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Photoelectrie yield measurements at the Li K edge and in an extended

energy ränge 54 - 80 eV are pvesented. The sample temperature was

varied in the Tange 79 - 480 K (the liquid state). The edge aonsists

of a steeply rising part due to the onset of transitions and a move

slowly fi sing part which is interpreted äs a vising density of states

at the Permi eneTgy. With r'ising tempeTature the edge shifts to higher

energy and bvoadens. Phonon broadening appears to contvibute also

at 79 K to the width while the edge shape is oonsistent with a threshold

e^Kponent a ^ 0. The struetuves in the Tange 54 ~ 80 eV are washed

out on melting. These struotuyes are Dell described by APN-calculations

by BTOSS of the optical density including plasmon damping.
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Iiitroduction

It is well knoun, Chat the soft x-ray absorption cross section of simple metals

like Na and AI follow the cross section of the respecttve atoms with a discon-

tinuous edge at the uns et (Wolff et a l . 1972, firuhn et a l. 1976). Only an at

roost 10 % modulation, which can be explained witlun the EXAFS-model is supe.r-

imposed onto this shape (Ritsko et a l. 1974a, Petersen and Kurz 197^). As demon-

strated in Fig. l , with Li the Situation is quite different: There is a strong

deviation frorn the well known saw-tooth profile, which is observed in K-shell

absorption spectra of heavier el einen t s and which represents the. ;itomir. t-ross

section.

Anothe.r import an t anomaly of the Li K spei: trum orciirs dirctitly a t threstio Ld:

The K-edge äs measured in abSorption spectra - included in an enlarged scale

in Fig. i - is very hroad. This broad threshold of the lichtest tnetal which has

ils L^ountcrpart in fluorescence Emission spectra has been a puzzle for decades

(Skinner and Johnston 1937) and was extensively investigated bnth LhiiorisLical ly

(c-.g. ^fozicres and deDominicies 1969, Mahan 1967,1974, Mt:A1 isU'.r 1969, T)cw i't a l .

1973, Ritsko et al. 1974b) and experimentally. In 1974 we showed, that the width

of the edge is strongly Lempcrature dependent (Kunz e_̂ _£l̂  1974) and in 1975 wo

were able to demonstrate, that a rising optical density of statcs (ODOS) is Llie

dominating rounding rnechanisra at threshold (Petersen 1975a),
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In tliia paper we report recent photoyield data which cover the cnergy ränge

54 - 80 t-V. Our sample temperature was varied between 79 K and 480 K. Since

the photoyield is proportional to tht' absorption coefficient in the vacuum-

ultraviolet (e.g. Gudat and Kunz 1972) we were able to determir.e the absorp-

l.ion cross section of the liquid state of Li (melling point 452 K). We discuss

tht-se data und er consideration of several band struc ture c.a l t-.ulat ions (McAl i s t er

1969, Shaw and Smith 1969, Bross 1973), part of which account for electron-

electron correlations and extond to energies more Chan a Rydberg above the

Fertni level. Moreover the experiment.il Situation concerning the K-edge i s briei'ly

reviewed and we try to give a consistent picture wln'cli arcounl s for broadening

mechanisms 11ke cure-holc phonon coupling, Auger lifet i tue broadeni ng, the

Mahan-Nozieres-deDominicis l" inal s täte intcraction and inf luence of the optical

density of states directly above threshuld.

Fxperimental

The spectrally conLiniious radiat ion f rom the Deutsches Elektronen-Synchrotron

DESY and a special raonochrtimator wiLh a fixcd exit beara (Dietrich and Kun^ 1972)

served äs a light source. The photoemissLon was measured under ultra high

vacuurn conditions (^2- \Q~-r' Torr) using an electrostat ic enerj.'.y analyzer and a

channeltron multiplier, Thiy tes hnique oftered the opportunity to measure both

electrnn energy distribution curves (fixed photmi ener^y, kinc-tic energy of

electrons scanned) and photoyield spectra (fixed electron energy, p ho ton energy

scanned) ,

The yit'ld spectra discussed here were recorded with a low resolution of the

electron energy ana lyxur, typical values were üE = 2 eV, Lr;msn:ission energy

100 eV. This improved the cnunting rate of the inelastically scattered elec-

trons, which were taken äs representat i vt? for t. he yield (partial yield method).

