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Calibration and interpretation of Mo ssbauer isomer shift of the 81-keV transition in3Cs
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Radioactive133Xe was implanted into five host materialal, V, Cr, Rh, Mo) by means of an isotope
separator. Internal conversion electron spectra of the 81-keV transitidi@s were measured with an
iron-free magnetic spectrometer and d4bauer spectra were recorded independently. From the correlation
between the weighted-mean "‘Bkbauer isomer shifts and the intensity ratios ©f{P)-shell to N;-shell
conversion electrons, the change of the nuclear charge radius of the 81-keV transifft@sinvas deduced to
be AR/R=+(1.5+0.5)x 10 * for a uniform charge distribution dR=1.2x< A fm or, equivalently,A(r?)
=+ (6.6 2.4)x 102 fm?. This calibration makes it possible to reasonably interpret the extremely high isomer
shifts observed in some refractory metals implanted WifXe, where we take into consideration an increase
in s-electron density originated from a decrease in the shielding effect omdhextrons by a removal of the
5p electron from the Cs impurity atom, which is attributed to the broadening of the valence band with
compression and the resulting increase in overlap between the host and the impurity valence bands.
[S0163-18298)07141-G

I. INTRODUCTION On the other hand, it is worthy of notice that in the case of
an impurity in metallic hosts or in alloys of cesium the wide-
13%Cs is one of two isotopes of alkali metals for which the spread values of the isomer shift have been observed; fur-
Mossbauer effect has so far been observed and &Hlys  thermore they are extremely large. Recent wods well as
has yielded a substantial amount of reliable isomer shift dataearly works® for the isomer shift of*3Cs in some metallic
another is*K, whose A(r?) is, however, so small that its lattices show that observed values are unusually large; these
widespread application would be inhibited. Cesium generallywalues are much larger than those observed in any cesium
forms highly ionic compounds by more or less completelycompounds. The larger isomer-shift values cannot be ex-
losing a valence electron, which leaves behind a sphericallplained by the previous isomer-shift calibration constants of
symmetric and relatively inert core. At the same time, this*>*Cs in terms of 8-electron density.> Generally speaking,
makes us expect that the ekbauer spectra are in a lack of although discussions of the electron densities at the nucleus
variety. However, some measurable differences between tsometimes calledlectron contact densityhave been started
isomer shifts of different chemical compounds have so fawith the assumption of a $5p®6s" configuration for the
been found: "3 The isomer shift, which directly measures the cesium atom or ion, this is not to say that all shifts are in fact
s-electron density at the nuclear origin, is a unique parameteattributed to changes in thes@lectron population. In many
specific to Mmsbauer spectroscopy; it is influenced by thecases it merely means that shifts are expressed in terms of an
character of chemical bonding, ionicity, charge transfer, aneéquivalent & populationn. When these large isomer shifts
so forth. Therefore!*Cs is an invaluable probe for the elu- are interpreted in terms ofséelectron densities near the Cs
cidation of the nature of chemical bondings in highly ionic nucleus, an extremely high compression or an existence of
compounds. high local pressure at the impurity sites should be consid-

0163-1829/98/5@.7)/113139)/$15.00 PRB 58 11 313 ©1998 The American Physical Society



