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XPS measurements for detection of collapsed-core atoms

V. Sh. Machavariani and A. Voronel
Raymond and Beverly Sackler School of Physics and Astronomy, Tel-Aviv University, Ramat-Aviv 69978, Israel
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A considerable heat capacity anomaly of metals with unfileiates at high temperature is explained using
the Core Collapse ModeglCCM). The XPS measurement of Pt atoms embedded in Cu matrix has been
performed at different concentrations. The analogous measurement of Au atoms has been used as a reference.
A difference in Pt levels’ behavior and their dramatic narrowing with diluting have been interpreted in favor of

the CCM.

I. INTRODUCTION

matter is complicated by involving thef &evel). The CCM

gives a plausible way to explain peculiar diagrams of states
Many metal$? (in particular transition metals but actually of Cs, Ce and many othetdIt might be a cause of a short-
also lantanoides, actinoides, Cs, Ba — the definition will beening of La-Al bonds’ length observed in La-Al metallic

given further on exhibit an anomalous thermodynamic be- glas$* and two humps in its heat capacity temperature
havior in their high-temperature region. The heat capacity oflependenc&

these metals considerably deviates from the linear behavior However, the difficulty of this consideration is a lack of a

common for “regular” metals as Cu, Ag, Au, Al, etc., and

direct way to independently estimate the number of the col-

two—three times exceeds the usual "Dulong-Petit” faw |apsed atoms. One cannot detect straightforwardly the ex-
value. Figure 1 presents the typical “anomalous” heat caijtedd states among the number of atoms in tissitate. The

pacity behavior for a few metals in comparison with “regu- y_ray photoelectron spectroscof¥PS) may provide a valu-
lar” Cu (or Au) behavior. The excess heat capacity fits ratherype possibility to estimate the presence of this effect.

well to the well-known Shottky-type point-defect
contribution?
acer)=al 2E) ef ZAE 1
(M= kT ex T | 1)

whereA is a material constant antlE is an activation en-
ergy, T is a temperature.

The similarity of the Eq(1) with the vacancy contribution
tempted some authdrso interpret the heat capacity excess
in terms of vacancies. But the high values of concentration of
these hypothetic defects in many metals has made this inter-
pretation difficult to accept. The defects’ concentrations are,
for instance, 7.5% and 12% at the melting point of molyb-
denum and tungsteh, respectively. Simultaneously the
quenching experiments on molybdenum and tundshewe
indicated a vacancy concentration in the range 0.01 to 0.1%
at their melting point.

It seems more fruitful to use a hypothesis of Friddeho
assumed for explanation of uranium anomalous heat capacity
behavior at high temperature as-%6d transition in a part
of atoms resulting from thermal fluctuations. Figure 1 shows
that this behavior is not a particular property of(ahd ThH’
but is typical for any atom with unfilled level, which is
distinctive enough from the energetically nearssstate.
Such a transition, indeed, had been observed in Cs and Ba
for 6s—5d levels under high pressufetrom these experi-
ments we knew that the Cs and Ba atoms may shrink con-
siderably(~15% of their volumé changing their quantum
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FIG. 1. (a) Heat capacity of V, Nb, and Ta vs reduced tempera-

state with absorbing the energyE (so-named isostructural tyre T/T,,, T,, is @ melting temperaturéb) Heat capacity of Cr,

phase transitio® Then the Core Collapse ModéCCM)

Mo, and W vs reduced temperatuféT,,. Cu and Au curves are

(Ref. 10 was generalized also for thermodynamic behavioradded for comparison. Dashed lines show the Dulong-Petit value of
of Ce and Ce-Th alloy*'? (Although in the case of Ce the heat capacity. Data are taken from Refs. 1 and 2.
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TABLE I. Our experimental XPS data on binding energy of Au ~ TABLE Il. Our experimental XPS data on binding energy of Pt

in pure Au and in a dilute AyhCuy o4 alloy. in pure Pt and in a dilute P§Cug o3 alloy.
E (eV) for E (eV) for
E (eV) for Aug o6 E (eV) for Pty o7

