The integral over tkespace has been 2 °f~d—==T< ;} 0 | P e e
replaced by a summation over spedtapoints with corre- wos| wost .
sponding weighting factorgv;. The second summation in- 0} ) a0 ()
cludes the VB statesy) and CB statesq) and the subscript as | s}
E is the band energy. In EqL) it is also reasonably assumed 20 0
that in these wide-gap crystals the VB is fully occupied 20 QV 2 By
while the CB is empty. TheS function has been approxi- 5} = fz 15} :§
mated by a Gaussian function in the practical calculationtha 1 é*@oé of =1 ﬁyg‘
s 6 /\>£/\i§ z 5 B ig
S(X) = T2 @ el il —~——
Val i @ ")
whereT' is the Gaussian factor set equal to 0.35 eV for | B ::
reasons give_n below. _ _ _ . .
The imaginary part of the complex dielectric function I XWK T LW IXWK T LW

g,(w) is related too(w) by e5(w)=(27/w)o(w) and the
real part of the dielectric functios,(w) is obtained from the
Kramers-Kronig relation

FIG. 1. Band structure ofMX (M=NaK;X=F, Cl, Br, I).

Bands are connected by the order in energy.
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volved VB'’s if the considered CB’s approach the complete-
ness and the truncation energy is high enough in the calcu-
lation. This criterion can be employed to judge the
convergence of the calculation and analyze the contribution
to the optical oscillator.

Refractive index of NaCl
@
Refractive index of KC!

B. Numerical results and discussion

05 05
The momentum matrix elements bfX are calculated at
T T e m m ® e e e s the 44 speciak points in the irreducible Brillouin zone. We
Photon requency  (eV) Photon frequency o (ev) first consider the threp VB states as initial states. The effect

of including thes VB state will be discussed later. The cal-
culated static dielectric constar(fBable ) show a trend with
respect to the change of either the alkali metal or the halogen
- elements in agreement with the measurem®@niith the only
gl(w)=1+8PJ a(&)(E2— w?)dé. (3)  exception being the order between NaF and KF when the
0 difference between their experimental data is the smallest
Here P denotes the principal value integral. The electroni@nd Might be less than the error bar of the present calcula-
part of the static dielectric constant is thus given &y  tion. This agreement is better than the previous calculation of
= ¢,(0). Other frequency-dependent linear optical constant$hing, Gan, and Huarfy.
can be obtained from the complex dielectric function. In par- Because, according to E(3), the static dielectric con-

FIG. 2. Calculated refractive indexlashed linesof NaCl and
KCI versus experimental dataolid lineg from Ref. 14.

ticular, the linear refractive index reads stant is determined mainly by the contribution of the optical
conductivity in the low-photon-energy region, the transitions
Ved(w)+e5(w)+eq(w) 2 with p VB’s as initial states govern the trend of the static

N(w)= 2 . dielectric constants oM X. Their difference is reflected in

the effective number of electror¥.¢; (Table ). Note, as

In principle, we should integrate formu(@) to infinity for ~ shown in Egs(3) and(4), that the difference betweesn and
the real part of the dielectric function. In practice, we have toNers IS thateg has an energy denominator, whig; does
truncate at a higher enough cutoff energy. At present, we ar@ot. As typical ionic crystals, the VB's oMX are deter-
mainly concerned with the valence transition, shown in themined by the anioiX. The number of core states of the anion
measurement of KCit which dominates the region between increases fronMF to MI. Thus, as mentioned in Sec. Il A,
the fundamental transition and about 43 eV above. In théhe exchange of oscillator strength between core statep and
higher-energy region, it contains substantially the core exciVB states increases from F to MI. This makesN,¢ of the
tations. Thus we truncate the photon energy at 45 eV ip VB's increase fromMF to MI. For MF, N¢¢<6 indicates
comparing the integrated optical propertiesMX. that a substantial contribution to the oscillator strength is

An important integrated optical property is the optical os-beyond the present truncation photon energy. An increase in
cillator strength, which is defined as the integral of the opti-the value ofN.;; indeed exists foMF by increasingw, in
cal oscillator strength density (2) o(w) with respect to the the calculation.