11 314 H. MURAMATSU et al. PRB 58

ered. In that sense, as pointed out by Patyml,’ it is  with the purity of 99.0-99.99% and the thickness of 3—12
highly possible that the volume contraction of the electronicum (purchased from Goodfellow Mebal These metallic
orbitals of Cs in the host matrix will result in changes notfoils were polished mechanically and washed with acetone
only in the 6 and 5 electrons of Cs, but will also directly before implantation.
affect the 5 electrons. As an idea for the explanation of the The 3%Cs Mdssbauer spectra were measured using a
large isomer-shift value of%Cs in their observations on single-line absorber of CsCl with 360 mg/€r@s thickness
133¢e implanted into iron, de Waard and Drenitjeave al-  while keeping both the source and absorber at liquid-helium
ready proposed the promotion op ®lectron to the conduc- temperature. In some cases an additional measurement in
tion band and the resulting loss of screening, which arevhich the source was set at higher temperatures and the ab-
caused by théattice pressureon the impurity atom. To un- sorber at liquid-helium temperature was performed in order
derstand these large shifts is still an open question; and thete estimate recoilless fraction. The 81-keirays of 133Cs
exist the possibility that this may include a revision of the from the implanted source were detected with a thin(TNal
isomer shift calibration schemes proposed to date. scintillation detector. A constant acceleration drive with a
Various schemés® have been employed to calibrate the triangular velocity shape was used-a6 mm/s.
isomer shift in terms of electron density changes at the The internal conversion electron spectra from the same
nucleus, and the value &fR/R for the 81-keV transition of samples used for Mwsbauer measurements were observed
13%Cs has been proposed by several authors on the basis loj using them/2 iron-free B-ray spectrometer witp=75
theoreticdl or Mossbauer-measurement approachésAl- cm at the Institute for Nuclear Study, the University of To-
though the sign oAR/R is considered to be positive, which kyo. For measurements of the internal conversion electrons
has not yet been experimentally proved, its magnitude is stilin the region of theK line, L lines, andM, N, O, andP lines
controversial; the proposed value dfR/R ranges from of the 81-keV transition, a single-wire proportional counter
0.15x 10" % to 2.3x 10" 4. These determinations, except for (SWPQ with a multislit (10-49 slits, 0.5 mm slit-widthwas
the nuclear-theory calculatidmhich is generally considered used as a focal-plane detector. In some cases, the same type
unreliable, however, are based mainly on 9doauer mea- of SWPC was placed just behind the main counter in order to
surements and theoretical calculations of electron contageduce the counter background by using a position-
densities for hypothetically defined cesium configurations orcoincidence technique. The gas pressure was controlled us-
on the assumption of isoelectronic configurations. The theoing an automatic gas-flow and pressure-control system;
retical calculations of electron contact densities for free atisobutane was used as a counter gas. The sample source was
oms and ions are reasonably reliable for the inner shells, butovered with an aluminum slit for defining the source dimen-
they are of doubtful significance for the outermost shells ofsion to 0.5<20 mnf. A momentum range of about 4%
atoms in a solid from which the largest contributions to thecould be measured simultaneously. The conversion lines was
isomer shift are expected to arise; therefore, it is important tecanned with momentum steps 4P/P=10"* over a 1%
obtain more direct experimental information abdys(0).  momentum region. These scans were repeated several times;
During the last decade, determinations of the/R values the final momentum spectrum was then obtained by sum-
for 11%n and **°Te have been carried out by the presentming the counts, which are the number of electrons passing
authors using the internal conversion metfid8iwhich is a  through a slit corresponding to the same momentum window.
unique method that combines the isomer shifts obtained from
Mossbauer measurements with measurements of the influ-; ExPERIMENTAL RESULTS AND DATA ANALYSIS
ence of the chemical environment on internal conversion
probabilities for the same sample. Thus, the present paper For the new determination afR/R of '*3Cs by the in-
describes a determination &fR/R in the 81-kev (M1  ternal conversion method, we have especially taken care of
+2.8%E2) transition of 13Cs by the internal conversion the following points; considerations about these points are
method, and also using the calibration constant thus obessential in works such as the present one, where various
tained, a quantitative interpretation of the isomer shift ofsystematic as well as statistical errors tend to affect the final
13%Cs focusing on the large shifts observed in metallic mafesults to a rather large degrés.Six kinds of samples were
trices. made by implantatiort*3Xe into host matrices of Al, V, Cr,
Rh, and Mo, in contrast to only two calibration points in
previous Msbauer-measurement approachés(ii) The
Mossbauer spectrum and conversion electron spectrum of the

Samples in this work were prepared by the implantatiorPuter shells (6, 5p, and %) and 4 shell were observed for
of 13%e (T,,=5.25), which decays to the 81-keV figs- the same sample; this has an advantage that it takes into
bauer level in133Cs. The 133Xe gas was purchased from account such a pressure-induced effect on the inner electron

Amersham InternationalU.K.) with a small amount of fis- shells.(iii) The population averagesomer shift(¢) for the

sion xenon. lon implantation of*¥e was carried out at a Source sample was estimated when the observed spectrum
terminal voltage of 20 kV at room temperature by means ofhdicated more than one different chemical sites for the im-
the electromagnetic isotope separator of the Japan Atomielanted atomsiiv) The errors ofd as well as of the observed
Energy Research InstitutdAERI, located at TakasakiThe  ratio of the conversion electron intensitieg,(+ ap)/ ay, or
integrated dose of'*3%Xe atoms was estimated to be (O-+P)/N; and various sources of errors were consistently
~10" atoms/cri based on the radioactivity of the im- taken into account in the final evaluation &R/R.

planted samples. Host materials, into whittiXe was im- The Missbauer spectra for the sources'#iXe implanted
planted, were polycrystalline foils of Al, V, Cr, Mo, and Rh into Al, V, Cr, Rh, and Mo observed with a CsCl absorber

