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The surface electronic band structure of the Be_@l)o:l;urface is experimentally determined by angle-
resolved photoemission and calculated by using density-functional theory. The experimental results agree well
with the calculations, except for the fact that we were only able to resolve three surface states in thee, gap at
instead of four as predicted by the calculations. Through the temperature-dependent study, the phonon contri-
bution subtracted width7( times inverse lifetimg of the shallow surface state # is found to be 51
+8 meV. This is compared with the electron-electron interaction contribution to the &8tme\) of the
shallow surface state @t obtained from model potential calculations.
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I INTRODUCTION state at the point (there are two occupied surface states at

; we use the nomenclature shallow for the surface state

. . . A;
an(-j”t]r?(;?)rzfciicszakl)leeig gucdo?gnﬂﬁg gﬁ;ﬂfg&éﬁiﬂgﬁmalIXIose toEg). This surface state was chosen as it is the most
y ying y interesting state owing to the fact that it is localized mainly

is a semimetal with very low electron density of statesin h f laver. or the Fermi level. and determin
(DOY) at the Fermi levelEgs . However, the two low index € surface layer, crosses the e evel, a ete es

surfaces, namely, thé0001) and the (10_11)) have surface high DO_S atE on Be(lOD).6'7We reportgquel 9(13tential
DOS atE about 3—4 times larger than their bulk DOSEat calcul_atlon of the eIect.ron—eIectron contribution #0 apd .
making the surfaces metallic. This is due to the large numbefXPerimentally determine the electron-phonon contribution
of surface states that exist at these two surfickMany of ~ from a temperature-dependent study of the surface state. By
the interesting properties observed at these two surfaces ag&btracting the electron-phonon contribution from the total
closely linked to the existence of these surface states. Sonfédth we obtain the electron-electron plus the electron-
examples are large Friedel oscillatiohd large surface core- impurity ihtefaction contribution to the hole lifetime and
level shifts*~*®and an enhanced electron-phonon mass encompare it with the calculated result. ,
hancement parameter at the surface compared to*BtAkA This paper is organized as follows. In Sec. Il, details of
complete mapping of all the surface states is thus importanth® experimental setup are presented. In Sec. Ill, we present
For B€0001), the mapping of the surface electronic states bythe calculation method for the surface band structure. The

angle-resolved photoemission spectroscoBRPES (Refs. ARPES determination of the surface band structure is pre-
1 and 2 is in good agreement with the theoretical sented in Sec. IV. The results of the calculations are pre-

calculations™ However, for Be(100) this is not the case. SENtedin Sec. V. Apart from the surface band structure along

The Be(10D) surface can have two terminations, short andl “M» T -A, AL, andL-M, the present calculations also in-
long. The surface electronic structure of these two terminaclude the surface states along thel. direction. The main
tions are different.’” The results of an earlier ARPES experi- difference between the results of the earlier and the present
ment clearly indicated that the short termination is preferrectalculations arél) there are four surface stateslainstead
to the long’ The previous theoretical study predicted six of two as reported by the earlier calculations, d@gthere
occupied surface stafesand out of these four were ob- are two surface states bt instead of one as predicted ear-
served and two surface states at thepoint were not lier. Apart from the fact that we were able to resolve experi-
observed. Unoccupied states with an impact on image-mentally only three surface stateslatthe measured results
potential states have also been recently investigated theoretigree well with the calculations. In Sec. VI, we present
cally at thel" point?! model potential calculations of the electron-electron contri-
In this paper we report ARPES experimental mapping ofbution to the lifetime of the shallow surface statefatThe
the surface electronic band structure of Be(@phlong with  calculations give the electron-electron contribution to be 53
improved calculations of these states. We also study here theeV. Experimental determination of the electron-phonon and
electron-electron and the electron-phonon contributions téhe electron-electron plus electron-impurity contribution to
the inverse lifetimglinewidth), = *, of the shallow surface the lifetime through a temperature-dependent study of the

0163-1829/2001/620)/2054017)/$20.00 64 205401-1 ©2001 The American Physical Society



T. BALASUBRAMANIAN et al. PHYSICAL REVIEW B 64 205401

width of the surface state @t is presented in Sec. VII. The
zero-temperature extrapolated electron-phonon contribution
is 84 meV, the electron-electron plus the electron-impurity
contribution is 518 meV. Finally the conclusions are pre-
sented in Sec. VIII.

