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Calibration and interpretation of Mö ssbauer isomer shift of the 81-keV transition in 133Cs
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Radioactive133Xe was implanted into five host materials~Al, V, Cr, Rh, Mo! by means of an isotope
separator. Internal conversion electron spectra of the 81-keV transition in133Cs were measured with an
iron-free magnetic spectrometer and Mo¨ssbauer spectra were recorded independently. From the correlation
between the weighted-mean Mo¨ssbauer isomer shifts and the intensity ratios of (O1P)-shell to N1-shell
conversion electrons, the change of the nuclear charge radius of the 81-keV transition in133Cs was deduced to
be DR/R51(1.560.5)31024 for a uniform charge distribution ofR51.23A1/3 fm or, equivalently,D^r 2&
51(6.662.4)31023 fm2. This calibration makes it possible to reasonably interpret the extremely high isomer
shifts observed in some refractory metals implanted with133Xe, where we take into consideration an increase
in s-electron density originated from a decrease in the shielding effect on thes electrons 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.
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I. INTRODUCTION

133Cs is one of two isotopes of alkali metals for which t
Mössbauer effect has so far been observed and only133Cs
has yielded a substantial amount of reliable isomer shift d
another is40K, whoseD^r 2& is, however, so small that it
widespread application would be inhibited. Cesium gener
forms highly ionic compounds by more or less complet
losing a valence electron, which leaves behind a spheric
symmetric and relatively inert core. At the same time, t
makes us expect that the Mo¨ssbauer spectra are in a lack
variety. However, some measurable differences between
isomer shifts of different chemical compounds have so
been found.1–3 The isomer shift, which directly measures th
s-electron density at the nuclear origin, is a unique param
specific to Mössbauer spectroscopy; it is influenced by t
character of chemical bonding, ionicity, charge transfer, a
so forth. Therefore,133Cs is an invaluable probe for the elu
cidation of the nature of chemical bondings in highly ion
compounds.
PRB 580163-1829/98/58~17!/11313~9!/$15.00
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On the other hand, it is worthy of notice that in the case
an impurity in metallic hosts or in alloys of cesium the wid
spread values of the isomer shift have been observed;
thermore they are extremely large. Recent works4 as well as
early works5,6 for the isomer shift of133Cs in some metallic
lattices show that observed values are unusually large; th
values are much larger than those observed in any ces
compounds. The larger isomer-shift values cannot be
plained by the previous isomer-shift calibration constants
133Cs in terms of 6s-electron density.1–3 Generally speaking,
although discussions of the electron densities at the nuc
~sometimes calledelectron contact density! have been started
with the assumption of a 5s25p66sn configuration for the
cesium atom or ion, this is not to say that all shifts are in f
attributed to changes in the 6s-electron population. In many
cases it merely means that shifts are expressed in terms
equivalent 6s populationn. When these large isomer shift
are interpreted in terms of 6s-electron densities near the C
nucleus, an extremely high compression or an existenc
high local pressure at the impurity sites should be cons
11 313 ©1998 The American Physical Society



ni
o

he

-
ar

he
he

e
th

is

h
st

or
d
-
ta
o

e
a
b
o

he
t

n

ro
nfl
io
ap

n
o
o
a

io

o
m

e
-

h

12

ne

a

um
nt in

ab-
der

a

me
ved

o-
ons

er

type
r to
on-

us-
em;
e was
n-

was

mes;
m-
ing

ow.

e of
are
ious
nal

in

f the
r
into
tron

trum
im-
d

tly

er

11 314 PRB 58H. MURAMATSU et al.
ered. In that sense, as pointed out by Pattynet al.,7 it is
highly possible that the volume contraction of the electro
orbitals of Cs in the host matrix will result in changes n
only in the 6s and 5p electrons of Cs, but will also directly
affect the 5s electrons. As an idea for the explanation of t
large isomer-shift value of133Cs in their observations on
133Xe implanted into iron, de Waard and Drentje5 have al-
ready proposed the promotion of 5p electron to the conduc
tion band and the resulting loss of screening, which
caused by thelattice pressureon the impurity atom. To un-
derstand these large shifts is still an open question; and t
exist the possibility that this may include a revision of t
isomer shift calibration schemes proposed to date.