The resolution ot the electron analyzer does not influunce the spectra since



only the resolution of the nionochromator (fiEri-E , /500) is relevant in this
J phot.

type of measurement. Unlike wich AI (Fetersen and Kunz 1975) the peak of

directly excited electrons into the analyzers energy window c.ould not be ob-

served and spectra obtained a£ different kinetie energics were selected had thu

same shape. Our statistical error is about±2 £ in the partial yield mode. In

another experimental arrangement using the total yield method - no energy ana-

lysis, open electron roulLiplier - we redur.ed this to less than l % to obtain

high precision measurements direc.tly at threshold.

Li was investigated on a directly heated Ta-strip. A stainless steel prntected

thermocouple and a tube of 2 mm diameter for -liquid nitrogen were molten into

the sample under Ar gas protection. Thus a good metallic contact between the

sample and these components was obtained, liquid nitrogen cooling led to a

measured temperature oE 79 K. During the bake-out process the sample was cooJed

by running water through the tube. After bake-out when the pressure was in the

10" Torr ränge, the samples were cleaned: The üxide laycr was scraped away

with a tungsten-brush, the sample was then liquefied and remaining oxide partic-

les were removed, Oxidatioti was monitored by measuring the ratio of the edge

discontinuity with respect to the signal below the edge. The ratio 6; l was our

largest value, it decreases with oxidation because of the high absorption cross

section of oxygen at 55 eV photon energy (Lee et al. 1973). Calculations of the

valence band absorption cross section at 55 eV (McAlister 1969) indicate that

with the optiimim ratio 6:1 oxide on the sample indeed is negligible.

Experimental results and discussitins

Figure 2 shows the region near the K-absorption threshold with its obvious

deviation from the saw-tooth like atomic cross section, whi.t-h sets in at the

ionization threshold of the free atom at 60.6 eV (McGuire 1970, Ederer et al.

1970). This deviation is observed in both the solid and the liquid state, it is
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obviously less pronounced in the latter. The curves labeled "üüOS" are APW-

calculations of the optical density of states for K-absorpt ion {Bross 1973).

BnLli the oiie-el ec t.ron-approxiraat ion and a curve which accounts for elec tron-

elect ron correlations are shown. When the influence of cu]lect ive osci11 aL i uns

of the elecLron gas is inclnded (plastnon damping), the peak N' decreases (Bross

1973). This leads to an ir.iproved agreement wi t h exper iment . Note the one-to-one

correlatii>n between sLrufLuro in the experimental curve on solid Li and the

theoretical curve. To our knowledge, calculations nl" the density of states

(DOS) for the liquid phase of Li are only available for energies near the edge,

such a caltulaLion is shown in Fig. 3.

This figure shows the threshold region for solid and liquid Li in an enlarged

scale. Included i s a model potential calculation of the DOS (Shaw and Smith 1969)

and a calcuLation of the ODOS (McAlister 1969). The DOS includes eigenstates of

all symmetries and matrix e lernen t ef fec t s are nut ar.counted f or. However, near

the extrema at the tlrillouin ZOTU? boundary the states are purely p-syminetric and

a strong Variation of the matrix element withiu an ene.rgy interval of about 2 eV

does not occur (McAlister 1969). This justifies a comparison with the absurption

spectra i roai the s-1 ike initial state; around the Fermi level the pro-j ec.tion of

the p-Symmetrie part of the DOS should decrease like the ODOS. There is good

agreement between theory and experiment for both the solid state and the liquid

state spectra. As pointed out by one of us in a previous paper (Petersen 1975a),

the threshold shape at 79 IC is clearly determine.d by a rising ODOS. This effect

is less dramatic in the liquid.

tioing from the solid to the liquid there is obviously a considerable broadening

of the threshold and an increase in the excitation energy from the core to the

Fermi level. As me.ntioned above, this temperature broadening was first observed

by Kunz, Petersen and Lynch in 1974. At that time, however, an influence of the
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ODOS had not been experitnentally verified. Consequently we interpreted our data

under the assumption of a flat, free-elecCron like ODOS aC threshold. The 10 % -

90 % values given by Kunz et al. 1974 are therefore too large and äs mentioned

in the paper which pointed out the ODOS effet-t (Pe.Lersen 1975), we have to

reinterpret the spectra near threshold at various temperatures under considera-

tion of the rising ODOS,

Figure 4 shows a remeasurement of the spectra at different temperatures. The

agreement with the result of Kunz et al. 1974 with the exception of the kink

in the 79 K curve is good, the shifts relative to each other are more reliable

now since the same monochroraator was used for the whole set of data. Kunz et al.