Il. EXPERIMENTAL DETAILS

The experiments were performed at beamline 33, at the
MAX-I synchrotron-radiation facility in Lund, Sweden. The
beamline is equipped with a spherical grating monochro-
mator (SGM)?? and a Vacuum Generatof§¥G) end station
equipped with a variable angular resolution VG 75-mm elec-
tron analyzef® The incident angle was set to 45° in the
horizontal plane. The angular resolution unless otherwise
specified was set ta-2°. The total-energy resolution of the
photons plus the analyzer varied between 60 and 100 meV
for photon energy in the range of 21.2 eV to 70 eV. The

Be(1010) single crystal was mounted on a 0.2-mm tungsten
wire. This wire was also used for heating the crystal. The
crystal was cleaned by repeated Neputter and anneal
cycles. For the temperature-dependence study, the heating
current was pulsed at 1 kHz with a 20% duty cycle and the 4.0 3.0 2.0
electron counting was disabled when the heating current was
on. During the temperature-dependent studies, the tempera-
ture of the sample was stable to within 5°C. The surface FIG. 1. Series of spectra at thepoint at various photon ener-

order was checked with low-energy electron diffraction gjes The open circles are the experimental points and the lines are
(LEED) which showed a rectangular<ll pattern typical of {5 guide the eye. The photon energy of each spectrum is also indi-
the Be(10D) surface. cated.

For determining the surface states and their dispersions . . _ . o
_determining P positions, obtained in Ref. 21. In that geometry the first in-

along I'-A, T'-M, or I-L, the sample was oriented with erlayer spacing is contracted by 19% and the second one is
LEED such that the direction scanned is in the hqr'zqntapranded by 8%, which is in good agreement with experi-
plane. For determlnlng the surface states and their dISpeFnental and other theoretical results for corresponding inter-
sions alongA-L (M-L), the sample was first oriented such |ayer spacingé® The norm-conserving nonlocal ion pseudo-
that '-M (T'-A) was in the horizontal plane. The analyzer potential of Be was generated according to Refs. 25 and 26.
was then moved té\ (M) corresponding to the state under The electron wave functions were expanded in a set of plane
investigation and the dispersion aloAgL (M-L) was de- WaVeS up to a kinetic-energy cutoff of 16 Ry. This basis
provides the convergence of calculated one-electron energies

termined by moving the analyzer in the horizontal plane. All
the spectra for mapping of the surface band structure wer€ter then 0.1 eV. The Brillouin-zonBZ) integrations were
performed with the use of a 64-point grid in the irreducible

taken at room temperature.
P quarter of the surface BZ.

Intensity [arb. units]

Binding Energy [eV]

Ill. CALCULATION METHOD IV. SURFACE ELECTRONIC BAND STRUCTURE:

. - . . EXPERIMENT
Our first-principles calculations are based on density-

functional theory with the local-density approximation for  Photon energy scans at all surface BZ symmetry points
exchange and correlatiGh.A model of thin films periodi- were performed to determine the surface states. One such set

cally repeated in the direction perpendicular to the surfacgf spectra taken at the point is shown in Fig. 1. In contrast
and separated by vacuum intervals is employed. The@101 to the previous experimental studihree states are clearly
surface of hcp metals can be terminated with either short oseen in Fig. 1 and furthermore the binding energy of these
long first interlayer spacing. Clear preference for the shorstates does not change with photon energy. The binding en-

first interlayer spacing termination of Be(1@J has been ergies of these three states at thpoint are 2.45 eV, 2.8 eV,
found both experimentally and theoreticalfyTherefore this and 3.4 eV. These states are also sensitive to contamination
surface geometry is used in the present study. Calculatiorend fall in the theoretically calculated bulk band gap that has
have been performed with the use of films consisting of 24a bottom at 3.6 eV.