Various schemes1–3 have been employed to calibrate th
isomer shift in terms of electron density changes at
nucleus, and the value ofDR/R for the 81-keV transition of
133Cs has been proposed by several authors on the bas
theoretical8 or Mössbauer-measurement approaches.1–3 Al-
though the sign ofDR/R is considered to be positive, whic
has not yet been experimentally proved, its magnitude is
controversial; the proposed value ofDR/R ranges from
0.1531024 to 2.331024. These determinations, except f
the nuclear-theory calculation8 which is generally considere
unreliable, however, are based mainly on Mo¨ssbauer mea
surements and theoretical calculations of electron con
densities for hypothetically defined cesium configurations
on the assumption of isoelectronic configurations. The th
retical calculations of electron contact densities for free
oms and ions are reasonably reliable for the inner shells,
they are of doubtful significance for the outermost shells
atoms in a solid from which the largest contributions to t
isomer shift are expected to arise; therefore, it is importan
obtain more direct experimental information aboutDr(0).
During the last decade, determinations of theDR/R values
for 119Sn and 125Te have been carried out by the prese
authors using the internal conversion method,9,10 which is a
unique method that combines the isomer shifts obtained f
Mössbauer measurements with measurements of the i
ence of the chemical environment on internal convers
probabilities for the same sample. Thus, the present p
describes a determination ofDR/R in the 81-keV (M1
12.8%E2) transition of 133Cs by the internal conversio
method, and also using the calibration constant thus
tained, a quantitative interpretation of the isomer shift
133Cs focusing on the large shifts observed in metallic m
trices.

II. EXPERIMENTAL DETAILS

Samples in this work were prepared by the implantat
of 133Xe (T1/255.25d), which decays to the 81-keV Mo¨ss-
bauer level in 133Cs. The 133Xe gas was purchased from
Amersham International~U.K.! with a small amount of fis-
sion xenon. Ion implantation of133Xe was carried out at a
terminal voltage of 20 kV at room temperature by means
the electromagnetic isotope separator of the Japan Ato
Energy Research Institute~JAERI, located at Takasaki!. The
integrated dose of133Xe atoms was estimated to b
;1013 atoms/cm2 based on the radioactivity of the im
planted samples. Host materials, into which133Xe was im-
planted, were polycrystalline foils of Al, V, Cr, Mo, and R
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with the purity of 99.0–99.99% and the thickness of 3–
mm ~purchased from Goodfellow Metal!. These metallic
foils were polished mechanically and washed with aceto
before implantation.

The 133Cs Mössbauer spectra were measured using
single-line absorber of CsCl with 360 mg/cm2 Cs thickness
while keeping both the source and absorber at liquid-heli
temperature. In some cases an additional measureme
which the source was set at higher temperatures and the
sorber at liquid-helium temperature was performed in or
to estimate recoilless fraction. The 81-keVg rays of 133Cs
from the implanted source were detected with a thin NaI~Tl!
scintillation detector. A constant acceleration drive with
triangular velocity shape was used at66 mm/s.

The internal conversion electron spectra from the sa
samples used for Mo¨ssbauer measurements were obser
by using thepA2 iron-freeb-ray spectrometer withr575
cm at the Institute for Nuclear Study, the University of T
kyo. For measurements of the internal conversion electr
in the region of theK line, L lines, andM, N, O, andP lines
of the 81-keV transition, a single-wire proportional count
~SWPC! with a multislit ~10-49 slits, 0.5 mm slit-width! was
used as a focal-plane detector. In some cases, the same
of SWPC was placed just behind the main counter in orde
reduce the counter background by using a positi
coincidence technique. The gas pressure was controlled
ing an automatic gas-flow and pressure-control syst
isobutane was used as a counter gas. The sample sourc
covered with an aluminum slit for defining the source dime
sion to 0.5320 mm2. A momentum range of about 4%
could be measured simultaneously. The conversion lines
scanned with momentum steps ofDP/P51024 over a 1%
momentum region. These scans were repeated several ti
the final momentum spectrum was then obtained by su
ming the counts, which are the number of electrons pass
through a slit corresponding to the same momentum wind

