
OFFICE OF NAVAL RESEARCH ]T f[{ "?

Research Contract N00014-87-K-0014

R&T Code 413E026---01

Technical Report No. 13 ,

Lnn0
VALENCE-BAND AND CORE-LEVEL PHOTEMISSION SATELLITES IN NiGa

by
0)

L. Hsu,
Department of Physics I e

and Solid State Sciences Center

R.S. Williams
Department of Chemistry & Biochemistry i

and Solid State Sciences Center
University of California, Los Angeles, CA 90024-1569

and

D. Outka
Division 8343, Sandia National Laboratory

Livermore, CA 94550

DT:C" "

Submitted for publication , - _'

in AUG 0 4 1988

Solid State Communications

University of California, Los Angeles
Department of Chemistry & Biochemistry

and Solid State Sciences Center
Los Angeles, CA 90024-1569

July, 1988

Reproduction in whole or part is permitted for
any purpose of the United States Government.

This document has been approved for public release and sale;
its distribution is unlimited

AL



UNCLASSIFIED
SEC',A -v C.ASS ; CA' C'N Cc: _'S PAGE

REPORT DOCUMENTATION PAGE
la. REPORT SECuRiTY CLASSIFICATION lb RESTRICTIVE MARKINGS

t3NC.ASSIFIED N/A
2& SECuRITY CLASSIFiCATION AUTHORITY 3 DISTRIBUTiON /AVAiLABILITY OF REPORT

N/A Approved for public release;
2b OEC,.ASSFICATION, DOWVNGRADING SCHEDULE distribution unli.Tted

N/A _______________________

4 PERFORMING ORGANIZATION REPORT NLIMBER(S) S MONITORING ORGANIZATION REPORT NUMBER1(S)

N/A

6& NAME OF PERFORMING ORGANIZATION J6o OFFICE SYMBOL 7a NAME OF MONITORING ORGANIZATION

The Regents of the (if applicable) 1) O1.M Pasadena - Administrative
University of California _______ 2) ONR Alexandria - Technical

* 6C. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)
* Office of Contracts & Grants Administration 1) 1030 E. Green Street, Pasadena, CA 91106

U C L A, 405 Hilgard Avenue 2) 800 N. (Q.icy St., Arlington, VA 22217-500
IosAngeles,_CA__90024 ________________________________

Ba. NYAME OF FuNDiNGSPONSORjNG T o OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION j(if applicable) N00014-87-K-0014
office of Naval Research jon

Bc. ADDRE SS (City, State, and ZIP Code) 10 SOURCE OF FUNDiNG NUMBERS
800 N. Quincy Street, 614A:DIP PROGRAM PROJECT TASK VAORK UNiT
Arlington, VA 22217-5000 ELEMENT NO NO NO ACCESSION NO

11 TITLE (include Security Clasification)
VALENCE-BAND AND gORE-L=E P1IOTDTISSION SATELLITES

* UNCLASSIFIED: Tech. Rept .#13 IN Ni~a

12 PERSONAL AUTHOR(S)
L. Hsu, R.S. Williams and D. Outka

13a TYPE OF REPORT 113b TIME COVE~RE D 1 1 E4 O F RE4PORt Year, Mont hDy 1 AGE COUNT
* Technical Preprint FROM Au' 7  TO Ju44l '8 k~tu :J7y Y+ i

16 SUPPLEMENTARY NOTATION

17, COSATI CODES I8 SU& tTTERMS (Continye on reverse if necessary and identify by block number)
FIELD GROUP SUBG-ROUP ultra~rviolet, 4nd >Xtray photoelectron spectroscopy 7 t

-: .holelbound state icn/off-resonance excitation

19. ABSTRACT (Conti~nue on reverse if necessary and identify by block number)

Photoemission studies of the valence-band and core-level satellites of NiGa are presented.
The valence-band satellite is resonantly enhanced near the 3p threshold (W~ = 67eV), and its centroid
position is photon energy dependent, which is in agreement with previous observations for elemental

% Ni. Surprisingly, the resonantly enhanced valence-band satellite in NiGa has about the same intensity
as that for elemental Ni, even though the number of empty d-states contributing to the resonant
enhancement is expected to be smaller in NiGa.