photon energy: The relative error between the calculated and measured
static dielectric constants is all below 15%. However, the

wc 2 Nets integrated properties are not enough to judge the validity of

fo ;“(“’)d“’: qQ (4 the present LDA calculation. We employ the linear refractive

index of NaCl and KCI for a detailed compariséRig. 2).
HereNg¢¢ is the effective number of electrons in the unit cell Indeed, the calculations describe qualitatively the measured
Q that contribute to the optical oscillator below the trunca-spectra with regard to the magnitude, number, and position
tion energyw.. In fact, this formula is thd sum rule for  of the peaks in the refractive index spectra below a photon
finite energy'® As an extension of the proof of thissum  energy about 10—-15 eV. For higher photon energy, the cal-
rule for atomic spectf4 it is easy to show that if we allow culations do not reproduce the measured spectra well. The
the summation over the CB states in Ef) to include the defect of the one-electron picture of the LDA, which gener-
core states and VB states, i.e., covering the whole spacally affects the gap transition more seriouSlymay lead to
spanned by all eigenstates of the Kohn-Sham equation, theeviation most prominently in the region of lower photon
correspondingN.;¢ calculated in formula4) is strictly the  energy. The betrayal of the calculation in the higher-energy
occupation number of the initial statésNote that the tran- region, on the other hand, most probably can be attributed to
sitions from the VB states to core states give a negativéwo other causes. First, the transition, for example, from the
component in the extended summation, reflecting the exeore states of the sodium and potassium ion contributes to
change of oscillator strength between core states and VEie measured specttd,which is not considered in the
states=® Because the transitions from VB states to other ocpresent calculation. The second cause is the shortcoming of
cupied states are forbidden by the Pauli principle, the exthe present band calculation on the high-lying CB states. As
change of oscillator strength between core states and VPointed out by Koelling and Arbmail,the linearizing tech-
states madéN.¢; larger than the occupation number of in- nique in the LAPW method allows the energy parameter to
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TABLE II. Dependence of two-, three-, and four-photon MPA  |n the past, there was a simple correction, the so-called
coefficientsa™ in units of cn¥™ *%/GW™ * of NaCl on the pa-  scissors approximation as adopted by Wang and Kfeire,,
rameterl (eV). Polarization is along111] and the truncation en- g rigid shift was applied on the self-consistent LDA energies
ergy is 60 eV. of the conduction band to fit the experimentally observed
optical gap to investigate the linear optical properties of
I @€V) o (0266um) o (0.397um) o' (0.532um)  gemjiconductors. We also judge the validity of the scissors

0.10 270 1.6X10°5 4.23x10°10 approximation by presenting its results in the last column of
0.20 3.21 1.5%10°5 4.64x 1010 Table |. The scissors approximation obviously leads to worse
0.25 333 16X10°5 6.74x 10~ 10 results and is invalid for the optical processes of ionic crys-

tals such asM X. A similar conclusion has also been derived

—5 —9
8:22 gig 1:3; 18_5 ;:gg 18_9 in the work of Ching and his coIIeaguéé.The invalidity
0.40 3.42 17%10°5 4.63¢10°° indicates that the correction of the LDA_ is depend_ent on the
0'45 3'41 1'7& 10-5 6.40>< 109 state of electrons and cannot be described by a rigid shift as
050 533 179105 7 96¢ 10-° shown by Hybertsen and Loufé.

. . IV. MPA COEFFICIENTS
deviate only within 1 Ry fois andp states for an acceptable

calculation. In the present band calculation, $rendp com- A. Methodology

ponents of the CB states are calculated by the same energy Tq calculate the MPA coefficients, we use the conven-
parameter as in the occupied VB states. Thus the presefibna| time-dependent perturbation theory. The electronic
results of CB's ofM X are only acceptable in the low-lying (-ansition probability rate per unit volume between the initial
CB'’s, roughly corresponding to the interband transition be\/B states and final CB states by simultaneously absortring

low a photon energy about 1 Ry. . . o
. —_— photons (n=2) from a linear polarized monochromatic light
Now let us consider the contribution from tiseVB. In beam can be expressed as

view of energy(Fig. 1), it is possible for thes VB transition
to occur as the photon energy reaches about 15 e\Wfior m
20 eV forMCl andMBr, and 25 eV forMF, but the trangi— Wm =2 2 WRE |T(m>|25(Ec— E,—Mmw),
tion from thes VB to the low-lying CB’s are almost forbid- Ncw K co

den by the selection rule. When tkevB is included as an (5)
initial state, the changes ef, and N are less than 0.1% ) o ) o

and 1%, respectivelf/. The s VB, according to the present Wheren is the.ref'ractlve |n'de'xc; the veIpcny of light in the
calculation, gives only a negligible contribution. However, Vacuum,| the incident radiation intensity arie™ the mul-
this might be incorrect because we did not treat shgB  tiphoton transition amplitud¢Note that the formula5) cor-
transition properly for the deficit in the high-lying CB’s at ects two misprints in formuldl) in Ref. 5] For a given
present. polarization directiore, T can be written as

2l

2

TABLE Ill. Comparison between calculated MPA coefficient$” and available experimental data at a
given wavelengthh. The unit for o™ is cn?™ 3/GW™ 1. Experimental data from Ref. 1 except given
otherwise in footnotes.