atomic layers and separated by vacuum intervals correspond- Angular scans were done along all symmetry directions to
ing to 12 atomic layers. For two outer atomic layer spacingsietermine the surface band structure. The scans were done at
on each side of the slabs we use the relaxed atomic planer=22 eV, 26 eV, 30 eV, 34 eV, 38 eV, 60 eV, and 70 eV.
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Table I, we present the binding energy of the surface states
from experiments and from the calculations at all the sym-

metry points and at the midpoint along tiieL direction.
The main difference between the experimentally determined
and the calculated surface band structures is that we were

able to resolve only three surface states anstead of four
with binding energies of 2.4 eV, 2.8 eV, 3.4 eV, and 3.5 eV as
predicted by the theory. We also took some room-

temperature spectra at tlll_epoint with energy resolution of
40 meV and an angular resolution &f0.4°. We were still
not able to resolve the fourth state. The reason for our inabil-

ity to resolve the two deeper surface statels & most likely

due to the fact that the widths are larger than the peak sepa-
ration. Calculations predict a difference of 100 meV between
the binding energies of the third and the fourth surface states

atL and the experimentally observed width is about 250
meV. The other small but notable discrepancy between the
experimental and calculated results is the binding energy of

the uppermost surface-state branch albhg. Calculations

predict the minimum binding energy of this state to be 0.7

eV whereas the experimental value is 0.5 eV. Apart from

4.0 2.0 0.0 these differences the agreement between the theory and the
Binding Energy [eV] experiment is quite good.

Intensity [arb. units]

FIG. 2. Room-temperature spectra at various angles along the
T-L direction. The photon energy is 34 eV. The open circles are the
experimental points and the lines are to guide the eye. The energy
resolution is 80 meV anstwgangular resolutiorti®°. The sample As one can appreciate from Fig. 3, the present calculation
was oriented _such that tHe-L direction is in the horlzqntal plgne. ives more surface states for Be(_ﬂ)lthan the previous
;’Sgciir:gryyl]es with respect to the sample normal is indicated in eac eoretic_al §_tudie§7 It _is expllained by th(_a fact that we now

' use a significantly thicker filfhand a slightly less severe
criterion for the definition of surface statén particular, we
A typical set of spectra of angular scans amﬁgf taken  ascribe to surface states all electron states which are local-
with a photon energy of 34 eV and with energy and angulaized in the first four atomic layers and decay rapidly into the
resolution of 80 meV and:2°, respect|ve|y is shown in F|g bulk. This criterion was also used to obtain theoretlcally all
2. In Fig. 1 and Fig. 2 one can notice small peaks above théhe surface states observed experimentally of0@e1.> An
uppermost surface state at thepoint. These peaks do not occupied surface state with a binding energy of 3.98 eV is
disperse much witk) . We believe that these small peaks areobtained in the symmetry gap at.?’ This is a typical
related to impurities/defects in the sample band structure. ldangling-bond state of the.p, symmetry. In the vicinity of

V. SURFACE ELECTRONIC BAND STRUCTURE:
THEORY

TABLE |. Experimental and calculated surface-state binding ener@esV) at the symmetry points
indicated in column 1.

Experiment Theory
Reference 7 Present work Reference 7 Present work

T 4.05 4.070.04 3.95 3.98
A 0.33 0.416-0.02 0.4 0.46
2.7 2.73:0.04 2.6 2.71

L 2.45+0.03 2.5 2.4
2.80+0.03 2.85 2.8

3.40+0.05 3.4

35

M 3.6 3.470.05 3.35 3.3
4.90+0.06 4.8

F_f midpoint 0.50+0.04 0.7
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known that the charge density of tlsep, surface states on
metal surfaces have a relatively small variation in the plane
parallel to the surfac&®?®-30These states can therefore be
treated with reasonable accuracy by using a model potential
that varies in the direction perpendicular to the surface and
is constant in the plane parallel to the surface. In the present
calculations of the inverse lifetimédecay ratg of the
surface-state hole we use a model potential proposed in Ref.
31 that contains four independent parameters. Two of these
parameters reproduce the energy-gap width and position. The
other two reproduce the binding energy of the surface state

and the first image-potential state at thepoint. It was
shown that this potential gives surface and image state wave
functions that are in good agreement with those obtained
from ab initio calculations*~34The evaluated decay rate of
the s-p, surface-state hole on B#01) and on the(11])
noble-metal surfaces was found to be in good agreement