20 DSTRBUTION/JAVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
JUNC-LASS;rIED/ULIMITED [J SAME AS RPT OJTIC USERS U('& LASS IFI ED

22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (include Area Code) 22c Ofi ;CE SYMBOL

R . Stanl2' Williams (213) 825-8818 1 UCTA
DD FORM 1473,54 MAR 83 APR ed tor r-a j .) ~ SECURITY CLASS[FtCATION OF THIS PAGE___

All other ed~tIOns are obsolete _- __

LrCLASSIF lED



* -- .~ - ~.',, - ".,.. ,,.

Valence-Band and Core-Level Photoemission Satellites

in NiGa Intermetallic Compound
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and

Duane Outka
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0

Photoemission studies of the valence-band and core-level

satellites of NiGa are presented. The valence-band satellite is resonantly V

enhanced near the 3p threshold (hv =67eV), and its centroid position is

photon energy dependent, which is in agreement with previous

observations for elemental Ni. Surprisingly, the resonantly enhanced .."'.'
valence-band satellite in NiGa has about the same intensity as that for

elemental Ni, even though the number of empty d-states contributing to

the resonant enhancement is expected to be smaller in NiGa.
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Valence-band and core-level satellites observed in ultra-violet

and X-ray photoelectron spectroscopy (UPS and XPS) studies of elemental

Ni have been the subject of many experimental 1- 6 and theoretical 7 - 1 1

investigations in the last decade. The valence-band satellite is resonantly -

enhanced near the 3p-3d excitation threshold, 1 and its centroid moves

with photon energy (hv ).12 The existence of these satellites is related to

the fact that Ni has a partially filled d band (0.6 hole per Ni atom), which

allows the creation of a two-hole bound state on some Ni atoms after a

photoionization event.7 , 8 ' 1 1 The resonant enhancement of the

valence-band satellite is caused by the interference of two excitation

channels leading to the same final state. One channel is the

3p63d 9-3p 53d 1 0  photoexcitation followed by a super-Coster-Kronig (sCK)

transition. The other channel is the nonresonant shake-up process

proposed by Penn. 7  The recently characterized phenomenon of the 0

apparent shift in energy of the valence-band satellite with hv has been

interpreted in terms of different contributions of the singlet and triplet

satellite states, which occur at different energies, for on- and

off-resonance excitation conditions. 1 2

Several studies have characterized the photon energy dependences

of the Ni satellite feature in compounds such as NiO4 and NiAs.? In the

compounds studied to date, the Ni has been the less electronegative

species. Thus, the occupation of the d-states should be less than in

elemental Ni. In the cases studied, the valence-band satellite was still

present and it exhibited resonant behavior very similar to that for Ni

metal. This paper presents a resonant photoemission study of NiGa, a

compound in which there should be some electron transfer to the Ni atoms

2
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from the less electronegative Ga, and thus a higher occupation of the

d-states. The intent of this study was to see what effect a decrease in the

hole concentration of the d-band would have on the Ni photoemission

satellite and its resonant behavior.

Polycrystalline NiGa was prepared from weighed amounts of

99.999 at. % pure Ni and Ga by arc melting under 1 atm argon. It was then

annealed in an evacuated quartz tube at 750 0C for 50 hours and quenched *-'a
in a water bath. The total loss of weight during these processes was

about 1 % Powder X-ray diffractometry showed that the sample was a &
single phase and of the CsCi structure.

The XPS data for NiGa were collected with a Kratos ES 800
equipped with a nonmonochromatic Mg Ka (hv =1253.6 eV) X-ray source and

a 150mm hemispherical electron energy analyzer. The UPS experiments

were carried out on beam line VIII-2 at the Stanford Synchrotron Radiation

Laboratory (SSRL). Photon energies in the range of 30 to 160 eV were

selected with a toroidal grating monochromator, and a PHI 15-255 G

double-pass cylindrical mirror analyzer (CMA) was used in the

constant-pass energy mode to collect the photoelectron spectra. The

resolution for XPS and UPS was about 0.7 eV and 0.5-0.8 eV, respectively.