1974 attached the 100 1 - value of the edge for all temperatures to the peak

at 55.5 eV photon energy, which is now identified äs a maximum in the ODOS. The

DOS effects at threshold suggcst a relative scaling äs given in Fig. 4. We are

guided by an observed continuous wash out of the minimum at 57 eV photon energy

with rising temperature. This scaling is used consistently in all the Figs. 2-4.

The analysis of the 10 7, - 90 7, values of the edge at 79 K is not a trivial pro-

blem since five threshold broadening mechanisms are involved: 1) the rising ODOS,

2) temperature broadening of the Fermi level, 3) Auger lifetime broadening,

4) broadening due to core hole - phonon coupling, 5) instrumental rcsolution.

Moreover, threshold rounding caused by the MND-final state interaction was often

claimed to be important (e.g. Mahan 1974). For Li Lherc appears to be 110 experi-

mental evidence in support of such a claim (Ritsko et aĵ . 1974, Petersen 1975,

Baer et_ al. 1976).

The 10 7, - 90 % value of the 79 K edge is estimated by eye-ball inspec.t ion nf

this curve, which is the only one that shows a kink indicating the onset

of the region, whcre the rise is determined by the ODOS. The 10 % - 90 7, values
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of the higher temperature curves are determined by positioning the 10 % and

90 7, values at the same levels. 10 % and 90 % levels given in quotation marks

are deduced from a fit by Baer et al. 1976 to the 79 K curve äs given by

Petersen 1975 with larger statistics. These authörs convoluted data similar

to those which they obtained [reim an XFS line shape analysis (sample tempera-

ture 90 K) with the rising ODOS and found consistency between both experiments.

The numerical values of the widths are given in Table l together with our old

10 1 - 90 1 values of the total width i>f the whole rising part up to the peak.

Übviously there is a strong phonon broadening of the edge at higher tempera-

tures. The phonon induced width of the 79 K - curve is difficult to determine

because of its sensitivity to the Auger lifutime width, which was given by

baer et al. äs 40 ± 20 tatV.

Recently Callcott and Arakawa (1977) have shown evidence for a comple-

mentary edge behaviour in the fluorescence Emission spectra. They observe a

steeply FalLing edge at 85 K, which at its steepest part coinc.ides within

70 meV (this means within the experirnental error) with nur absorption edge

at 77 K. At temperatures up to 490K a eontinuously increasing width of the

emisaion edge is observed. The results suggest why in the earlier roum tempe-

rature measuretnents the steep part of the emission edge could not be detectud.

The premature peak at 0.7 eV below the edge in the emission spectra is not

explainable hy an ODOS and remai ns a püzzle.

In order not to add to the already existing confusion we refrain from deter-

mining separate numbers for the different broadening mechanisms contributing

to the width oE the edge by a many paraineter fit procedure. Theoretical values

for core-hole phonon coupling in Li were calculated by several authors and

vary uithin about an order nf magnitude (McAlister 1969, Bergersen et al. 1971.



Dow et al. 1973, Flyim 1976) . A vcry recent ca lcula t ion ( t ' lynn 1976) based

on momentum transfer considerations, however, i s in good a^r^eraent u - i t h expe-

rioient and reproduces Ehe observed sli ghi increase of phonon induced w i d t h

(Baer et al. 1976) when gning f rmn the Li K-absorption Experiment (hk •=0.028 A"1}

to XPS wi th AI K exci ta t ion (hk - 0 .75 X " 1 ) .
o

A sh i f t of the same order äs that given in the last row of Table l was obst'rved

in the XPS measureraent LOO (Baer et al . 1 9 7 6 ) . The emission (Ca l lco t t and Ara-

kawa 1977) and the absorption spcctra consis tent ly sh i f t by t!ie sane amount

for all temperatures . The origin of Chis e f f e c t is not yu t i-, l o a r , wi th r t ' K p i s t ' L tu a

possible relatioii Eo phonun emission see Berjj<irs<;n et al. 1 9 7 1 .