Il. EXPERIMENTAL DETAILS
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FIG. 1. Missbauer spectra for the sourdgXe implanted into
Al, V, Cr, Rh, and Mo observed with a CsCl absorber.*Mitenotes
a source sample of Mo, which may include an appreciable amourabout 0.05%, although the spectrometer resolution was set at
of stable xenon coimplanted durig®Xe implantations. The spec- 0.03%. The conversion spectra were analyzed by a least-
tra were measured at liquid-helium temperature.
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decomposition procedure is often problematic if no addi-
tional information on the number of lines is obtainable. In
the least-squares fitting of such spectra with single lines
only, one of the single line is found in the large positive
isomer-shift region with respect to a CsCl absorber. From the
systematic isomer-shift studies 8fCs, it is unlikely to find
isomer shifts larger thar-0.1 mm/s with respect to a CsCl
absorbet=3! Moreover, Campbell, Montet, and Perltiv
have shown that the quadrupole splittirfqQe(Qex=
—0.22 barn of the 81 keV( 5/2") state in *Cs is not
negligible; it can be measured by g&bauer spectroscopy
for sufficiently large field gradients. Thus, the line at positive
velocity in the spectrum belongs to a quadrupole triplet
which has a reasonable isomer shift. In reference to early
works by de Waardet al>® and the systematic isomer-shift
studies on'*%Cs implanted into metals by Pattyn and his
co-workers? and by taking into considerations the quadru-
pole splitting of the 81-keV (5/2) state, the complex ex-
perimental spectra were analyzed by the least-squares
method under the assumption that three single lines and two
quadrupole triplets exist in the spectrum.

For_the purpose of the present study, #werage isomer
shift (8) for a source sample was estimated by using the site
population of the implanted atoms deduced from recoilless
fractions for different sites, according to the method de-
scribed in Ref. 9. The latter were estimated from the previous
datd as well as the results from temperature dependence of
the Massbauer spectrum. It is to be noted that thealue
should correspond to the measured internal-conversion inten-
sity, which is indeed th@opulation averagef the conver-
sion intensities from different chemical sites.

Figure 2 shows typical conversion-electron spectra in the
region of theL lines, M lines, andN, O+P lines of the
81-keV transition in**Cs. The momentum resolution was

squares fitting using the computer codesemp,*® which em-
ploys numerical line shapes, and adjusts them in the process

are shown in Fig. 1. All the spectra obtained in this workof peak fitting following the rule of constant tail fractidfijn
showed complex shapes caused by the implanted atoms oaddition to the adjustment of line positions. The
cupying different sites in the host lattices. The spectra wereonversion lines were completely resolved into subshells, but
analyzed by decomposition into several components. Suchrot the M, N, O, and P shells. The initial shape of the
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FIG. 2. TheL-, M- andN,O+ P-conversion lines of the 81-keV transition #i°Cs observed for the source tXe implanted into V.
The solid curves indicate the result of least-squares fittings using the conversion line shapes shown by the broken curves.
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TABLE |. The outer-shell conversion electron intensities rela-yalence and next-inner shell electrong, <(0)= ps<(0)
tive to theN;-shell, andN-subshell ratios for the 81-keV transition +psp(0)+ pes(0), is expressed 3s .

in 13%Cs, together with the average isomer shifts.

Host ©+P)/N, N, 3/N; 5 (mm/92 Pos(0)/pas(0)=(aot ap)/ay, = (Cp/Cs— 1)

Al 0.202(11) 0.28916) 0.152) X psp(0)/pas(0). i)

Mo* 0.20621) 0.28344) 0.325)

V 0.22010) 0.28715) 0.41(4) It is to be noted that the proportionality factoC) depends

Cr 0.2117) 0.2829) 0.551) only on the quantum numbers béndj, not on the principal

Rh 0.22616) 0.28727) 0.773) quantum numben, for a given transition. Since th@,(5s),

Mo 0.22213) 0.29020) 0.844) O,(5p4/2), andO5(5p3p) are not resolved, the second term
introduces an error in obtaining, ((0)/p4s(0) from the first

Theor? 0.212 0.287 term. From the theoretical internal conversion coefficiehts

ey — and electron densitiezg,(Cp/CS—l) is calculated to be 8.2
,values afT=4.2 K. _ o _ when the multipole mixing ratio of 8?(E2/M1)=2.8
Theoretical valuegRef. 19 when the multipole mixing ratio of X 1072 (Ref. 2] is taken into account. From Ref 26:,(0)

2 — — 2 H H ) : : p
6°(E2M1)=2.8x10"* (Ref. 2] is taken into account. ranges from 4.79 to 4.75 a.u., corresponding to configura-

o ) . tions of &° and 6. Therefore, the second term in E@),
N;-conversion line was determined from tNg line itself by it neglected, introduces a constant error of 0.029 in
a ro_ugh subtra_ct|on of the continuum fro_m the hlgher-energ%o_s(O)/pAS(O)’ which is comparable to the experimental er-
region of the line, namely, the contribution from t8econ- 414" associated with the observed ratio of the conversion
tinuum and the background. Since the intensity of N glectron intensities, d, + ap)/ay, or (O+P)/N;. Thus the
line was small and the line could not be clearly separatedb d bt | 1 duced b tant
from theN, line, the initial position of théN, 3 line was fixed observe . bot ap) aNl_Va ues were reduce ) y a- cor?s an
in the spectral analysis by the electron binding energies foff 0.029 in order to estimate, (0)/p4s(0). This estimation
Z=552° The O andP lines could not be resolved due to a introduces small errors of=1X10° in po5(0)/pas(0).
limit of the experimental momentum resolution. TBdines ~ Consequently, the general equation for the isomer Bt
including a small contribution oP lines (O+ P lines were ()] can be rewritten with the correlation between the aver-
assumed to have the same shape as that dfl{hiine. aged isomer shifts) and the change ip, 5(0)/p4s(0) as