Level of Au pure Au Cuggsalloy  Energy shift(eV) Level of Pt pure Pt Cuggzalloy  Energy shift(eV)

4t 83.42+0.01  83.96-0.01 0.48-0.01 4t 70.46-0.01  71.21#0.01 0.74-0.02

4, 87.08+0.01  87.56-0.01 0.48-0.01 afg, 73.85-0.01  74.550.01 0.71-0.02

4ds), 334.64-0.02 335.11#0.02 0.470.03 4ds), 314.10£0.03 314.490.03 0.39£0.04

4ds), 352.710.02 353.16:0.03 0.45-0.04 4ds), 331.08£0.04 331.25%0.05 0.170.06

Il X-RAY PHOTOELECTRON SPECTROSCOPY the scale of the rapllus of the wave functlonsqu the deep. inner

MEASUREMENT levels. However, in the case ofs6-5d transition the shift

may be different for different levels since the core collapse

The high resolution XPS measurement gives an interestehanges the conditions for deeper electronic states in a dif-
ing opportunity to detect the atom, which underwent theferent way. Indeed, thedbwave function has both a smaller
core-collapse transition. To make this problem concrete letadiu€®!! and a different symmetryangular dependence
us consider a behavior of Pt atoms embedded into a coppand spin than the & one. Thus one may expect that the
lattice in comparison with the analogous Au atoms’ behav-effective potential for each deeper level changes in a differ-
ior.  The electronic configuration of Pt is entway.
[Kr]4d'% 5541195 %6 s, where[Kr] is the Kr-structured To check our hypothesis of the core collapse presence the
core. It is important here that thed3evel of Pt is not satu- widths of both Pt and Au ds,, 4ds,, 4fs,, and 4,
rated and 6—5d transition is possible. The distinction be- levels in P{Cy, _, and AyCu, _, alloys as functions of con-
tween the 8 and 6 levels has a trend to be preserved for centration have been measured. The result is presented in
many transition metals within the crystalline lattf®More-  Fig. 3. The widths of the Au levels become a little bit wider
over it is known from Refs. 8,11 amd 12 that such a transiin the dilute limit (because of a strong dependence of the
tion may be induced by implementing pressure or by alloy-compression on the local surroundinglowever, the widths
ing. Since the size of the collapsed atom is smaltee  of the Pt levels are unexpectedly narrowing for the smaller
5d-wave function has the smaller radius than tilseo6e this  concentrations. It might be understood if one assumes that Pt
transition reduces the inner pressure in the alloy. in the alloy is a mixture of two stategsegular and collapsed

The Au atom follows immediately after Pt in the Periodic ong. Therefore, the measured XPS spectra is a superposition
Table and its electronic structure can be distinguished fronof two signals from these states. The closer we are to the
the Pt one only by a presence of one additional electron

making its & level fully saturated. As it was mentioned 0.8+ Energy shift of levels
above the Au heat capacity behavior is “regular.” The size ) o -0 PrinPt Cu . vs. pure Pt
of both Pt and Au atom&2.78 A for Pt and 2.88 A for Al 07 E A AuinAu Cu vs.pure Au