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

For the new determination ofDR/R of 133Cs by the in-
ternal conversion method, we have especially taken car
the following points; considerations about these points
essential in works such as the present one, where var
systematic as well as statistical errors tend to affect the fi
results to a rather large degree.~i! Six kinds of samples were
made by implantation133Xe into host matrices of Al, V, Cr,
Rh, and Mo, in contrast to only two calibration points
previous Mössbauer-measurement approaches.1–3 ~ii ! The
Mössbauer spectrum and conversion electron spectrum o
outer shells (6s, 5p, and 5s) and 4s shell were observed fo
the same sample; this has an advantage that it takes
account such a pressure-induced effect on the inner elec
shells.~iii ! The population averageisomer shift~d̄! for the
source sample was estimated when the observed spec
indicated more than one different chemical sites for the
planted atoms.~iv! The errors ofd̄ as well as of the observe
ratio of the conversion electron intensities, (a01aP)/aN1

or

(O1P)/N1 and various sources of errors were consisten
taken into account in the final evaluation ofDR/R.

The Mössbauer spectra for the sources of133Xe implanted
into Al, V, Cr, Rh, and Mo observed with a CsCl absorb
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are shown in Fig. 1. All the spectra obtained in this wo
showed complex shapes caused by the implanted atoms
cupying different sites in the host lattices. The spectra w
analyzed by decomposition into several components. Su

FIG. 1. Mössbauer spectra for the sources133Xe implanted into
Al, V, Cr, Rh, and Mo observed with a CsCl absorber. Mo* denotes
a source sample of Mo, which may include an appreciable am
of stable xenon coimplanted during133Xe implantations. The spec
tra were measured at liquid-helium temperature.
oc-
re

a

decomposition procedure is often problematic if no ad
tional information on the number of lines is obtainable.
the least-squares fitting of such spectra with single lin
only, one of the single line is found in the large positiv
isomer-shift region with respect to a CsCl absorber. From
systematic isomer-shift studies on133Cs, it is unlikely to find
isomer shifts larger than10.1 mm/s with respect to a CsC
absorber.1–3,11 Moreover, Campbell, Montet, and Perlow12

have shown that the quadrupole splittinge2qQex(Qex5
20.22 barn! of the 81 keV ~ 5/21) state in 133Cs is not
negligible; it can be measured by Mo¨ssbauer spectroscop
for sufficiently large field gradients. Thus, the line at positi
velocity in the spectrum belongs to a quadrupole trip
which has a reasonable isomer shift. In reference to e
works by de Waardet al.5,6 and the systematic isomer-shi
studies on133Cs implanted into metals by Pattyn and h
co-workers,4 and by taking into considerations the quadr
pole splitting of the 81-keV (5/21) state, the complex ex
perimental spectra were analyzed by the least-squ
method under the assumption that three single lines and
quadrupole triplets exist in the spectrum.

For the purpose of the present study, theaverage isomer
shift ~d̄! for a source sample was estimated by using the
population of the implanted atoms deduced from recoill
fractions for different sites, according to the method d
scribed in Ref. 9. The latter were estimated from the previ
data4 as well as the results from temperature dependenc
the Mössbauer spectrum. It is to be noted that thed̄ value
should correspond to the measured internal-conversion in
sity, which is indeed thepopulation averageof the conver-
sion intensities from different chemical sites.

Figure 2 shows typical conversion-electron spectra in
region of theL lines, M lines, andN, O1P lines of the
81-keV transition in133Cs. The momentum resolution wa
about 0.05%, although the spectrometer resolution was s
0.03%. The conversion spectra were analyzed by a le
squares fitting using the computer codeACSEMP,13 which em-
ploys numerical line shapes, and adjusts them in the pro
of peak fitting following the rule of constant tail fraction,14 in
addition to the adjustment of line positions. TheL-
conversion lines were completely resolved into subshells,
not the M, N, O, and P shells. The initial shape of the

nt
FIG. 2. TheL-, M- andN,O1P-conversion lines of the 81-keV transition in133Cs observed for the source of133Xe 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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11 316 PRB 58H. MURAMATSU et al.
N1-conversion line was determined from theN1 line itself by
a rough subtraction of the continuum from the higher-ene
region of the line, namely, the contribution from theb con-
tinuum and the background. Since the intensity of theN2,3
line was small and the line could not be clearly separa
from theN1 line, the initial position of theN2,3 line was fixed
in the spectral analysis by the electron binding energies
Z555.15 The O and P lines could not be resolved due to
limit of the experimental momentum resolution. TheO lines
including a small contribution ofP lines (O1P lines! were
assumed to have the same shape as that of theN1 line.