The results of the conversion electron spectra analyses are __
summarized in Table |, where thé@¢ P)/N;-conversion 5= (415) 1Ze’R*(ARIR) p4s(0) theoA Po.s(0)/ pas(0)].
ratios, as well as th&l, 3/N;-subshell ratios, are given for
the six samples, together with the average isomer shifts ob-
tained from the Mesbauer-spectrum analysis. Thelt is to be reminded that the change of the core electron
N 3/N;-subshell ratios are given to show the consistency oflensityApcod0) (n<4) due to the different chemical states
the present analysis. is negligible as seen from the relativistic Dirac-Fock
calculationé’ for free atoms and ions, and, thusp, <(0)
can be substituted foAp(0) in Eq. (1). In this method of
deriving AR/R, however, it is obvious that a use of(

The Massbauer isomer shift arises from the Coulomb in-+ ap)/ay, instead ofap/a, is less sensitive to the change
teraction between the nuclear and electronic charge distribun the chemical environments. On the other hand, Pattyn and
tions. If it is assumed that a nucleus is a charged sphere d¢fis co-worker$ have reported that in some cases the isomer
with radiusR in the ground state and the electron densityshift values of Cs impurity introduced by implantation into
over the nuclear volume is constdmi(0)], the isomer shift various metallic as well as metalloid host matrices are un-

IV. DERIVATION OF AR/R

(6) an be written as usually large, suggesting the possibility of very high local
pressure at the impurity atom sites. From their observations,
5= (415 7Ze’R*(AR/R) A p(0), (1) it has been pointed out that such a volume contraction of the

electronic orbitals will result in changes not only in the 6
whereZ is the nuclear charge,the electronic charg\R/R and 5 electrons of Cs, but also directly in the Blectrons.
the relative difference of the nuclear charge radius betweefihe analytical method mentioned above has an advantage
the excited and the ground stafep(0) the difference in the that it takes into account such an effect on the inner-electron
total electron density at the nucleus between the absorber astiells.
the source material, respectively. In spite of the situation that In Fig. 3 the ratiosp, s(0)/p4s(0) obtained from conver-
the valence-shell conversion, which is normally consideredgion measurements are plotted against the average isomer
to be the most sensitive to the change in the chemical envishifts 5 determined by Mesbauer experiments. The data of
ronments, could not be separately measured in contrast the present work were fitted to a solid straight line by a
previous works done by the present authotsthe following ~ weighted least-squares analysis. The errors,ais well as
argument concerning the derivation®R/R is considered to  errors ofp, s(0)/p4s(0), were taken into account in this fit-
be still valid; namely, using the proportionality M1 con-  ting using aniteration procedure. The slope of this straight
version coefficient to the electron density® «,; line includes the information oAR/R. In Eq. (3) a relativ-
=Cjpnij(0), theouter-shell electron density, including the istic value of p4s(0)ineo=1344.7 a.u. calculated by Band
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osfF ~ ~ © "~ T T T T was obtained from their Mssbauer measurements in three
133Cg ] different ways using eight ionic compounds and an interme-
tallic compound CsBi This value corresponds thR/R=
+1x10 4,

Recently, Pattyret a obtained an isomer-shift value
of 0.22245) mm/s for metallic cesium with respect to CsCl
at ambient pressure in their high-pressuresstauer-effect
experiments, which is considerably larger than the value of
0.10557) mm/s reported by Perlovet al®> They also ob-

I . tained a calibration value afé/dn=0.216(46) mm/s in the
o1k ARIR=+(1.5%0.5)X10"" | same manner as that of Perl@tval. by replacing the isomer-
T R S R S R T shift value for Cs metal by the new one. This value would
0.0 0.5 1.0 change Perlow’s calibration constamtR/R=0.89x 10" )
& (mm/s) to the value ofAR/R=1.59x 10" * which is in good agree-
ment with the value reported here. In the derivation of the

FIG. 3. Correlation of the electron-density rafigs(0)/p4s(0)  calibration constant, however, both Perletval. and Pattyn
obtained by the conversion electron measurements with the averag® gl as well as Henningt al. have used the theoretical
isomer shifts 5 (relative to a CsCl absorbemeasured for the  g|actron density 0pes(0)ieo=5.4X 107° cm 2 (8.08 a.u

133 . . . .
samples of'**3Xe implanted into five kinds of host materials. The after correction of the nonrelativistic value @kg(0)ieor

solid line indicates the result of a weighted least-squares fitting. The_ 5 3. L A
region in between the two dashed lines shows the region of_2'o>< 10 cm using the relativity factor o5'(Z=55)

Pos(0)/pas(0) allowed for the variation of one standard deviation =2.68 as given by Shlrle§/3, this value differs from a recent

