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Soft X-Ray Absorption Spcctroscopy of Metals and Alloys

C. Kuiiz

Deutsches Elektronen-Synchrotron DESY, Hamburg, Gerinany

Absorption speotra of transition and light metais in the soft x-ray 'fange

were obtained during ihe p äst years using the 7.5 C'eV eleetron synahrotron

Dl^SY äs a light source. The spectra of the transition metais Ti to fii showeä

structures whi-ck CLTC i.noonsi.ste.'nl D-ith a u-imple band m.odel. Rezent atomilc

theor'i.es appear to g-i-ve a much bettßr- undeTstanding of these resuits. The

"imp'ii.oat'ion fron Lh&se theori-es that ai'loy? of tränstfion metais should shoi.j

^KVLYi tl- '2 3l4P!?Y'~!~)OS7,t'?sQY:- O "T* th/3 Is'ld't Vl d~U& L S~G<3C tfd i S S'U'PpOY'ted DI/ O'U'f Q37DQY*'!,—

ments on Cu/!3i and ot'ner alloys. - The ab Sorption coeff'icient of the light

rr,etals at the edgß is enhanoed ("ed.ge s-ingularity") or äi-minished depending

(_')i7 the Q'ü7Wiet~£''ü o T t^ie ex^'V^ed eLeoLrons 'L'ti'Lt'Li'f.'L state- Tm,^ ectcifi f'-3(z~i4T'&

i s fo'i'icited by both faint stpiictiü?s3 and pvorriinent oToad rr,axina. First ex-

\ INTRODUCTIÖX

r] ectron Synchrotrons have f ouud extensive use äs Hght sourc.es for the

soft x-ray arid the vacuum ultraviolct ränge during the past iew years. With

thcir help a large amount of absorption data on different materials has beeil

accumulatcd. This paper is concerned with two groups of metais which have

been investigated at the DESY Synchrotron during the past years. These are

the transitiou nietals Ti to Ni near fhe M? . cdge and the light metais Li,

Be, Na, Mg, AI in the region of the K resp. L absorption. These investigations



havc recently led us into the investigatioii öl alloys which is s t i l l in

progress and o i which t" irst resul t s will be shown.

2. EXPERT1IENTAL

A. Synchrotron Radiation

Synchrotron radiation (see e.g. Haensel and Kunz (1967), Godwin (1969),

Gähwiller et al. (1970)) is emitted tangentially to the orbit of the electrotis

in a iiarrow-cone. Lt is highly polarized and its spectral iiitensity can be

calculated in absolute terms frotn the knowii number of circulating electrons.

The spectrum is smooth and extends at a 7.5 GeV accclerator like DESY down

to'^05 A. Figure l gives the useful llux öl photons at the Synchrotron labora-

tory of DESY at 40m from the source into a 2 cm wide collirnator. The vertical

cxtensio:i of the beam depends cm the wavelength but is typically -2 cm.

Pigure 2 shows the lighL beam arrangement at DKSY. The experi ments need to be

dircctly connccted to the Synchrotron by a high vacuum system. The inconnng

beam i s divided by graziiig i neidenee mirrors into three separate beams and

on each of then scveral monochromators and spectrographs are arranged. Because

of r ad i a t i o n. safe ty requi reine nts all i astruments have to be operated by reraoLe

control. In addition precautions are necessary t o protect. the accelerator fron;

varuum hazards. AIJ this renders the arrangement to be by fare more compiex

and compji caLed than an ordinary x~ray tübe.

Heverthe I ess advaritages are such that presently more Lhan a dozcnd synchrotro:i

radial ion (SR) laboratories are in Operation or planned all over the world.

Tab i e l p, i ves a survey on these ins t a l lations . For t hose who do r, o t wai.it t o

peiie.trate Loo much into the details of Synchrotron radiatiou theory but rather
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wish to get a rough estiraate of the intensity and the spectral distributioa

of radiation i'or a specif ic accelerator two equations might be useful :

(1) 'V (S) = 5-59 R(m>- (E(GeV))~3

(2) I( ~~----:r . ,' ^ sec-eV-mA-mrad J k J ~ phot

Equation ( l ) gives the parameter Ä conunonly ret'erred to äs cut-of f waveleiigth.

Radiation has been used down th X ± X /10 but intensity is very much down at

this wavelength äs can be seen. from Fig. 1.