Energy [eV]

r M with recent scanning tunneling spectroscopy and photoemis-
1 _ sion measurementé3¢
A L Here we construct the model potential that accurately de-

FIG. 3. Surface band structure of Be(I0)lalong the symmetry ~ SCcribes the electronic structure details at #@oint which
directions. The open circles are the experimental points and thare important for the description of the hole dynamics at the

solid lines are from the calculations. The grey background is then point. The first three details that the model potential repro-

evaluated projection of the bulk band structure. The surface BriI-duces are the width and position of the ener aphat

louin zone is shown at the bottom. - - P . gy g
obtained from oumab initio calculation of the projection of

bulk electron states and the measured binding energy of

theM point the calculation gives two surface states in agree:

ment with the experiments. The upper state with bindingo‘415 eV of the shallow surface state. The fourth indepen-

energy of 3.3 eV hap, symmetry. A charge-density maxi- dent parameter is used to fix the image-plane position at 2.2

mum of this state is located between the first and secongY- beyond the surface-atomic layer. A similar position was

atomic layers. In contrast to previous stufibwe find in the = &/SC_obtained for the image plane on the close-packed
. — Be(000) surface. We do not include in the description of the
present calculation one more surface statil avith binding

energy of 4.8 eV. This state has clear surface character ande‘lj‘ectronic structure thé lower surface state since this state

maximum of its charge density is at the third atomic layer, (td0€S not contribute to the decay rate of the shallow state
. . — hole. In contrast to previously studied metal surfate$
is also characterized bp, symmetry. At theL point, as

mentioned above, we obtain four occupied surface stated/ith only one interlayer spacing parameter, the Be(@p1
The two upper surface states found also in Refs. 6 and 7 an%a_b has two interlayer spacing parametefsandd, with
mainly localized in the vicinity of the two outer atomic 92=2d1. In order to avoid this complication we chose a
Iayer§ while the two lower states, first obtained in the single interlayer spacing value which enables us to rep_roduce
present study, have the charge-density maximum localizel1® bulk electron-density paramete/=1.87 a.u. By using
between the third and fourth atomic layers. All of these stated1€ €igenvalues and eigenfunctions of the model potential,
are ofp,,p, symmetry. To our knowledge no other metallic we performed the self-consistent calculations of thgscreened
surface has four occupied surface states in a single gap. As fgoulomb interaction, the self-energy, and, finally, feur-
Refs. 6 and 7 the present calculation gives two occupiediace state decay rate along the lines of Refs. 32-34. The
surface states at the point. The upper surface state has aduasiparticle self-energ¥,, was computed with thGW ap-
binding energy of 0.46 eV which is in agreement with otherProximation of many-body theory; retaining the first term
experimental and theoretical ddt? This state is character- N the series expansion & in terms of the screened Cou-
ized bys-p, symmetry. The lower surface state has a bindindomb interactionW. We also replace the full Green function

energy of 2.7 eV and the orbital composition of the state i<G by the noninteracting Green function. In_order to take into
. L —— . . account the effect of the surface corrugation on the inverse
determined by g, contribution. In theA-I" direction this

state loses its surface character just beyond the energy gafifetime of theA surface state hole we use the experimental
effective massn* =1.37 of the surface state averaged over

VI. ELECTRON-ELECTRON CONTRIBUTION TO THE two symmetry directionsA-T' and A-L. With this the self-
INVERSE LIEETIME: THEORY energy calculation gives‘1= 53 meV. This includes all the

. interband transitions from bulk states as well as thia-
TheA shallow surface state being located in the middle ofband transitions within the surface-state band. ifti@band
the energy gap is characterized lsyp, symmetry. It is transitions completely dominate the decay rate giving 52
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meV and theinterband transitions account for only 2%

meV) of the full 771, fg
These results are comparable with those found for the il{
surface state at thE point on B€0001) (Refs. 35 and 36 300 l’.".'.‘./ PR
and on the(111) noble-metal surface¥;* where theintra- 600 K ;'fg\
band transitions account fer85% of the full decay rate. In ' e
contrast to Be(10Q), on these surfaces thesurface state is REI '{g, \
located at the bottom of the energy gap not far from the 400 K /5‘;" %
lower energy-gap edge. Such a position of the surface state ' H
leads to two effectst1) increasing the bulk states contribu- 250 .W E $
tion through the smaller momentum transfer that corresponds

to theinterband transitions, an?) decreasing the surface-
state contributioriintraband transitionsthrough the smaller
weight of the surface state in a vacuum region where the
imaginary part of the screened Coulomb interaction\Afm
has a maximum amplitud¥. For the particular case of the 200