" _ 5 -3
of AR/R if a theoretical value 0p ,5(0)ieo= 1344.7 a.u(Ref. 2 relativistic value 0fpes(0)ineor 3.38X 107> cm3(5.01 a.u)
is used in Eq(3). Pas(O)ineor ( 0 calculated by Band and Fomict@wby a factor of 1.6. If one

uses the latter value instead of the former, the calibration
. — 4 ]
et al2® was used for an isolated neutral Cs atom with theconstants will be changed to x40 " for Perlow’s, 2.5

—4 ’ — 4 . ,
following result for the change of nuclear charge radius: <10 " for Pattyn's, and 1810 * for Henning’s, respec-
tively. This means that the calibration constants obtained

|7,22

0 o.s.(o)/ 0 45(0)

AR/R=+(1.5+0.5x10"%, or from the methods discussed above strongly depend on the
(4) theoretical estimates of the valence electrons density at the
A(r?)=+(6.6+2.4x10% fm? nucleuspgs(0)meon @S Well as the estimation ofséelectron

populationn. In the internal conversion method adopted in
whereR=1.2x A™® fm was used for the former expression. the present work, on the other hand, the theoretical value of
the inner-shell electron®,5(0)ieo= 1344.7 a.u. is used,

V. DISCUSSION which is supposed to be in general much more reliable than
that of valence electrons, and also less affected not only by
the difference of electronic configuration assumed in the the-

As mentioned before, the interpretation of the isomer shiftoretical calculation but also by the method of the calculation
in terms of electron densities at the nucleus generally reitself}®?° Thus the new value ofAR/R=+(1.5+0.5)
quires the knowledge ak R/R, which is essential for corre- X 10 # in the present work can be considered more reliable
lating measured isomer shifts with the correspondinghan those derived by former methods.
changes in the number efelectrons in a given system. Sev-
eral values ofAR/R for 3Cs have been reported previ- B. Interpretation of the isomer shifts
ously, most of which have been deduced from the correlation

between the isomer-shift data and the estimated values of Prom Fig. 3, and by use of a relativistic vaI.L:?eH of
6s-electron population for several compounds. Pas(0)eo=1344.7 a.u. calculated by Band and Fomiciiev

Boyle and Perlow analyzed their isomer-shift data as- fotri:nn t'fé?\';ézd nel(J(t)r;ﬂ lagg ; Ecr)]rgr,e\gfetecrj?:/?alnug;i:]céltlgg\:jmgf re-
suming a general electron configuration for the cesium ion a MPos!

5p%6s", wheren is the number of 6 electron, and have

obtained acalibration valueof 0.12146) mm/s, which cor- _ — 2

responds to the change of the isomer shift due to a change of Pos(0)=230+36.45+24/(5-0.49°+0.045 a.u.,(5)

one 6 electron; i.e.,dd/dn. In their calibration, this value whereé is the isomer shift in mm/s relative to CsCl. Equa-
was obtained from the difference of the measured isometion (5) is very important because it converts the measured
shifts between metallic cesiund(Cs)=—0.164(57) mm/s isomer shift, which is no more than a relative value, to an
with respect to*3BaAl, source, assuming a configuration absolute value of the contact density. It will be possible not
for the Cs ion as p®6s" with n=1.23 and the most ionic only to compare the contact density evaluated from the ob-
compound of CsMng 6=-0.3136) mm/s withn=0. This  served isomer shift using E¢5) with the theoretical calcu-
calibration valueds/dn=0.121 mm/s, should correspond to lations, but also to compare contact densities amongsvio
the valueAR/R=0.89x10 4, if a theoretical 8-electron bauer elements; e.g., other nuclei in typical elements of fifth
density 0fpes(0)ineo=5.4X 10?° cm~3is used. On the other period such ag!®sSn, 121Sh, 125Te, 129, 131Xe, and so on. In
hand, Henninget al? also derived a relative change of the this case, however, only the outer-shell electron density at
mean square charge radius(r?)/(r?)=+2x10"4, which  the nucleugsum of 5, 5p, and 6 electron contact densi-

A. Calibration constant of the isomer shift
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ties) is evaluated instead of that of the valence-shell contacjith 133xe (Ref. 4 imply extremely high compression when
density in contrast to previous work done by the presenthe isomer shift is interpreted in terms o @lectron densi-
authors*? This does not reduce its usefulness and impor+ies of Cs.
tance; indeed this calibration, together with the isomer shift The volume dependence of the isomer shifts"6€s has
values reported by Boyle and Perfdfer cesium halides and been studied by Pattyn and his co-workers through the mi-
metallic cesium, leads to a good agreement with electromroscopic observation of the—d transition in metallic ce-
density calculations. sium under high pressiffeand also the observation of pres-
The present value ofAR/R corresponds tods/dn sure effects on electron densities in CsCl and ‘Qsl.their
=0.137(49) mm/s as a calibration value in another expresanalyses, since the large enhancements irs-#lectron den-
sion by Boyle and Perlowwhere it should be noted that this Sity seemed to contradict theoretical expectafiorsf a
calibration value is based on the hypothetical configuratiorPréssure-induces—d transition in Csl and CsCl and a cor-
5p®6s" whosen is a function of8, n(8), and on the assump- responding relative decrease m_tf&@ectrons values, they
tion that a change ofi is equivalent to a change ip(0)  have proposed other mechanisms which enhancesthe
which determiness. Using the isomer shifts as measured byelectron densny.l.n order tolexplaln the|_r experllmental results
Perlowet al. for CsMnF; and Cs metal, outer-shell electron by such a transition. T_he first mechams_m which may cause
" . . . such ars-electron density enhancement is the charge-transfer
densities at the nucleys, ;(0) in Cs atom included in these