The results of the conversion electron spectra analyses
summarized in Table I, where the (O1P)/N1-conversion
ratios, as well as theN2,3/N1-subshell ratios, are given fo
the six samples, together with the average isomer shifts
tained from the Mo¨ssbauer-spectrum analysis. Th
N2,3/N1-subshell ratios are given to show the consistency
the present analysis.

IV. DERIVATION OF DR/R

The Mössbauer isomer shift arises from the Coulomb
teraction between the nuclear and electronic charge distr
tions. If it is assumed that a nucleus is a charged spher
with radius R in the ground state and the electron dens
over the nuclear volume is constant@r(0)#, the isomer shift
~d! an be written as

d5~4/5!pZe2R2~DR/R!Dr~0!, ~1!

whereZ is the nuclear charge,e the electronic charge,DR/R
the relative difference of the nuclear charge radius betw
the excited and the ground state,Dr(0) the difference in the
total electron density at the nucleus between the absorber
the source material, respectively. In spite of the situation
the valence-shell conversion, which is normally conside
to be the most sensitive to the change in the chemical e
ronments, could not be separately measured in contras
previous works done by the present authors,9,10 the following
argument concerning the derivation ofDR/R is considered to
be still valid; namely, using the proportionality ofM1 con-
version coefficient to the electron density,16–18 anl j
5Cl j rnl j (0), theouter-shell electron density, including th

TABLE I. The outer-shell conversion electron intensities re
tive to theN1-shell, andN-subshell ratios for the 81-keV transitio
in 133Cs, together with the average isomer shifts.

Host (O1P)/N1 N2,3/N1 d̄ ~mm/s!a

Al 0.202~11! 0.289~16! 0.15~2!

Mo* 0.206~21! 0.283~44! 0.32~5!

V 0.220~10! 0.287~15! 0.41~4!

Cr 0.211~7! 0.282~9! 0.55~1!

Rh 0.226~16! 0.287~27! 0.77~3!

Mo 0.222~13! 0.290~20! 0.84~4!

Theor.b 0.212 0.287

a
Values atT54.2 K.

b
Theoretical values~Ref. 19! when the multipole mixing ratio of
d2(E2/M1)52.831022 ~Ref. 21! is taken into account.
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valence and next-inner shell electrons,ro.s.(0)5r5s(0)
1r5p(0)1r6s(0), is expressed as9

ro.s.~0!/r4s~0!5~ao1ap!/aN1
2~Cp /Cs21!

3r5p~0!/r4s~0!. ~2!

It is to be noted that the proportionality factor (C) depends
only on the quantum numbers ofl and j, not on the principal
quantum numbern, for a given transition. Since theO1(5s),
O2(5p1/2), andO3(5p3/2) are not resolved, the second ter
introduces an error in obtainingro.s.(0)/r4s(0) from the first
term. From the theoretical internal conversion coefficient19

and electron densities,20 (Cp /Cs21) is calculated to be 8.2
when the multipole mixing ratio ofd2(E2/M1)52.8
31022 ~Ref. 21! is taken into account. From Ref. 20,r5p(0)
ranges from 4.79 to 4.75 a.u., corresponding to configu
tions of 6s0 and 6s1. Therefore, the second term in Eq.~2!,
if neglected, introduces a constant error of 0.029
ro.s.(0)/r4s(0), which is comparable to the experimental e
rors associated with the observed ratio of the convers
electron intensities, (ao1ap)/aN1

or (O1P)/N1. Thus the

observed (ao1ap)/aN1
values were reduced by a consta

of 0.029 in order to estimatero.s.(0)/r4s(0). This estimation
introduces small errors of6131024 in ro.s.(0)/r4s(0).
Consequently, the general equation for the isomer shift@Eq.
~1!# can be rewritten with the correlation between the av
aged isomer shift~d̄! and the change inro.s.(0)/r4s(0) as

d̄5~4/5!pZe2R2~DR/R!r4s~0! theorD@ro.s.~0!/r4s~0!#.
~3!

