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Photoemission study of the electronic structure of PtGa
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Synchrotron-radiation-excited angle-integrated photoemission spectra of &#presented. The spacings
of the three Pt B bands were determined and were interpreted to yield the crystal-field and the spin-orbit
parameters of 0.900.05 and 0.56:0.05 eV, respectively. The energy variation of the three Et 5
photoemission-peak intensities has been derived at photon energies of 45, 80, and 120 eV from measurements
on PtGa. The binding energies at3, I';, andI‘g for PtGa are within 10% of the corresponding values for
Au metal, suggesting the electronic structures of these two materials are very similar.
[S0163-182697)09835-4

I. INTRODUCTION compounds, which was a controversial topic in the 1970s.
. . In 1987, a semiempirical band structure for P{@ef. 1)
Dgrlng the Ia§t decade, the eIectromg structure.and th‘V?vas obtained in the rr?ixed-basis band-structureiinterpolation
physical properties of a less-common intermetallic Com'scheme(MBBSIS) and found to give agreement between the
pound PtGghave been studied by performing band-structur€.cyjated total DOS and XPS data. The energies of the Pt
calculation; x-ray and uv photoemission spectroscoi®S 54 pands were further checked by UPS. However, there are
and UPS experiments, and electrical-resistivity, three drawbacks in that paper. Firstly, since a nonmonochro-
magnetic-susceptibility’  thermoelectric-powef, and  matic x-ray source was used in the XPS measurement, the
specific-hedt measurements. The gold color of P¥Gsas  energy resolution, though not explicitly mentioned in Ref. 1,
explained in terms of its Au-like density of stat®OS),  could be as low as 1 e%* Secondly, since Auger electron
while the similarity between PtGand Au as to their con- spectroscopi¢AES) capability was not available in the UPS
duction mechanisms and the topologies of their Fermi surehamber, contamination of the sample surface by O or C
faces was clearly shown by comparing thermoelectric-powecould not be checked. Thirdly, since a noble-gas-discharge
data of these two materials. The superconductivity of thidamp was utilized as the excitation source in the UPS mea-
compound was first discovered by HSwand later confirmed surement, the VB spectra did not reveal any features other
by Wong® Our work showed that PtGas a type-ll super- than the two peaks already observed in the XPS spectrum,
conductor with a critical temperature at zero magnetic fieldeven though the resolution of the UPS spediaaproxi-
of 2.15 K, and an upper critical field of 443 G. The metallic mately 0.3 eV was much better than that of the XPS spectra.
normal state and the superconductivity state of RPt@are It is also noted that the total DOS calculated by the MBBSIS
also revealed in the electrical-resistivity measurem@hts. method showed three PtdSands (‘é, r,, andl“g), but the
Recently, experimental and theoretical studies on this intermiddle I'; band was not resolved by either the XPS or UPS
esting compound and three isostructural compoundstudy® The present study of the VB's of PtGavas moti-
AuAl,, AuGa, and Auln, were reviewed by Hs0. vated to improve the energy resolution by using synchrotron-
Binary intermetallic compounds that contain a transitionradiation-excited photoemission spectroscopy, with the hope
metal and a group-lll metal are interesting both from tech+o resolve thd'; band and thus to obtain the spin-orbit and
nological and academic points of view. For instance, elemenerystal-field parameters of thg11) face of PtGa Another
tal Pt is unstable with respect to GaAs in a closed system giurpose of this work is to bridge the UPS-XPS energy gap
room temperature, and will react chemically to form com-by using a tunable synchrotron-radiation photon source, and
pounds such as PtGa or P#5O0n the other hand, conduct- to study the amplitude-modulation effect of the Rt Bands
ing contacts of PtGaare thermodynamically stable on a in PtGag.
GaAs substrate up to 450 €22 Thus, knowledge of the This paper is organized as follows. In Sec. Il the experi-
electronic and physical properties of P{Gend related inter- ments are described and in Sec. Ill the results and discussion
metallic compounds may be important in design of circuitsare presented. The conclusions of this work are contained in
for future field-effect devices. Such compounds are also exSec. IV.
cellent systems for studying bands, since group-lll metals