. . .~ _mechanism, namel k transfer from the halogen ion
materials are estimated to be 228 and 234 a.u., respectivel echanism, namely a back transfer from the halogen io

he th ical luati f h b ) %ward the Cs ion. From a theoretical estimation, however,
The theoretical evaluations for thg s(0) have been given oy have concluded that this mechanism alone cannot be

as 194.7 a.u. for ¢ and 199.9 a.u. for € by Band and  responsible for the large pressure-induced increase of the iso-
Fomichev2® which are about 17% smaller than the estimatedper shift. A second mechanism which can cause this addi-
values from our experimental result. This discrepancy mayjonal increase irs-electron density with decreasing volume
be explained by the following argument: The electronicoriginates indirectly from the modified shielding effect of the
wave function of free cesium atoms should be modified forsp orbitals in Csl and CsCl. Judging that the band-structure
those in solids, this modification being called talid state  calculations already predict some mixing in of the Gesium
effect”®®> A simple approach for evaluation of this effect is valence band into the iodinepsband at normal pressure, a
to renormalize the electronic wave functions by a faéqr  gradual shift and broadening of thep ®and of cesium and
within the Wigner-Seitz sphere, as described by Friedmaman increased overlap with the iodin@ Band shown by cal-

et al;? they obtainedtss= 1/1.09 andés,= \1.38 for 5sand ~ culations of the pressure changes in the band strifctare

5p electrons inB3-Sn, respectively. With the same manner, if equivalent to a partial removal ofpbelectrons from the Cs

&nl data were available for cesium atoms in solids, we mighion, and result in a decrease of the Sh|6|d|ng effect of these
be able to explain the discrepancy between the experiment&P electrons and thereby in an increase sedectron den-
and the theoretical contact densities, multiplying the theoretSity at the Cs nucleus. We consider that the latter mechanism

ical values by appropriate factors fos &nd 5 electrons of mentioneq abgve is favo_rable to interpret or explain the ex-
cesium atoms. tremely high isomer shifts observed in some metals im-

On the other hand, the, ((0) difference of 6 a.u. evalu- planted with 1*3Xe, because a large increase of the isomer
1 0.S.\ M

ated from Eq.(5) between CsMnf-and Cs metal, whose ' . ‘
configurations for the Cs ion agp86s" have been assumed L 5|325 napI Relativistic D- F
by Perlowet al. with n=0 andn=1.23, respectively, rea-
sonably agrees with the theoretical estimation of 5.2 a.u.
(199.9 a.u. for 8 minus 194.7 a.u. for €) by Band and
Fomichev?® which should correspond to thes@lectron con-
tact density; in fact, 5.01 a.u. is a theoretical estimate of the
6s electron contact density for an isolated Cs atom with the
configuration of 8. Using the value ofl /dn=0.137 mm/s
together with the difference between the isomer-shift values
for CsMnF; and Cs metal, we can estimake which is the
difference of & electrons residing on the Cs atom between
CsMnF; and Cs metal; it becomesn=1.1, which is a little

bit smaller than 1.23. With the same manner we observe

An=09.2 from the difference between the isomer shift of 100— 3 4 5
CsMnF; and the isomer-shift value of 1.22 mm/s which is
measured for the Cs atom sitting on the substitutional site of
Mo matrix in t_h's work. What is es_pemally surprising 1s that £G4, Theoretical contact densities of the atoms or ions with
the Cs atom in the Mo host matrix has about nine times age electronic configurations ofs85p™ in terms of number of p
muchs character as in metallic cesium, and this correspondgjectrons,ns, . Theoretical values were calculated by Band and
to the apparent occupation number af@ectron of about 9. Fomichev (Ref. 20 using the relativistic Dirac-Fock equations.
As is pointed out by Perlowt al. thatn may be greater than Open squares with error bars and arrows are depicted as typical
2 if the atomic volume is reduced, the large isomer shiftsexamples of the analyses for the estimation of the numberpof 5
which have been observed in refractory metals implante@lectrons.
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TABLE II. Estimated values of the outer-shell electron contact density and occupation numbgrs of 5
electrons for the Cs in the lattices of metallic hosts as well as in some cesium compounds. It was assumed
that CsMnk has an electronic configuration o6%p®.