Photon Present
MX N number Experiments work Zharg al.
(pem) m alm ™ in [100] o
NaCl 0.266 2 3.5 2.47 121071
0.397 3 6.%x10°4 1.02x10°5 5.3x10° 7
0.532 4 (3.45-69x107° @ 1.63x10°° 7.2x10712
NaBr 0.266 2 2.5 2.81
KcCl 0.266 2 1.7-2.7 1.31
KBr 0.266 2 1.45-2.0 3.83 1.5
0.532 4 4.9%10°7 P 4.99x< 1078 2.7x10°10
Kl 0.266 2 3.75 2.87
0.355 2 7.29 5.05
0.532 3 2.%x10°3¢ 1.80x10°*
0.694 3 1.7%10°3 1.71x10°*
%From Ref. 24.

bFrom Ref. 25.
°From Ref. 26.
dFrom Ref. 5.
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intermediate states. They were restricted to a narrow region
of nonlinear absorption spectrum, did not consider the coher-
ence effects, and rarely discussed the polarized dependence.
The results of simple analytical models were believed to be
generally inaccurate and unreliaBl@he present numerical
results are based on the first-principles calculation and thus
have a more accurate root than before.

However, to avoid the LAPW failure at the high-lying CB
states, we are restricted to the lower-energy photon. To argue
the reliability, we rewrite the multiphoton transition ampli-
tude T in a more explicit form, for example, for the two-
photon absorption

TPA coefficient of NaF
TPA cosfficient of KF

0 Ll 1 1 L 1 L A 1 L L L
32 34 36 38 4 42 44 46 48 5 3 35 4 4.5 5 55 6
' Photon frequency o {eV)

T(2)=2 <C|;«'5|J><J|«;5|U> ®)
i

EJ_EU_(,()
From this expression, the higher the photon energy, the

higher the intermediate states are required to be. In practice,
only the two-photon absorption in the photon-energy region

TPA coefficient of NaCl
TPA coefficient of KCt

ST T e /; T e e s of (%Eg,Eg) is required. In this case, the contribution by
Photon frequency  (eV) Photon frequency o (sV) high-lying CB’s of E; is attenuated, and as intermediate
o . states, the completeness of low-lying CB’s plays a key role

in the MPA calculation. As discussed in previous sections,
the present band structure is rather good in the low-lying
CB’s. So we expect the MPA calculation based on the same
band wave functions to be meaningful.

TPA coefficient of NaBr
TPA coefficient of KBr

B. Numerical results and comparisons

’ To simplify the calculation, the measured refractive
3 N2 indext! of MX is adopted in Eq(5). The truncation energy

¢ #o®e 3 38 4 48 8 88 6 for intermediate states is set equal to 60 eV. The effect of the
Gaussian factol” in Eq. (2) on the calculated MPA coeffi-
cients is exemplified in Table Il for NaCl at certain photon
energies. It shows that frofi=0.10 to 0.50 eV, the values
of two- and three-photon absorption coefficients are stable.

Photon frequency « (eV) Photon frequency  (eV)

[111]—

111
(110}

9
of
1
z 26t
N § sf For the four-photon absorption coefficient, the choicd of
% I 34t changes the MPA value a few times. This large effect only
£ 4f £af STy occurs when the photon energy approaches a peak position
N af (h)*té on the MPA spectrum, e.g., for NaCl in the neighborhood of
WSS 532 nm there is a resonant four-photon absorption in the
P Pa—— 0 calculation. However, for the estimation of MPA coefficients
Photon trequency o (sV) Photon frequency o (eV) in a wide energy region, the choice bfdoes not affect the

FIG. 3. Polarization d q f the two-phot bsorpi numerical picture seriously.
- 0. Folanzation depen enc? ot the two-pnoton absorplion —y,e compare in Table Il the calculated MPA coefficients
(TPA) coefficient of MX (M=Na,K;X=F, Cl, Br, I) in units of . . .
e(af MX with the available expe_rlmental data. Only the most
lines are for incoherent absorption. Polarized directions are IabeIeExecently r;r;'ez";lsured 0”‘?5 arg—:- “ﬁted therel._ \Qlélehn the oglglnal
only for coherent absorption. MPA_coe icients are given in the generalizedphoton ab-
sorption cross sectionr(™, we use the relation
TM=(c[MG(m-1)MG(m—2)- - -MG(1)M|v), (6) ™ = 2mNe ™ (f )™ 1 )
whereM =e-p andG(l)=2|j)(j|/(E;—E,—lw), with the  to translate, wher#l is the inverse of the volume of the unit
summation ovey covering all the intermediate states. The cell, assuming that the measurements were conducted on
m-photon absorption coefficienta'™, related to the ideal samples.