contribute onlys-p states to the valence barffB). One Il. EXPERIMENTS
example is the study of the electron correlation effects in Ni
3d bands of Ni-Al! Ni-Ga?>*® and Ni-In (Ref. 13 inter- A single-crystal samplé of PtGg was oriented using

metallic compounds. Another example is the study of the_aue x-ray diffractometry, and then was cut by a wire saw to
positions of Au %l bands for Agroup-Ill), intermetallic  reveal a(111) surface. The PtGasample was mounted on a
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polishing fixture, reoriented to within 1° of thd.11) plane
by Laue photography, and polished to mirror smoothness ®
using 0.5-, 0.3-, and 0.0@m alumina grit. The choice of the PtGa b
(111 face was made for several reasons. This face has been 2
studied in great detail for thedbmetals Au and Pt, and is the
least difficult to prepare and characterize because it is closed
packed and does not tend to reconstruct; in addition, it does
not give rise to significant secondary Mahan emissfon,
which simplifies the analysis. Experiments were carried out
on the beam line B-06A at the Synchrotron Radiation Re-
search Center, Hsinchu, Taiwan. Photon energies in the
range of 40—170 eV were selected with a low spherical grat-
ing monochromator, and a Vacuum Science Workshop
125-mm hemispherical analyzer was used in the fixed-
analyzer-transmission mode to collect photoelectron spectra.
With 900 lines/mm for grating setting and 3 eV for analyzer
pass-energy setting, the energy resolution of the photons plus
the electrons was 0.15 eV as estimated from the sharpness of
the Fermi edge of the VB photoemission spectra. The pres- ¥
sure during the measurements wax 20 1° Torr. The r \
vacuum chamber was also equipped with a Physical Elec- 45 ‘,-‘""
tronics 15-255 double-pass cylindrical mirror analyzer for o
AEShmeasur?ement. | ib . | f 1412108 6 4 2 0
The sample was cleaned by repeated cycles of sputtering
with Ar ions and annealing to 500 °C until Auger spectra BINDING ENERGY (eV)
showed that the combined O and C contamination on the
sample surface was less than 4 at. %. The sample surfa%an
after cyclic cleaning contains about 21% less Ga atoms tha{?]Ire
those in the bulk as determined from the peak-to-peak inten-
sity ratio of GaLMM (1070 eV} to Pt MNN (1967 eV lll. RESULTS AND DISCUSSION
Auger transitions and normalized Auger sensitivity factdrs.

It is worthwhile noting that these Auger electrons come from -
roughly 1520 A from the top of the PtGaurface, while in  SIoN Spectra of PtG&or photon energiesi(v) at 45, 80, and

the range of photon energies from 40 to 170 eV as used ift20 €V The Fermi energyEg)was assigned at half height
this work, the kinetic energy of electrons from the Rt 5 9N the onset_of a plateau in Fig. 1L This _plateau extends from
band ranges from roughly 30 to 160 eV. For these lattefr 1© 2 €V binding energyKg) with a fairly low DOS and
energies the escape depth is near its minimum of 5 A. Sinci$ caused by photoemission from the >p ba”d(bg"gd 7.

the Pt-Ga bond length is about 2.56(the lattice constant of 1h€ S-p plateau was also observed in PtAu” and
PtGa is 5.911 A, only the first two atomic layers are probed AUG&-~ In generals-p bands disperse much more rapidly

by the photon energies used. The preferential sputtering ¢han the almost fladl bands, thus accounting for the relative
the Ga atoms from the PtGaurface agrees with the obser- width of the features seen in the photoemission spectra. The