Estimated values Occupation numbers
of pos(0) expected
52 (a.u) N Nsp®
Host (mm/s This work Theory if no 5p electron
removal
CsMnF —0.0446)f 228(14) 194.7 0 6
Cs metal 0.1057)' 234(11) 1.1 5.5
BaAl,® 0.2693)' 240(7) 2.3 5.0
Fe 1.1 270(15) (8.4 2.8
Al 0.54(7)' 250(5) 4.3 43
v 1.04(6) 26814) (7.9 3.0
Cr 1.1q2) 270(15) 8.9 2.8
Mo 1.222)’ 274(18) 9.2 25
Rh 1.311) 278(20) 9.9 2.2
CsCl (4.2 GPa 0.08412)! 23311) 0.9 5.6
Csl (5.5 GPa 0.14Qq10) 23510) 1.3 5.4

3somer shifts with respect to CsCl.

bEstimated values from Ed5).

“Theoretical contact density calculated by Band and Fomi¢Re¥. 20.

dAccording to Boyle and PerlowRef. 3, this denotes tha in the hypothetical configuration of#56s"
whosen is a function of§, under the assumption that a changend$ equivalent to a change (0) which
determiness. The values exceeding 2 are in parentheses.

®Evaluated values by using Fig. 4. See the text in detail.

Taken from Ref. 3.

9133BaAl, was used as a source in the $ébauer experiment by Boyle and PerltRef. 3.

"The isomer shift for the high field sites in Fe taken from Ref. 5.

"The isomer shift for the substitutional sites obtained from the present work.

iTaken from Ref. 7.

shiﬁ pannot be expected from the former mechanism and thgble except for the configuration 06%p® (Cs"), the values
addition of & electrons seems unable to account for the very.qrresponding to other configurations are estimated as shown
large isomer shifts. It should be noticed that this mechamsn[l)y the dashed line under the assumption that they have a
including the $-electr_on removal and the loss of Scrr.g_er_‘ingsimilar dependence systematically changing \idithn ng, to
Phas' alrgady bt(_aen pomt_ed ?uttbgj/sg(e Waard ahdthD Me  ihose of Xe and I. It can be seen that the contact densities of
€ir observations on implanted e Sources; ey ex- g .4 5 electrons increase with decreasing the number of
plained the isomer shift for the high field sites in Fe by Ao 5 electron and the dependence &(0)+ ps.(0) on
promotion of about two p electrons to the conduction band the number of B electron lios almost thse sampespas that of

of the host. ) . .
Since there exists no empirical relationship between th@ss(0); however, the increase gis,(0) is more rapidnot

5p-electron removal and the resulting increase sreectron  Shown in the figure Using this relationship, for example, we
or in 5s and 5 electron density, we try to compare our €an estimate the numbers of 0.5 (_':md 3k él_ectrqns that .
experimental values of outer-shell electron densities with thé/ave to be removed from the Cs in the lattices in metallic
theoretical estimates by Bared al. for the outer-shell elec- cesium and Mo in order to account for the isomer shifts of
tron densities, where since the electron densities evaluat€105 and 1.22 mm/s, respectively, as is shown in Fig. 4.
from Eq. (5) using isomer-shift values do not coincide with Thus, the ion cores left bybelectrons would be described
the theoretical values in the absolute value and nobodgpproximately as GS* and C4>" in the lattices of metallic
knows what is the true value, as the first-order approximatiortesium and Mo, respectively, which are, of course, sur-
the experimental ones are tentatively normalized to the therounded by a screening charge to preserve electric neutrality.
oretical value in the electronic configuration a§’5p® (cor-  See Table II.

responding to the isomer shift of CsMpF0.044 mm/s As another example of the application of this relationship,
with respect to CsQl In Fig. 4, theoretical contact densities we consider the Cs in Bapwhich was used as a source in
of the outer-shell electrons for the atoms or ions with thethe Mdssbauer experiment by Boyle and Perfoun Cs
electronic configuration of &5p" in terms of number of p metal one usually takes the conduction band to contain one
electrons (5p) are shown together with those of Xe and I, electron and describe the ion cores by*C®erlow et al.
where since in the case of Cs no theoretical estimate is avaitreated an impurity introduced into the aluminum structure as
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Cs" ion, taking into account the problem of shielding the VI. CONCLUSIONS

two extra charges of the Cdon, because Bajlpossessesa  ap additional determination ofAR/R in the 81-keV
band structure not unlike pure aluminum, which containsv 1+ 2.5%E2) transition of'33Cs has been achieved by the
three conduction electrons, two wisitharacter and one with internal conversion method that obtain more direct experi-
p character. They suggested then that the energy of the holesental information abous p(0). Radioactive'*3Xe was im-

in the aluminum conduction band is lower than that of someplanted into five host materia{#\l, V, Cr, Rh, Mo) by means