The working pressures in the XPS and UPS chambers were 1 ×0 1 0 Torr

and 8 x10 -g Torr, respectively. The NiGa surface was cleaned by repeated

cycles of argon ion bombardment and annealed to 350 0C for 15 minutes.

The XPS spectra were free of any detectable contamination by 0 or C, but

the sample from which UPS data were obtained had about 3% of a 'a.'.

monolayer (ML) of 0 and 6% ML of C, as estimated from Auger spectra 'a'

collected with the CMA.
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Fig. 1 shows energy distribution curves (EDC's) of NiGa for 60 eV<5

hv < 80 eV. The binding energy (EB) is referred to the Fermi energy (EF),

and all the spectra are normalized to equal intensity at the maximum of

the Ni 3d-band emission, which consisted of only one peak at 0.8 eV EB.

The satellite at ~6eV below the Ni 3d peak is enhanced near the 3p

threshold (hv =67 eV). The observation that the satellite shifts in binding

energy with hv is consistent with a previous study of elemental Ni. 1 2

The satellite peak position is observed at -6.2 eV below the Ni 3d peak

away from resonance and shifts to -6.9 eV below the Ni 3d peak on

resonance (67 eV_< hv < 70 eV). Sakisaka et. al. 1 2 estimated the shift to

be -1 eV in elemental Ni, which is comparable to our value of 0.7 eV. The

expected peak positions of the M 2 ,3 VV Auger transition, which are only

observed at hv _> 68 eV, are marked by arrows in Fig. 1. .

The appearance of an Auger peak can be seen more clearly from the

difference spectra shown in Fig. 2. The difference spectra in Fig. 2(a)

were obtained by subtracting the EDC at hv =64eV from EDC's at higher hv,

i.e. N(hv )-N(64eV), 67eV < hv < 76eV. The M2 ,3 VV Auger transition,

which is marked by arrows in Fig. 2, appears above hv =68eV and can be

seen as a higher binding energy shoulder in N(68 eV)-N(64 eV) and a

broader structure in N(hv )-N(64 eV) , where 70eV 5hv !5 76 eV. The

intensity of the M2 ,3 VV Auger emission at hv =67 eV should be essentially

zero, so in N(67 eV)-N(64 eV) there is only one feature corresponding to

the extra enhancement of the higher binding-energy part of the satellite

('G configuration). In Fig. 2(b), we subtract the EDC at hv =67eV from

EDC's at hv =68, 70, and 72 eV. The M2 ,3 VV Auger emission shows a peak

in N(68eV)-N(67eV) and a broader structure in N(70eV)-N(67eV) and in
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0.

N(72eV)-N(67eV). Compared with the satellite peak position of the EDC at

hv =67eV, one can see that the dips in these difference spectra represent 7 -

the resonant enhancement of the satellite. From these difference spectra,

we can separate the contribution of the incoherent Auger emission from

that of the coherent Auger-type decay in the resonance-enhanced satellite

structure. Also, if there is any spurious structure in the spectra causea by

0 or C contamination on the sample surface, we can cancel their el

contributions in these difference spectra. The enhancement of the

satellite at resonance is thus shown to be not caused by the incoherent

Auger emission but to be due to the coherent sCK-type decay.

The intensity of the satellite peak at hv =67eV is about 64 % of

the Ni 3d peak in NiGa, which is comparable to the value (_60 % ) obtained

by Chandesris et. al. 1 3  for the resonantly-enhanced satellite intensity in

elemental Ni. This is an indication that the Ni d-band is still not filled in '

NiGa. We will come to this point later when discussing the XPS data.

Fig. 3 shows Ni 2p XPS spectra for NiGa after subtracting a

smooth background using Shirley's method. 1 4 The binding energies of the

Ni 2p,, 2 and 2p3 ,2 levels and their respective satellites are shown in
Table 1 along with those of elemental Ni, NiAI, and Niln. 1 5 We determine

I

the satellite intensity the same way as was done in ref 15 in order to

compare our results with theirs. 'w

The electronegativities of Al, In, and Ga are essentially the

same. 1 6  If Ni core-level satellite intensities in 1:1 compounds have a

general trend with partner eletronegativity, 1 5  the intensity of the

satellite feature (Isat) for NiGa should be about the same as those for NiAI

and Niln. This is evident from the Ni 2p 3 ,2 satellite intensities in Table 1.