It is to be reminded that the change of the core elect
densityDrcore(0) ~n<4) due to the different chemical state
is negligible as seen from the relativistic Dirac-Fo
calculations20 for free atoms and ions, and, thus,Dro.s.(0)
can be substituted forDr~0! in Eq. ~1!. In this method of
deriving DR/R, however, it is obvious that a use of (ao
1aP)/aN1

instead ofaP /ao is less sensitive to the chang
in the chemical environments. On the other hand, Pattyn
his co-workers4 have reported that in some cases the isom
shift values of Cs impurity introduced by implantation in
various metallic as well as metalloid host matrices are
usually large, suggesting the possibility of very high loc
pressure at the impurity atom sites. From their observatio
it has been pointed out that such a volume contraction of
electronic orbitals will result in changes not only in the 6s
and 5p electrons of Cs, but also directly in the 5s electrons.
The analytical method mentioned above has an advan
that it takes into account such an effect on the inner-elec
shells.

In Fig. 3 the ratiosro.s.(0)/r4s(0) obtained from conver-
sion measurements are plotted against the average is
shifts d̄ determined by Mo¨ssbauer experiments. The data
the present work were fitted to a solid straight line by
weighted least-squares analysis. The errors ofd̄, as well as
errors ofro.s.(0)/r4s(0), were taken into account in this fit
ting using aniteration procedure. The slope of this straigh
line includes the information ofDR/R. In Eq. ~3! a relativ-
istic value of r4s(0)theor51344.7 a.u. calculated by Ban

-
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et al.20 was used for an isolated neutral Cs atom with
following result for the change of nuclear charge radius:

DR/R51~1.560.5!31024, or
~4!

D^r 2&51~6.662.4!31023 fm2,

whereR51.23A1/3 fm was used for the former expressio

V. DISCUSSION

A. Calibration constant of the isomer shift

As mentioned before, the interpretation of the isomer s
in terms of electron densities at the nucleus generally
quires the knowledge ofDR/R, which is essential for corre
lating measured isomer shifts with the correspond
changes in the number ofs electrons in a given system. Se
eral values ofDR/R for 133Cs have been reported prev
ously, most of which have been deduced from the correla
between the isomer-shift data and the estimated value
6s-electron population for several compounds.

Boyle and Perlow3 analyzed their isomer-shift data a
suming a general electron configuration for the cesium ion
5p66sn, where n is the number of 6s electron, and have
obtained acalibration valueof 0.121~46! mm/s, which cor-
responds to the change of the isomer shift due to a chang
one 6s electron; i.e.,dd/dn. In their calibration, this value
was obtained from the difference of the measured iso
shifts between metallic cesium,d(Cs)520.164(57) mm/s
with respect to133BaAl4 source, assuming a configuratio
for the Cs ion as 5p66sn with n51.23 and the most ionic
compound of CsMnF3, d520.313~6! mm/s withn50. This
calibration value,dd/dn50.121 mm/s, should correspond
the valueDR/R50.8931024, if a theoretical 6s-electron
density ofr6s(0)theor55.431025 cm23 is used. On the othe
hand, Henninget al.2 also derived a relative change of th
mean square charge radius,D^r 2&/^r 2&51231024, which

FIG. 3. Correlation of the electron-density ratioro.s.(0)/r4s(0)
obtained by the conversion electron measurements with the ave
isomer shifts d̄ ~relative to a CsCl absorber! measured for the
samples of133Xe implanted into five kinds of host materials. Th
solid line indicates the result of a weighted least-squares fitting.
region in between the two dashed lines shows the region
ro.s.(0)/r4s(0) allowed for the variation of one standard deviati
of DR/R if a theoretical value ofr4s(0)theor51344.7 a.u.~Ref. 20!
is used in Eq.~3!.
e

ft
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was obtained from their Mo¨ssbauer measurements in thr
different ways using eight ionic compounds and an interm
tallic compound CsBi2. This value corresponds toDR/R5
1131024.