of the 5p electrons in the Csion; thus the cesium impurity of an isotope separator. Internal conversion electron spectra
in BaAl, fills these holes with two p electrons as well as the of the 81-keV transition in'*Cs were measured with an
6s electron leaving a core described approximately by Cs iron-free magnetic spectrometer and $8bauer spectra were
From the isomer shift of BaAl with respect to CsCl, recorded independently. From the correlation between the
0.2693) mm/s3 we can estimate the number of Blectrons weighted mean Mssbauer isomer shifts and the intensity
that have to be removed from the Twns in BaAl, to be ratios of (O+ P)-shell toN;-shell qonversion electrons, the_
1.0, using our relationship with the same manner mentione_ﬂh?g‘ge of the nuclear charge radius of the 81-ke\{£tlransmon
above. This result is equivalent to the ions being'GCwhich " “Cs was deduced to bBR/R=+ (1'51—730'5)X 107" for

is in reasonable agreement with the estimation by Perlo:f uniform charge distribution @@= 1.2< A""fm or, equiva-

et al. as for the tendency. This agreement seems to be go 8““% A_(r )= +(6.6t2.4)_>< 107 fm* This value is some-
support for the idea that these large isomer shifts arise fro hat higher but more reliable and accurate than those ob-

. ; : . ained previously.
the conduction electrons which scatter from the impurity an Using the calibration constant thus obtained, a quantita-

surround it as a screening charge. _tive interpretation of the isomer shift df*Cs has also been

Pattynet al. have_a!so _estlmated an a(_jdm_onal increase Ir‘berformed focusing on the large shifts observed in metallic
s-electron density originating from the shielding effect of the ., »jces The calibration factor yields a useful equation for

Sp electrons in Csl and CsCl by applying the relationshipy,e oyter-shell electron densities as a function of the isomer
extracted from the lodine Mssbauer isomer-shift data. The ghitt by using the results in conversion-electron measure-
relationship translated into theCs isomer shift scale is that ments in outer shells and Msbauer isomer-shift measure-
the removal of 0.24 and 0.23p5electrons corresponds t0 ments. This equation is very important not only because it
increases equivalent to 0.37 and 0.3§ @ectrons in Csl  converts the measured isomer shift to an absolute value of
having an isomer-shift value of 0.140 mm/s, and CsCl havihe contact density, but also because it will be possible to
ing an isomer-shift value of 0.084 mm/s, respectively. Thiscompare the contact density evaluated from the observed iso-
relationship for the experiments at high pressure, when apmer shift with the theoretical calculations. In the present
plied to the case of the Cs in the lattices of metallic cesiumwork, this equation is uniquely utilized to explain an increase
and Mo, yields the estimated values of 0.45 and 3&fec- in s-electron density at the nucleus when the atomic volume
trons that have to be removed from the Cs in order to aciS reduced. Since there exists no empirical relationship be-
count for the isomer shifts of 0.105 and 1.22 mm/s, respectween the H-electron removal and the resulting increase in
tively. These values are in good agreement with oufBS-electron orin 5-and 5-electron density, we try to com-
estimations, 0.5 and 3.505electrons. We are not sure, how- Pare our values fori the puter—shell eIeptron c_iensities evalu-
ever, whether or not such an effect expected in Cs halides £ted from the equation with the theoretical estimates by Band

the broadening of the valence band with compression and t al. for the outer-shell electron densities of free atoms or
resulting increase in overlap exists also in metallic cesiunions with various electronic configurations. These analyses

and impurity atoms of Cs in metallic hosts; in fact, no cal-.make it possible to reasonably interpret the extremely high

culation is not available for the changes in the impurity e|ec-'59r’:‘?g§(h'“s t:)bserved lI? some refr%ctory metals implanted
tron energy levels of the Cs impurity atom and its overlapWlt €, where we take Into consideration an increase in
with the host electron bands. s-electron density originated from a decrease in the shielding
As a concluding remark, the present results conclusivel ffect on thgs eleg:trons by a.rerr']oval .Of thep5electron
rom the Cs impurity atom, which is attributed to the broad-

show that the volume contraction of the electronic orbitals of '~

Cs impurity in the metallic host results in changes in not onlyeNiNg of the valence band with compression and the resulting

the outermost shell electror§s electrons but also next- Ncrease in overlap between the host and the impurity va-
inner shell electron65p and 5 electron$ of Cs, and that an lence bands.
additional increase is-electron density with decreasing vol-

ume, which originates from such changes as theefectron

removal and the loss of the shielding effect by them, deter- The authors wish to thank Professor H. Pattyn of the
mines the extremely high isomer shifts observed in somé&atholieke Universiteit Leuven for useful suggestions and
refractory metals implanted with*3Xe. Theoretical calcula- information on Msbauer measurements. This work was
tions dealing with this subject are desired in order to tessupported in part by the Universities-JAERI Collaboration
them with the present results. Research Project.
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