Cu(111) surface on which the surface statelahas a very E
similar binding energ3f of 0.445 eV,7._ is smaller thang.
by factor of 2[if we do not take into account théscreening

effect for C{111)]. Due to theA shallow surface state posi-
tion in the middle of the gap this state forms a well-defined
two-dimensional2D) electron gas. For comparison with our
7~ 1=53 meV value we also calculated the decay rate of this
surface state by using an asymptotic formula derived within T T T
the self-energy formalism for a 2D degenerate electron-gas 0 200 400 600
model (DEGM).2**°The 2D decay rate obtained for a bind- Temperature [K]

ing energy of 0.415 eV is-§,31=125 meV. This is substan-
tially larger than our value of 53 meV. This difference is a ) .
direct reflection of the absence of the underlying bulk stateéure' The inset shows §urface-stat§ spectra at various temperatures.
in the 2D DEGM that strongly limits the screening of the '€ hole momentum is 0.0 A with respect toA. The photon

electron-electron interaction. On the other hand, the evalugnerdy is 21.2 eV. The energy resolution is 35 meV and the angular
tion of 7~ in the 3D DEGM(Ref. 41 gives 7__1_’2 mevV resolution is=0.4°. The filled circles are the widths obtained by
: 3D =

hich is sianificantl ller th imtraband tributi fitting spectra similar to the ones shown in the inset using a Lorent-
whichiis signiticantly smailer than oumtraband contrioution ;. , plus a linear background times a Fermi function. The line is a
of 52 meV b,Ut slightly larger than thaterband one. W? fit using Eq. (1) with the Debye model for phonons. Note: The
attribute the first result to the absence of surface states in thﬁtercept on the ordinate is a sum contribution from the zero-

3D DEGM (assumes only 3D bulk transitions and neglectsiemperaturee-ph interaction (84 meVj and the constanC (48
band-structure effecksvhereas the latter is a direct conse- +g mev) of Eq.(1).

guence of the absence of a surface energy gap in the 3D

DEGM. to first order. Our experiments were performed on the shal-
low surface state af where this condition is satisfied. To
extract the electron-electron contribution, we compare the
phonon contribution subtracted width to our model potential
calculations.

Angle-resolved photoemission is a straightforward tool to The A shallow surface state spectra recorded at various
measure lifetimes of two-dimensional electronic states. Untemperatures are shown in the inset of Fig. 4. The photon
der proper conditions the width obtained by angle-resolve@nergy used was 21.2 eV and the energy and angular resolu-
photoemission from a valence-band state with negligible distion were 35 meV and+0.4°, respectively. Figure 4 shows
persion ink, is equal tofi/ 7. The contribution to the width the width versus temperature obtained from these and other
comes from electron-electron, electron-phonon, and electrorsimilar spectra. The electron-phonon contribution to the
impurity interactions. It has been shown that the electronWwidth and the residual width is obtained in the following
phonon contribution to the width can be obtained from away. The electron-phonon contribution to the lifetime at any
temperature-dependent study of the withiHowever it is temperature is given by the formdfa
not straightforward to separate the electron-electron andW (0)=hl 7o ®)
electron-impurity contributions. The electron-impurity con- = P ep

Binding Energy [eV]

Width [meV]