m-photon transition probability rat&/(™, is The calculations are in satisfactory agreement with ex-
periments. The calculated two-photon absorption coefficients
a™=2meWMm/|™M, (7)  are in such good agreement with the measured values for

different crystals and different photon energies that their de-
Historically, the analytical calculations of the MPA coef- viation is in fact within the range of the experimental values.
ficients usually involved the approximation of the oscillator The three- and four-photon absorption coefficients are also
strengths as well as the energy band and the choice of th&f the same order of magnitude as the measured ones. The
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experimental values are mostly larger than the theoreticdl110] and [100] of NaCl at 266 nm. From Fig. 3 the esti-
ones. The reason may be partly that the present calculatiamated difference of NaCl along these two polarized direc-
considers only the intrinsic contribution of electronic transi-tions in the neighbor of 266 nm is 27%, about the same as
tions, while the measured calculations may contain contributhe measurement errgabout 25—-30 % of Liu et al. Thus
tions of other processes. the dependence of the polarized direction may require more
In our previous paperMPA coefficients from the LDA  precise experimental setugiss) It is worth pointing out that
band structure were calculated with the scissors correctiorthe position of the resonant peaks of the MPA coefficients is
which generally deviates farther from experimental data thamlways isotropic(this characteristic is shown in the two-
the present resuldisted in the last column of Table )IIn  photon absorption spectrum of KBr and Kl in Fig. 3
particular, the three- and four-photon absorption coefficients
of previous calculations deviate in their order of magnitude V. CONCLUSION
from present calculation and experimental results. This
shows, as in Sec. Il B for linear coefficients, that the scissor%h

correction is generally a bad avenue to optical excitation. . . : . .

From formula(5) the MPA coefficient is generally depen- cients are in satisfactory agreement with the recent experi-
dent on the polarized direction. In fact, the polarization de.Ment. _The calculated, reproduces the systematic trend .Of

pendence of MPA phenomena is useful in obtaining infor-'vI X. with respect to the components. The mtegr_ated optical
oscillator strength ofp VB's reveals the mechanism of the

mation about the symmetry of wave function and the > ; i .
positions of higher CB's and deeper VB's. Experimentally optical properties oM X in the low-photon-energy region.
' The linear optical spectrum in the higher-energy region re-

this represents a rather promising proposition. For this rea- . o . . X .
son, we provide in Fig. 3 the two-photon absorption spectrd4!f€s @ better description of high-lying CB's and consider-
polarized along th€100], [110], and[111] directions. While ation of the contribution of the core excitation asdvB

the three- and four-photon absorption spectraof are also transition. Our calculation shows that the scissors approxi-

calculatedt” we do not report the results here to save Spacer_‘nat|on is invalid for ionic crystals for both linear optical and

We also noted that in traditional analytic approach multiphoton properties, although it has been shown to have

Braunsteif® used a summation of squares of the momentunlImlt6d success in semiconductors. . - .
matrix elements to replace the square of the sum of the ma- The calculated two-photon absorption coefficients are in

trix elements in formulg5). This is equivalent to consider- _goo_d agreement with the experiment. The c_alculated_ polar-
ing only the incoherent absorption. We also calculate thdzation _dependencc_e of two-photon apsorptlon coefficients
incoherent two-photon absorption coefficients in Braun-and their change with respect to the anion elements promote
stein’s assumption to reveal the nature of the two-photorﬁurther measurements. The calculated three- and four-photon
; - . : aﬁk_)sorption coefficients are of the same order of magnitudes

acteristics in two-photon absorption coefficientdX (Fig. as but generally smaller than the experiment data. At present
we cannot see clearly whether this arises from the limits of

3) for future comparison with experiments) In general, the : .

coherent absorption is less isotropic and larger than the in}:he LDA forhban;j enr(]arg;?sholr 'ghe sho’rtcorlmng .Of the present
coherent absorptior(ii) The two-photon absorption coeffi- APW method .Or.t € high-lying CB S Aso’.'t cannot be
cient increases with the atomic number of anions. This trenﬂ’xCIUded _that this is due to the possible error N the measure-
also holds for higher-order MPA coefficientsfX. (iii ) For ment of higher-order MPA. In fact, our calculation is in bet-

sodium halides, the two-photon absorption coefficient polar—ter agreement with the data from the rmore recent measure-

—27 .
ized along thg111] direction has the maximum value and ment metho~*"than the previous onéS.

In procedure outlined above, within the LDA framework,
e results of both the linear properties and the MPA coeffi-

along[100] the minimum va_lue in the whole range fro%ﬁg ACKNOWLEDGMENTS
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lower photon energysee the crossing point in Fig),3out This work was supported by the National Science Foun-
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