Equation (2) gives the number o£ phütons emitted in t o a l mrad wide horizontal

angular sector and a l eV energy interval i f or the asymptoti c region Ä » X

(the dashed part in Fig. 1). Note that Eq. (2) is independent of the electrou

energy E. Since thc dependence on the radius R is so weak a good ruJe of thumb

j s to compare intensities from different Synchrotrons and storage rings by just

comparing the currcnts j . For accelerators the aominal current has to be mul-

tiplied by an appropriate duty cycl e.

For spectral decomposi tion of the Synchrotron light we used a grazing i neide nee

Rowiand monochromator and a fixed exit sjit, plane grating monochromator which was

especially developed for this purpose. The sccond i nstrument (Kunz et al . (1968) ,

Dietrich and Kunz (1971)) is capable of suppressing higher order radiation.

B. Film Preparatioii

Metal filins were prepared by evaporating oato organic Substrate films or onto

Ai films. The highly oxidizable metals were prepared i n _s i tu . The alloy films

were evaporated simultaneously from two sources uiider the control of au



osciJlating quartz mcmitor onto collodium Substrates. In several cases these

\ 1ms wero embedded between Lwo 50 - 100 A thick carbon f i 1ms and the collodium

was dissolved afterwards,

3. TRANSIT ION MKTALS

A. Pure Metal Spectra

The spcctra oi the tranoition metals Ti to Ni were investigated in the region.

üi" Lhe 3p electroii traiisitions (Sonntag (1969), Sonntag et a] . (1969)) and are

reproduced in Fig. 3. All spec tra are characterizcd by a big prominent structure.

Indccd a prominent peak is expected fron a one electroii model because of the

uuiilled 4d states in these netais iuto which the 3p electrons shou]d be pre-

ferably exe i ted. The observed s t ructure, however, is by far too broad (eg.

25 tiV in Cr) to he identified wich the density öl" unlilled d states which should

fxtend over an eiiergy ränge of less than 4 eV. A similar Situation occurs for

several transi tion netals from Liie third series (Hannsel et al. (1969a)) and

I o r the empty f s tätes of the rare earth inetals (Haensel et al. (l970b)), when

exciting d electrons. In contrast the L9 ., absorptioa spectra of the Lransition
_ , J

nie t a J s T i t o i\ show a v;idth of only a l'ew el ectron vol t s . (Bonnelle (1968)).

The fact that ehe magnitudc of the structure is considerabjy reduced in the spec-

r r um o f G u where the d sheJ J i s f i ] .1 cd shows that this structure definitely H äs its

origin i Q -he enpty d states, Already ESCA measurements by Fädley and Shirley (1970)

havu denious Lrated a possible ;:iechanisni for the spreading of oscillator streagth over

a wi cie-r energy ränge. Exchange i nterac tion between the uni i 1] ed d shel l and the

3p hole could spl i t tiip excited state into several lincs. Dehmer et a i . (1970)

have pul this onto a sound tiieoretical base. Their müdel calculation shows that

•jxchniTJ.f: s p l i r t i i L g could amouut Lo äs much äs 20 eV. ! n arder to account for the

l ,--ici" t. ha L altnos L noLhiag o L this l ine s t ructure i s lei t i:; the spectra one nceds
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to assutne that autoionization interaction wich the background continuum

broadens and smeares the structure (Fano and Cooper (1969)). Features at

the onset of the Mn and Co spectra and the Pt spectrum (Haensel et al . (1969a))

remind of the typical depression known from some o! the autoionization l ine

shapes (Fano and Cooper (1968)). The skalier width of the L absorption
Z , J

spectra (Bonnelle (1968)) seeins to be understandablc because of a much weaker

exchange interaction between states in Shells with different main quantum

number than of those with the same main quantum numbcr.

B. Alloys

I£ thus the shape of the spectra is mainly determined by an intra-atomic

phenomenon the question arises, how much of the spectrum is determined by

band effects at all. We have therefore investigated the spectra of alloys

of differerit transition metals with each other. We have compared the trans-

mission spectrum of an alloy film directly with that of a sandwich film

coiitaining both constituents on top of each other.