Finally we would like to point out an inconsistency between the XPS - measurements

and the shape tif the K absorption cdgc: As munt ionüd above, Lhe best fit to the

eilge was nbtaincd by Baer et al,, 1976 by a convolution of Gaussian and Lorcsn tz i an

distributions s imilar tö the corresponding phonon and Auger wid ths deduccd from

the XPS Experiment with McAlisters one-electron ODCS, which tneans that a MND

threshold exponent (see e .g . Mahan 1974) a = 0 was assumed. On the other band,

however, the observed asyrametry of the XPS line yields a threshold Exponent

H! = -0.13 (Baer et al. 1 9 7 6 ) , which aci:ording to the UND power law should give

rise to considerable rounding uf the ODOS. Quant i ta t ive Statements cannot be

made since the Fourier transfortn of the time dependent K o r r e l a t i o n func t ion

which gives the absorption spectrum near threshold, has yet only been carried

out for a step-like ODOS of the form 6 (tftu = E . , . ,) (Mahan 1974). QuaH-
threshold' x

tatively, however, it is reraarkable, that with a. = 0 no influence of the MND

effect is observed. This Situation is analogous to that at the Cs N -edge:

From our EDC measurements on Cs we deduced a threshold cxponent a =0.12 while

the Cs N.-edge can be explained in the same way äs the Li K-edge with a rising

p-Symmetrie ODOS (Petersen I975b). In the case öl Li this deficiency was claimed

to be caus£'d by neglect oi spin-depcnder l. nlfects (C-irvin and Hopl'ield 1976).

According to these authors such cxc-h;m^e ist t ÜL: t s are oxpt-c t ed t o he s trorijj in

L i only and t he i r inclus ion leads t o '' .' • 0 in that uase. Thi s, however, does

mit ex p] ain the anal (j^xniuf, prubleni a t the Cs N^-edge. A.s was point cd out by

us in a previous paper (Petersen I975b), XPS line asymmetries and the respcc-

t ivc edjjre shüpi^s can obv iousl y not be bot h expla i ned cnnsis t ent ly with i n the

fraraework of the MND theory in its prescnt form.
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TaMe l WidChs and relative positions of the Li K absorption edge

at different temperatures. A l l values are given in meV.

Temperature (K)

Width of total rising pari (10-90 %)
up to the peak at 55.5 eV Kunz et al. 1974

79 300 370 440 480

370/470 ' 530 600 640 770

Edge with (10 7, - 90 7,) 230 330 400 460 510

Edge wit-h (10 % - 90 Z, deduced from
Baer t't aL. 1976)

Shift of excitation energy t.o E

with respect to the 79 K value
54.87 i 0.05 «V (Petersen 1975a)

(b)

290 420 500 570 680

+ 10 -(-50 +90 +100

(a) width of the rising part with the kink {Petersen 1975a)

(b) note that these roughly r.stiniated numbers increase when an E -

Position consistent with B;ier ta al. "10 7, - 90 I values is chosen

Fig. ] The K-absorpt inn ape^trum of Li äs measurcd by Haensel et al_._

in 1970, iru:ludt'd is the K-edge- at iiboul 90 K (Kunz et al. 1971)

l'iiütoyie Id Spektra oi so l id and l iquid L i. The ODUS calculated

by Bross 1973 wiihout (ODOS) and with (ODOS + correl.) electron-

L'l t't-1 rtin correlat ions and the caleula t c-.d aturai c c r o s s sei: t ion G

(McCuire 1970) is included. Siu1 text for relative scaling of

Fig. 3 K-absorption threshold for solid and liquid Li . The ODOS ca! c.ul ,-jted

by McAlister 1969 and a pt-iiiiüoputential calculation for t In: solid

and Lhi! l i q u i d .state (DOS solid/ liquid) by Shaw und Smith I9IJ9

are included.

Fig. 4 The oriaiit cif the Li K-absorption spectrum aL various temperature s.

See text for details.
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