•5',



The Ni 2p,,2 satellite in NiGa has a much broader structure than the Ni .

2P312 satellite, so the determination of its 'sa t  is more uncertain than I

that for the Ni 2P312 satellite. The results for NiGa are in reasonable,.-l

agreement with NiAI and Niln, as shown in Table 1. ,

Since no shake-up satellite of the Ga 3d core peak was observed in

either UPS or XPS spectrum, the two-hole bound state, which is

responsible for the occurrance of the satellite feature in NiGa, is actually"-

localized at the same Ni atom, i.e. it is the intra-atomic Coulomb

interaction that forms the two-hole bound state. In other words, transfer -

of a hole from Ga 3d to Ni 3d is very inefficient in NiGa.

It is worth noting that AE for the 2P312 line is larger than that"""

for the 2p,/2 line in Ni and the NiM (M=AI, Ga, In) intermetallic compounds.

Bosch et. al.6 explained this phenomenon as the result of the suppression i

• .

of the multip~et lines closest to the main 2p,/2 line, while the 2p,,2

I
**,

Th i2 1 2satellite i iahsamc rae structure crepnst tha ofg'ainaeae oin he Ni

calculated by Martensson and Johansson. 1 7

Hillebrecht et. al. 1 5  attributed the decreasing of the satellite
intensity in Ni alloys to d band filling. However, this argument requires

further analysis. In the UPS study, we observed roughly the same resonant

satellite to 3d peak intensity ratio th si te a t in elemental Ni. If the Ni d

banled in NiGa, the final state of the 3pnl excitation is either 4sp

state 8 or the unoccupied state with d character1 5 (due to s-d

hybridization). In either case, the resonant satellite intensity in NiGa

should be expected to be much less than that in elemental Ni. AnalogiesGned

are found in the UPS studies of Zn18 and Cu;2 the former has a resonant

satellite to 3d peak intensity ratio of only 6%, while that of the latter has

saelit srutrecorepod t te oniurtin veaedpoitona



12%. This difference was explained by the fact that Zn has a completely

filled d band, while Cu has only about 0.4 d-holes per Cu atom that result

from s-d hybridization. Spin-polarized photoemission and inverse

photoemission studies on the Ni-group III intermetallic compounds should

help in understanding the transitions responsible for the Ni satellite

ferture more completely.
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Table 1. Binding energies of Ni 2p,12, 2P31 levels and satellites in Ni,

NiAI, NiGa, and Niln (in eV). b.

2P3 /2 BEa AEb lsatc 2p112 BEa AEb Isa CChmcl

shift

Nie 852.65 5.8±0.4 29 869.90 4.6±0.4 28
NiAle 852.80 7.2±0.4 19 870.101 5.65±0.4 23 0.20

NiGa 853.001 6.3±0.6 17 870.1lOf 5.1±0.6 27 0.27

Nilne 852.35 6.7±0.3 20 869.55 5.45±0.5 25 -0.30

a. Uncertainty ±0.2eV unless otherwise stated.

b. Binding energy difference between main line and satellite-, satellite has

larger binding energy.

c. Satell4.-3 intensity as percent of total intensity of main line plus

satellite. Uncertainty ±2%.

d. BE(intermetallic compound)- BE(Ni), averaged over 2p lines.

e. Data taken from ref. 15.

f. Uncertainty ±0.3 eV.
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FIGURE CAPTIONS

Fig. 1. Photoemission spectra of NiGa measured at 60eV _ hv !5 80 eV. The

arrows indicated the expected peak positions of the M2 ,3 VV sCK line.

Fig. 2. (a) Selected difference spectra N(hv )-N(64eV) of the EDC's of NiGa.

The expected positions ot the M2 , 3 VV sCK line are indicated by

arrows.

(b) Selected difference spectra N(hv )-N(67eV) of the EDC's of NiGa.

For comparison, the corresponding EDC's are also shown above each

difference spectrum. The expected positions of the M2 ,3VV sCK line

are indicated by arrows.

Fig. 3. Ni 2p XPS spectra of NiGa. The spectrum was recorded with 0.1eV

stepwidth, and a smooth background has been subtracted.
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