Figure 4 shows our result (Gudat and Kunz (1971)) hör Cu/Ni 1 : 1 . W i t hin. the

experimental accuracy no diiferen.ee can be detected. This indicates that in

the alloy the spectra of both atoms are superimposed proportionally. Both

typ es of atoins behave iiidependentl y. Simi lar results were obtained für alloys

of Cr/Mu and Fe./Mii. The sample s were prepared by simul taneous evaporation

f roin t wo sources w i Lhout any subsequent arme a l irig of the films. AI though the

mctallographic structure of the fi 1ms i s not very well defined in such a case

this seems to be irrelevant for the conclusions we have arrived at.

A similar iiisensitivity of the emission spectra of the transition metal alloys

on composition. has been reported by Curry et al. (1968). All this shows that

atomic theories give a good first order approach to the Interpretation of these

spectra.



i. LICHT IIETALS

A. Pure Metal Spectra

Figure j shows the L absorption spectrum for AI (Haensel et al. (1970a)>
z, j

äs being a charactcristic example of the similar ones of Na and Mg. At the

edges (which are split into 1? and L ) a sharp peak is observed similar to

more prominent ones In Na and Mg. The edge is followed by small structures

which could have to du something uith densi ty of states effects although they

have not yet been ideatified to our knowledge, The structure culminates in. a

broad prominent maximuni at about 100 eV which is followed by several other

broad maxiraa. This structure for AI was reported already by Fotnichev (1967)

a:id ha s not yet f o und any conviacing explanation. The maxiraa are abseilt in

one electro:: atomic ealculatioiis (sec Fig. 5) and recent measurements on Na

vapour (llaensel et al. (1971)) do not show them ei ther-

The structure at ehe edges is shown in morc detail in Fig. 6 (Haense] et al.

(1969b), KU-.IZ et al . (!970), Gähwiller and Brown (1970), Kjiri et al . (1970)).

The L spectra show a steep increase with a peak at the edge whi]e the K edges

rise rather smoothly. This bears great similarity to the edge structure of

the equivaiont emi ssioii spectra. Thi s behavi our has been attributed (Kahan

(1967), Nozieres and Doniiiiicis (1969), Friedel (1969), Ilopfield (3969) and

others) to the influence of the unshielded part of the hole potential not only

0:1 thn ejected elcctron but on all the metal electrons. The explanation of this

phenomenon goes bcyond the one-clectron approximatlon. if the core level is a

p-state the rcsuJt is a singul ari ty of [j a t the edge. The shape of the cross

stjcii.icm in the region i^unediate ly lollowiiig the edge is :

ÄE"
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AK is the distance from ehe edge and a is a positive exponent equal to X).5

(Ausman and G]ick (1969)). (Actually a prominent peak rather than a singuiarity

is expected due to Auger and temperature broadening.) On the other band no

singuiarity should occur at the onset o£ an s-electron transition. For these

transitions a is expected to be negative but of sraall absolute magnitude. The

theoretical results are complementary in emission and absorption.

It should be mcnticmed however that the peaks in emission are much weaker than

in absorption and the absolute magnitude oL the spike has stilj to be caJculated

theoretically.

B. Alloys

It seems to be promising to use such sharp edge materiais äs Na, Mg and AI both

äs a solvent and äs a solute for low concentration alloys. We arid also a Japanese

group (Yamaguchi et al. (1971)) have started alloy measurements using aj urninum

äs the host. The measurements of Yamaguchi et a]. show clearly the disappearance

of the edge-peak and a softening of Lhe edge structure when alloying Ni and Mn

iiito AI.

We have investigated AI/Au and AI/Ti alloys (Gudat c_t_ a l . (1971)) which were

prepared by simultaneous evaporation of the two constituents. Figure 7 shows

our result. The alloy spectrum is compared to a sandwich film of equivalent

composition. The rcsolution in Lhe present experiments was noL sufficieut to

observe the edge peak. Clearly a broadening arid a shift of the edge can be Seen

even x^iLh this low resolution. The shoulder at 8̂5 eV seen also in Fig. 5 has

disappeared. An additioaal absorption at ̂ 2.4 eV from the edge shows up (̂ 2 eV

wich Ti). Since the nietallographic state of the samples which were not annealed



i s not weil cnough defined we do not want to go into any physical inter-

pretatioii of these results at the present s tage .