150

FIG. 4. The shallowA surface state linewidth versus tempera-

VIl. TEMPERATURE-DEPENDENT STUDY OF A
SURFACE STATE: EXPERIMENT

tribution shows up in two ways: the first is the inherent con- om 5

tribution to the lifetime and the second is an artifact intro- :Zﬂﬁfo do’a’F(o")[1-f(o—e')+2n(e’)
duced by theE vs k| dispersiorf? If one works in the region

where 9JE/dk =0, the artifact impurity contribution is zero +f(w+w')]+C, 1)
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wherea®F (w) is the Eliashberg coupling functiom,, is the  meV. So the experimentate contribution is expected to be
maximum phonon frequency(w) andn(w) are the Fermi  around 40 meV which is smaller by 20% than our theoret-
and Bose-Einstein distributions, a@lis a constant. We use ical result. There are two points that can explain this discrep-
a simple 3D Debye model with?F (w) =b(w/wy)?, where  ancy. Our recenab initio calculations show that the model
szfS’"‘dwaZF(w)/w. Note that for energies close &y, potential evaluations give the inverse lifetime of a hole in the
b coincides with the electron-phonon mass enhancement p&=p, surface state to be 10% larger than first-principles
rameterk. We took#w,=60 meV. By fitting the experi- calculations®®**On the other hand a model that we use to
mental width versus temperature to the above equation, westimate thee-ph contribution is based on a simple bulk
obtainb=0.665+0.03 andC=51+8 meV. With thisb the  description of phonon modéthe Debye modgland electron

3D Debye model giveg-;;h=83.5 meV. In order to study States. Recent calculations for noble-metal surféte3 that

the surface effects in theph interaction we have calculated take explicitly into account the surface phonon modes and

T;;h for the 2D Debye model with the santeand . The agcurate wave fqnqtion (?f a surface ;tatg of interest give a
obtainedrg_rl,h=80 meV shows only slight deviation from frtlgkglybsmallerélgléf];ﬂ 10f/o)e-ph contrlbutlontc:)hm{:)?r:ed to
the 3D T;_Fl)h value. This result indicates that tleeph con- © Lebye model. Theretore, one can expect that the more

tribution is not very sensitive to the dimensionality and pho-accurate description of; 5, for the A shallow surface state
non distribution function. The origin of this stability is that will decrease the Debye model value iéh and will in-
the A surface state energy lies well below the maximumCrease, respectively, the experimentgl; to better agree-
phonon energy and that the phonon spectrum enterglEq. Ment with the theoretical value.

in integral form. So, the 3D Debye model is not expected to

be a significant source of error. Earlier studies of the tem- VIIl. CONCLUSIONS
perature dependence of the width on the same surface state at ) )
a binding energy of 200 meV reportea=0.672+0.027 In conclusion we have presented the electronic band

along theA-L direction, andb=0.642+0.031 along the\-I"  Structure of the Be(101) surface experimentally determined
direction® Within the experimental error bars, the values of Py angle-resolved photoemission and calculated by using
b are similar. In Ref. 20 a correction factor had to be applieddensity-functional theory. The experimental results agree
to take care of the variation df, within the peak which well with the calculations, except for the fact that we were
makes the peaks appear broader by a fatbr (9E/ able to resolve three surface states in the gdp atstead of
ak“)(m/hz)(sinzallq‘)]*l, wherem is the free-electron mass. four as predicted by the calculations. From the temperature-
Since the present study is done at a point whi#éok| =0,  dependent study of thé shallow surface state we deter-
the correction factor need not be applied and quite clearlynined phonon contribution subtracted width to be 51
within error bars our results agree with it. Though this is a+8 meV. This compares fairly well with the calculated con-
trivial theoretical result, it is interesting to see experimentakribution of 53 meV for the electron-electron interaction to
proof for it. As mentioned above the calculations give thethe width.
e-e contribution to be 53 meV for the surface stateAat
Experimentally we obtain the phonon contributi@4 me\)

removed width to be 518 meV which is similar to the

theoretical value. One should however bear in mind that the We are grateful for the support of MAX-lab staff and the
experimentally determined width contains both the electronfinancial support from the Swedish Natural Research Coun-
electron and electron-impurity contributions and it is difficult cil. This work was partially supported by the University of

to experimentally separate these two contributions. If we asthe Basque Country, the Basque Hezkuntza, Unibertsitate eta
sume the impurity mean free path to be similar to that onlkerketa Saila, and the Spanish Ministerio de Eduaagio
Be(0001) and noble-metal surfacéabout 50 A), one would Cultura. Partial support from the Max Planck Research
expect an impurity contribution of about 10-15 Award funds is gratefully acknowledged.
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