vation made on surfaces of the Ni-Ga intermetallicr@tios of thes-p to d-band intensities, after subtracting a
compound%z’lsand CoGaRef. 18 as for Ga deficiency af- linear background, fohv.= 45, 80, and 1_20 eV are 0.13,
ter alternating cycles of Ar-ion bombardment and subsequerft-07, @nd 0.08, respectively. These ratios are ro%ghly the
annealing. We should point out that the Ga deficiency is les§ame as observed in Pt and Autat=12 and 15 eV’ At
than 14% for four stoichiometries of the Ni-Ga higherEg there is a three-peak structure with a very high Pt
compound$?*® We also note that the PtGdulk sample 5d DQS, and there is essentially no change of the respective
may contain some defects that result from the metastabilitfFs’s With hv. The small bump arounBg=7 eV is due to

of this compound at room temperature. This speculation i€ O 2p-band emission mixed with emissions from the Pt
supported by the low residual-resistivity rati®.34 for this ~ S-P band (band 1. The photoemission spectra agree with
compound? Due to the inherent defects and a larger PGaevery detail of the DOS curve calculated by MBBSI&nd
mass ratio than that of Ni/Ga, it is not surprising that the Gethe middlel’; band is resolved dg=4.2 eV. Since disper-
deficiency on the PtGasurface is larger than that on the sion of the Pt & band is rather small along in the Bril-
surfaces of the Ni-Ga compounds under the same surfadguin zone(BZ)," we can assign these three peaks as due to
preparation procedures. Study on the Ay@01) surfacd®  band emissions froi points. TheEg values af'g, I';, and

by AES and low-energy electron diffraction showed that it isFﬁ for PtGg are listed in the second, third, and fourth col-
primarily Ga terminated and Ga deficiency improves withumn, respectively, in Table I. Also presented in Table | are
annealing cycles. For the ideal case that the surface is nthe experimental and theoreticBg values at the thred&
altered by ion bombardment and subsequent annealing, thmints for Au, AuGa, and Pt.

stoichiometry of the bulk will be preserved on tli&11) The spacings of the Ptdbbands atl” for PtGg can be
surface of ordered PtGa used to determine the crystal-fidltio Dq) and the spin-orbit

INTENSITY (arb.units)
8
-
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FIG. 1. Valence-band photoemission spectra of Rti@apho-
energies at 45, 80, and 120 eV. Note that the intensities for the
e spectra are not to the scale.

Figure 1 shows a set of angle-integrated VB photoemis-
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TABLE I. The lattice constants, the experimental and theoretical binding eneigigsof the Au or Pt
5d levels atl’, the crystal-field paramete($0 Dq), and the spin-orbit parametei@ for Au, AuGa, Pt, and
PtGa. All values in eV.

Lattice constantA) Es(T's) Es(l7)  Eg(I)  10Dq 3

Au 4.08 Expt? —-3.55 —4.45 —-5.90 1.22 0.71
Theor? —-3.38 —-4.33 —-5.75 1.28 0.70
Theor® -3.29 —4.34 —5.65 1.39 0.66

AuGs 6.076 Expff —-4.92 —5.68 -7.31 1.07 0.78
Theor® —6.88 —-7.60 —7.60 0.72

Pt 3.923 Expt. —1.40 —-2.80 —4.07 1.78 0.66
Theor! —1.40 -2.97 —4.05 1.94 0.58

PtGa 5.911 Exp@ —355  —4.20 -5.35 0.90 0.56

%Reference 20. ®Reference 28.

bReference 25. fReference 27.

‘Reference 26. 9This work.

dReference 21.

(¢ parameters in the manner of Wehreral?? Briefly, the  cates that the spin-orbit effect is important in determining the

Pt 5d energy levels at’ lie at electronic properties of this material, and should be compa-
rably important in determining those of related materials
Eg(ly)=—4Dq—Lé— \/gg cots, (1)  such as AuA and PtGa We should also point out that the
Eg values afl'y, I';, andT'3 for PtGg from the MBBSIS
Eg(T;)=—4Dg+¢, ) calculatiort are —2.79, —3.71, and—4.86 eV, respectively;

while the corresponding values obtained from this work are
) 3 —3.55,-4.20, and—5.35 eV. Thus, our experimental values
Eg(I'y)=6Dqg+ \Eg cotd, (3 for PtGa are close to the experimental values for Au
(—3.55,—4.45, and—5.90 eV, respectively, in Tablg,land

where ¢ is defined by deviate as much as 21% from the theoretical MBBSIS values

JB¢ for PtGga. It seems that the combined crystal-field and spin-
tan29= — ———> (4)  orbit effect makes the Ptdbbands of PtGasituated at po-
10Dg+3¢ sitions within 10% of those of the Audbbands of Au metal.