The mal n iiiterest in these measuremeats was to test a diiferential two beam

dcnsitometer for the soft x~ray ränge (Fig. 8). A beam Splitter is mounted

behind the exit slit of our monochromator . Thc beam Splitter consists of a

rotating nürror which is rotating in synchronism uith the pulsed emission irom

the Synchrotron. The transnissivitiea (T „) o£ two filras are compared wi t h
I , /

each other. By a lock-i:i techniquc thc quantity (T?-T ) / (T.,+T ) is measured

directly. Figure 7 also shows this spectrum in reasonable agreement with the

directly obtained spectra. We hope to iniprove the method so that we shal l be

able to mcasure this quantity with an accuracy of 10 . This should e nable us

to measure low ccmcentration alloys where thcoretical Interpretation has developed

f arthes t .

5. CONCLUSTON

The foregoi ug examples of absorption me.asuremeiits have ahown that the absorption

spectra of theae nietals cannoL be considered simply a^ a refJectioa of the

density of unoccupied stales. The hole creaLed du ring the absorption process

causes a uon-negl igibln disturbance to the final states ( through exchange inter-

action in the case of the tranaition metals, through the unshielded part of its

potent i a l i n the 1 1 ghi metal s c au sing the edge-peak). The wide spread attitude

t o regard such spectra ad slightly di stortnd density of states curvea appears

to be open LO critisin (see cspccially Ilarrison (1968)). Neverthe leas interesting

occur which deacrvc attcütiou at their own right.
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Table JEj_ AcccleraLors and storage rings usedas light sources

Projects

NBS (Washington)

i:;S-SOR (Tokyo)

E(GeV) R(m) I(mA)

l .3

.83

4.0 30

Remarks

10

Frascati 3.6

DESY (Hamburg) 7.5 31.7 10-30

Wisconsin
Storago Ring

.2/4
exe] usive'l y used
äs a l icht source

Gl .33 1.25 95

Bonn 7.65

Moscow

DNPL OarRsburv)

0.66 60

1 .R
SR-Lab p.ear
compl o t. ion

INS-SOR (Tokyo)
Storage Ring

ACO (Orsay)

0. 3

30
SR-Lab

SLAG (S t an fo rd )
S': orae.r Rint :

l . 75
3.5

2 . 1 2
6000

200
L. . i
l .58

SR-Lab
p l arme d f ü r ~<- l 97 '3



Figiire Capt ions

Fig. l Spcctral distribution of photons emitted in t o a vertical 2 cm

wide slit at 40 m distance from the electron beam äs a function

cf photoii energy. The dashed l Ine gives the asyrnptotic behaviour

ior

Fig. 2 Arrangment of the DESY Synchrotron radiation laboratory. The

beam is spJit into several sub-beams by graziiig incidence mirrors.

Presently about ten moaochromators and spectrographs are operated

at the iacility. EO = electron orbit, CH = chopper, M 1-3 = mirror,

B 1-2 = beam shutter, X-DIFF = X~ray di i:f ractometer, UHV S = UKV

sample chambcr, S = sample, FM = focussing mirror, R 1-3 = Rowland

spectrograph, PG = DESY spectrograph, X-MQNO = X-ray monochromator,

S M-VAP = metal vapous, W 1-4 = Wadsworth nionochromator.

Fig. 3 Abüorpt-ion coefficient for the e lernen t s T i t o Cu in the M,? „

region. (Reproduced with pcrmission from Kunz (1971))-

Fig. 4 Original spectra of a Cu/Ni alloy and a Cu+N'i Sandwich film. In

order to obtain a real traasniission spec trum the curves would

have to be divided by Lhe spectrum shown. äs a dashed line. The

itiaert shows the measuring technique. Ml is a combined multiplier

and reflector.

Fig. 5 Absorption coefficient u of AI in the L7 region. The dashed
z, _)

ciirve p.ives atomic calculations (Cooper (1967) private conunun.)

(After Haensel et aJ. (1970)).

Fig. 6 Shape of the L^ edges of Na, Mg, Af and the K edges of Li

and Be. (Reproduced with permission from Kunz (1971».



Fig. 7 Spectra of an AI/Au alloy and an Al+Au sandwich film. The insert

shows an original spectrum raeasuring the difference in the

transmissivities of the two samples divided by the average. Thi s

was done using the beam Splitting technique shown in Fig. 8.

Fig. 8 Beam splitter for the soft x~ray ränge behind the exit slit of

the DESY tnonochromator (Dietrich and Kuaz 1971, Kunz et al. 1968)

Alternative light pulses transmit the upper and lower foils.

Lock-in amplifiers serve to extract (T -Tj ) / (T̂ Tj ) where T

are the transmissivi ties,
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