considerably exceeds the interatomic space within the Cu
matrix (2.56 A). Therefore, both atoms should be com-
pressed within the Cu surrounding. The atomic size of Auis 4
even greater than the Pt diameter, thus the effect of compres-
sion is expected to be even more pronounced. This effect has .
to be higher for the lower concentrations since in a dilute 0.5+ P Py
limit the greater atom is surrounded by the smaller ones only. ] ST AN
Our XPS measurement gives the positions of the Pt and
Au 4dg,, 4dg,, 4fs, and 44, levels versus the Fermi 044 %
energy. The levels’ positions of both atoms are expected to ;
be shifted since they are implanted into the Cu matrix. Table 03-
| gives the characteristics of the Au levels for fydCUy g4 ’
alloy in comparison with the pure gold. Table I exhibits a
homogeneous shift of all the checked energy levels as are- ¢2
sult of the compression within the Cu lattice. In contrast to
Au Table Il exhibits a sharply different picture for Pt atoms:
the shifts are drastically different for different levels. Figure 0.1+
2 illustrates this difference between the Auwegular”) and
Pt (“anomalous”) metal behavior. 4f 4f Energy levels  4d 4d
It is important to note that these experimental data are 00= ” ”
consistent with the CCM. Really, for the implanted Au atom  FIG. 2. Energy shift of Pt levels in P§Cu o3 alloy from the
(without collaps¢ one may expect the constant shift origi- values for pure Ptsquaresand Au levels in Ay ,Cly o4 alloy from
nated from the smooth redistribution of the electron densitythe values for pure Altriangles. Dashed curves are added to lead
in the alloy. This redistribution is approximately constant onthe eye.

Energy shift (eV)
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- . . the high-temperature region because of an additional disor-

1o der, which is produced by the size mismatch between the

Levels shrunk and normal atoms: o?=c3(T) + BAR%exp
-0 PUAf, (—AE/kgT), wherea3(T) is a usual dynamical MSD. FaF
e Au4f/2 >0ins the first term is a linear function of temperature,
114 A pag O.ins IS an Einstein temperaturdR is a difference in the
52 : radii of the shrunk and the normal atorB, is a material

A Audf, dependent constant. The second term in the equationr¥or

. has to produce a nonlinear contribution, which becomes im-
1.0 portant at high temperature.

It has been shown earlférthat the thermodynamic pa-
rameters of “regular” metals can be reliably obtained from
XAFS spectra. One may expect that a comparison of the
XAFS experiment for Pt at high temperature with direct
measurements of the heat capacity may confirm the nonlat-
tice (electronig character of its anomalous behavior.

¢ ¢ ;

0.9+

Level width (eV)

0.8 1

(1) It has been shown that a considerable heat capacity
anomaly at high temperature is typical for metals with un-
filled d states. This behavior of the metals is ascribed to the
6s—5d (or 7s—6d) transition leading to the core collapse.

, — T (2) To initiate the core collapse the Pt atofmsth unfilled
0002 04 06 08 10 d-staté have been implanted into the Cu matrix. The Au
Concentration of Au or Pt atoms (with filled d-state similarly implanted into the Cu

FIG. 3. The widths of Pt and Auf4,, and 4, levels in Cu matrix have been used as a reference. The XPS of the deeper
matrix vs concentration. Dashed curves are added to lead the eye(.4f a”‘?' 4d) levels of bOt,h Ptand Au have been measured as
a function of concentration.

dilute limit the higher part of implanted Pt atoms is trans- . (3)f;|’he (?;fferen:) beha\gofrﬁ.f tz.effpt and '.A‘u Ieve_ls’ POSI- h
formed into the collapsed state. As a result the observed peé ns have been observed. This difference Is consistent wit

: the core-collapse hypothesis.
width becomes narrower. . . .
(4) The dramatic narrowing of theddand 4f Pt levels in

the dilute alloys has been observed in the contrast to the
lll. X-RAY ABSORPTION FINE STRUCTURE widening of the 41 and 4 Au levels. This result is inter-

In Ref. 14 the La-Al bond shortening has been noticed apreted in favor O.f Fhe core-collapse hypothgsus.
the Alygilag g metallic glass. The La atoms have unfilled colfg) s-lz—ehgf ?ﬁssg?'g%n?; ithSUXAESSte(éijetectlon of the core
both 5d and 4f states. While to notice the analogous effect P 99 '
(originated from the core collapsi pure Pt is probably too
difficult a task at high temperature, a mean-square deviation
(MSD) of bond lengtha? may be a more sensitive param-  The authors are deeply grateful to M. Karpovskii for the
eter. One can expect that tbé has to exhibit a strong non- samples’ preparation. This work was supported by The
linear behavioranalogous to the heat capacity anomaty  Aaron Gutwirth Foundation, Allied Investments Lidsrae).