Therefore, this study gives one more quantitative support for

The 10Dq and ¢ values for PtGathus determined are the similarity between the electronic structures of Bt&ad
listed in the last two columns of Table I, along with those for Au. One may wonder at this point if the electronic structures
Au, AuGg, and Pt. It is worthwhile noting that these param- of PtGg and Au are so similar, why does PtGsupercon-
eters are only meaningful at tHé points in the BZ, where duct while Au does not? To answer this question, more un-
the crystal momentum is zero. However, the almost flat Ptlerstanding on the electron-correlation effects in Bt@ay
5d band across the BZ with an energy spread of less than Ofselp. We note that AuGais also a superconductor with a
eV justifies the use of the DOS peaks for Pf@adetermine  critical temperature at zero magnetic field of 1.17 K.
the 10Dq and ¢ values. We note that the experimental In this study, thed-band splitting for PtGa as defined by
value for Pt(0.63 eV} (Ref. 23 was used in the MBBSIS the energy difference between the upper and the Idwer
band-structure calculation of Ptgsh This value is within  bands, is 1.8 eV, which is smaller than that obtained from the
10% of the ¢ value for PtGa determined from this work. XPS or UPS measurement and the MBBSIS band-structure
However the 1M q value, obtained by fitting of the MBB- calculation(2.1 e\).! The d-band width for PtGg as deter-
SIS band structure of PtGdo the XPS VB spectrum, is mined from the full width at half maximum of the photo-
negative and carries a very high uncertaihfjhese obser- emission spectra of Fig. 1, is 2.8 eV, which is again smaller
vations suggest that while the splitting of the Rt Band in  than the previous value of 3.9 eV obtained from the XPS
PtGa was well preserved in MBBSIS, the crystal-field effect study! These observations show that tbleband splitting
was underestimated by the calculation. Underestimation oénd thed-band width are strongly affected by the instrument-
the 10Dq values was also a problem in the MBBSIS band-broadening effect. It should also be pointed out that the
structure calculations of AuAl AuGa, and Auln,.?* d-band splitting and thed-band width for PtGa do not

In Table I, the agreement is rather go@dthin 7%) for  change with the three photon energies used in this study. The
Au and Pt of the thre&g values afl” points determined from relative ratios of the intensities of the thréeband peaks for
either the angle-resolved photoemission spectroscopiPtGg starting from lower to higheEg at hv=45, 80, and
(ARPES study® or the relativistic band-structure 120 eV are 1:1:0.67, 1:1:0.68, and 0.90:1:0.90, respectively.
calculations>2" For AuGa, however, the agreement be- These ratios were calculated after subtracting a linear back-
tween the ARPES data of Nelsen al?! and the nonrelativ- ground. The highestEg peak grows in relative intensity
istic band-structure calculation of Switendick and Nafaih ~ with increasing photon energy, with a minor increase from
very poor(maximum difference is close to 30%rhis indi- hv=45 to 80 eV and a 32% increase frdmv=280 to 120
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TABLE II. Binding energies of the GaBand the Ptor Au#  for Au, AuGa, Pt, and PtGa The values for the elements
levels and the corresponding spin-orbit splittings for Au, AuG, are taken from the XPS studies compiled by Fuggle and
and PtGa AII_vaIues in eV. Estimated uncertainty i50.1 eV Martenssors By using XPS, Watson, Hudis, and Perlrfan
unless otherwise stated. reported 84.45 eV for the binding energy of the Af,4
level in AuGa, relative to a value of 306.6 eV assigned to
the simultaneously monitored RH 4, level. In Table 1l this
value was corrected to be 85.05 eV in order to conform to

Spin-orbit Spin-orbit
Ga s, Gady, splitting 4f,, 4fg, splitting

Au? 83.9 876 3704 the binding energy of the Rhf4,, level reported in Ref. 34.
AuGa 186 192 0.6x0.2 85.0% The Pt 4 spin-orbit splitting for PtGais larger than that for
P 71.2 745 3.304 Pt. We note that only very small core-level energy shifts are

PtGa’ 185 189 0402 703 744 44102 seen in Table I, which can be interpreted within the frame-
work of band theory to mean that when Au or Pt is alloyed

*Reference 34, estimated uncertainty*if.2 eV. with Ga, the flow of Gas charge onto Au or Pt sites is
bReference 21. accompanied by a compensating depletion dfcharge®
‘Reference 35. This value was corrected to conform to the binding The free-electron value for the bulk-plasmon energy for
energy of the Rh #;, level reported in Ref. 34. PtGa is 13.7 eV, assuming each Pt and Ga atom contributes
“This work. one and three electrons, respectively, to the free-electron-like

VB’s. This value is reasonably close to the values of 15.5
eV. The central peak maintains the same intensity while theind 13.2 eV observed in previdisand present studies, re-
lowestEg peak shows about 10% decrease in intensityspectively. The experimental bulk-plasmon energies are es-
within the photon-energy range. The photon-energy depersentially the same as that of pure @4.2 eV}, while Pt as a
dence of thed-band photoemission intensities has been studpure metal shows almost no plasmon structure. The surface-
ied on a number of metaf$->' However, to our knowledge plasmon energy for PtGas observed at 9.6 eV in this study.
the photon-energy dependence of the respective DOS peaks
has not been reported in the literature. The @4&nd inten-
sity was defined as the area under the photoemission energy
distribution extending fronEz=2 to Eg=6.5 eV, corrected The spacings of the three Pd%hands for PtGawere
for a linear background. The area was normalized with redetermined and were interpreted to yield the crystal-field and
spect to the incident photon flux. We note that in Fig. 1 thethe spin-orbit parameters of 0.840.05 and 0.560.05 eV,
photoemission intensity is not to the scale for the three spegespectively. The binding energies BE, T';, and T'3 for
tra. The resulting values for the PtSelative intensities at PtGg are within 10% of the corresponding values for Au,
hv=45, 80, and 120 eV are roughly 7:5:1, which are similarsuggesting that these two materials have very similar elec-
to those reported for elemental BE* It is well known that  tronic structure. The bulk- and surface-plasmon energies of
the Pt &l atomic cross section shows a 100-fold decrease aBtGa are 13.2 and 9.6 eV, respectively.
the Cooper minimurif (h»~200 eV for the Pt 8 band is
approached from low photon enerffyThe experimental,
photon-energy-dependent photoemission intensity obtained
from Pt metad®3! seems more appropriate for this analysis The authors thank R. J. Baughman and R. S. Williams for
than the calculated atomic photoionization cross section isupplying the PtGasingle crystal, and H.-W. Huang and
Ref. 33. This is because the former data show a more gradu8l.-C. Chung for technical assistance. This work was sup-
decrease in relativd-band intensity fromhv=45 to 80 eV  ported by the National Science Council, Taiwan, R.O.C. un-
than fromh»=80 to 120 eV, while the latter data show der Contract Nos. NSC 85-2112-M-018-006 and NSC 86-
about the same amount of decrease in atomic cross section2613-M-018-001. L.S.H. gratefully acknowledges the
the two energy ranges studied. Department of Physics of the Austin Peay State University,

Table Il lists the binding energies of the Gd @nd the Pt  Tennessee, for support during which time this paper was
or Au 4f levels and the corresponding spin-orbit splittings written.

IV. CONCLUSIONS
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