0.7 1

ACKNOWLEDGMENTS

1A, Cezairliyan, M.S. Morse, H.A. Berman, and C.W. Beckett, J. = Quenched Metalsedited by R.M.J. Cotterill, M. Doyama, J.J.

Res. Natl. Bur. Stand., Sect. 24A, 65 (1970; A. Cezairliyan Jackson, and M. MeshAcademic Press, New York, 1965.

and J.L. McClurejbid. 75A, 283 (1971); A. Cezairliyan, J.L. 767; H. Schultzjbid., p. 761.

McClure, and C.W. Becketibid. 75A, 1 (1971); A. Cezairliyan, 7J. Friedel, J. Phys. Chem. Solids 175 (1956; D.C. Wallace,

ibid. 75A, 565 (1971); A. Cezairliyan, F. Righini, and J.L. Mc- Phys. Rev120 84 (1960.

Clure, ibid. 78A, 143 (1974). 8R. Sternheimer, Phys. Rev8, 235(1950; H.T. Hall, L. Merrill,
2JANAF Thermochemical Table€nd ed.(National Bureau of and J.D. Barnett, Naturd.ondon 146, 1297(1964.

Standards, Washington D. C., 1971 9See, for instanceé/alence Instabilities and Related Narrow Band
SP.L. Dulong and A.T. Petit, Ann. ChintParig 7, 113(1819; 7, Phenomenaedited by R. D. ParkéPlenum, New York, 1977

225(1819; 7, 337(1819. 103 M. Kincaid, G. Stell, and C.K. Hall, J. Chem. Phy&, 2161
4G. Grimvall, Thermophysical Properties of MaterialgNorth- (1976; 65, 2172(1976; 67, 420(1977.

Holland, Amsterdam, 1986 1IR.I. Beecroft and C.A. Swenson, J. Phys. Chem. Sdlff|s234
5Y. Kraftmakher, Philos. Mag. A4, 811(1996. (1960; M.K. Wilkinson, H.R. Child, C.J. McHargue, W.C.

6J.D. Meakin, A. Lawley, and R.C. Koo, ihattice Defects in Koehler, and E.O. Wollan, Phys. Rel22, 1409 (1961); B.L.



5834 BRIEF REPORTS PRB 61

Davis and L.H. Adams, J. Phys. Chem. Solifs 379 (1964); V. Fleurov, Phys. Rev. B4, 884 (1996; A. Frenkel, A. Rub-

K.A. Gschneidner, R.O. Elliott, and R.R. McDonalithjd. 23, stein, A. Voronel, and E.A. Stern, PhysicaZB8 & 209 398

555(1962; 23, 1191(1962; 23, 1201(1962; C.J. McHargue (1999; V. Manov, A. Rubshtein, A. Voronel, P. Popel, and A.

and H.L. Yakel, Acta Metall.8, 637 (1960; J.W. Allen and Vereshagin, Mater. Sci. Eng., 279-180 91 (1994).

R.M. Martin, Phys. Rev. Lett49, 1106(1982. 15y. Ben Ezra and V. Fleurov, J. Phys.: Condens. Matter135
123 M. Lawrence, M.C. Croft, and R.D. Parks, Phys. Rev. L35;. (1999.

289 (1975; L.F. Bates and M.M. Newmann, Proc. Phys. Soc. '®Electronic Density of State®dited by L. H. Bennett, National

London72, 345(1958. Bureau of Standards Special Publication No. 3@&shington,
13A. Jayaraman, R.C. Newton, and J.M. McDonough, Phys. Rev. D.C., 1972, pp. 217 and 222.

159 527 (1967). 7M. G. Newville, Ph.D. thesis, University of Washington, 1995; E.

1A, Frenkel, E. Stern, A. Voronel, A. Rubstein, Y. Ben-Ezra, and  A. Stern(unpublished