Recently, Pattynet al.7,22 obtained an isomer-shift valu
of 0.222~45! mm/s for metallic cesium with respect to CsC
at ambient pressure in their high-pressure Mo¨ssbauer-effect
experiments, which is considerably larger than the value
0.105~57! mm/s reported by Perlowet al.3 They also ob-
tained a calibration value ofdd/dn50.216(46) mm/s in the
same manner as that of Perlowet al.by replacing the isomer-
shift value for Cs metal by the new one. This value wou
change Perlow’s calibration constant (DR/R50.8931024)
to the value ofDR/R51.5931024 which is in good agree-
ment with the value reported here. In the derivation of t
calibration constant, however, both Perlowet al. and Pattyn
et al., as well as Henninget al. have used the theoretica
electron density ofr6s(0)theor55.431025 cm23 ~8.08 a.u.!
after correction of the nonrelativistic value ofr6s(0)theor
52.031025 cm23 using the relativity factor ofS8(Z555)
52.68 as given by Shirley;23 this value differs from a recen
relativistic value ofr6s(0)theor53.3831025 cm23 ~5.01 a.u.!
calculated by Band and Fomichev20 by a factor of 1.6. If one
uses the latter value instead of the former, the calibrat
constants will be changed to 1.431024 for Perlow’s, 2.5
31024 for Pattyn’s, and 1.631024 for Henning’s, respec-
tively. This means that the calibration constants obtain
from the methods discussed above strongly depend on
theoretical estimates of the valence electrons density at
nucleusr6s(0)theor, as well as the estimation of 6s-electron
populationn. In the internal conversion method adopted
the present work, on the other hand, the theoretical valu
the inner-shell electronsr4s(0)theor51344.7 a.u. is used
which is supposed to be in general much more reliable t
that of valence electrons, and also less affected not only
the difference of electronic configuration assumed in the t
oretical calculation but also by the method of the calculat
itself.18,20 Thus the new value ofDR/R51(1.560.5)
31024 in the present work can be considered more relia
than those derived by former methods.

B. Interpretation of the isomer shifts

From Fig. 3, and by use of a relativistic value
r4s(0)theor51344.7 a.u. calculated by Band and Fomiche20

for an isolated neutral Cs atom, we obtain the following
lation betweenro.s.(0) andd ~hereafter we used instead of
d̄!:

ro.s.~0!5230136.4d624A~d20.49!210.045 a.u., ~5!

whered is the isomer shift in mm/s relative to CsCl. Equ
tion ~5! is very important because it converts the measu
isomer shift, which is no more than a relative value, to
absolute value of the contact density. It will be possible n
only to compare the contact density evaluated from the
served isomer shift using Eq.~5! with the theoretical calcu-
lations, but also to compare contact densities among Mo¨ss-
bauer elements; e.g., other nuclei in typical elements of fi
period such as119Sn, 121Sb, 125Te, 129I, 131Xe, and so on. In
this case, however, only the outer-shell electron density
the nucleus~sum of 5s, 5p, and 6s electron contact densi
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11 318 PRB 58H. MURAMATSU et al.
ties! is evaluated instead of that of the valence-shell con
density in contrast to previous work done by the pres
authors.9,10 This does not reduce its usefulness and imp
tance; indeed this calibration, together with the isomer s
values reported by Boyle and Perlow3 for cesium halides and
metallic cesium, leads to a good agreement with elect
density calculations.

The present value ofDR/R corresponds todd/dn
50.137(49) mm/s as a calibration value in another expr
sion by Boyle and Perlow,3 where it should be noted that th
calibration value is based on the hypothetical configurat
5p66sn whosen is a function ofd, n(d), and on the assump
tion that a change ofn is equivalent to a change inr(0)
which determinesd. Using the isomer shifts as measured
Perlowet al. for CsMnF3 and Cs metal, outer-shell electro
densities at the nucleusro.s.(0) in Cs atom included in thes
materials are estimated to be 228 and 234 a.u., respecti
The theoretical evaluations for thero.s.(0) have been given
as 194.7 a.u. for 6s0 and 199.9 a.u. for 6s1 by Band and
Fomichev,20 which are about 17% smaller than the estima
values from our experimental result. This discrepancy m
be explained by the following argument: The electron
wave function of free cesium atoms should be modified
those in solids, this modification being called thesolid state
effect.24,25 A simple approach for evaluation of this effect
to renormalize the electronic wave functions by a factorjnl

within the Wigner-Seitz sphere, as described by Friedm
et al.;26 they obtainedj5s5A1.09 andj5p5A1.38 for 5s and
5p electrons inb-Sn, respectively. With the same manner,
jnl data were available for cesium atoms in solids, we mi
be able to explain the discrepancy between the experime
and the theoretical contact densities, multiplying the theo
ical values by appropriate factors for 5s and 5p electrons of
cesium atoms.

On the other hand, thero.s.(0) difference of 6 a.u. evalu
ated from Eq.~5! between CsMnF3 and Cs metal, whose
configurations for the Cs ion as 5p66sn have been assume
by Perlowet al. with n50 andn51.23, respectively, rea
sonably agrees with the theoretical estimation of 5.2 a
~199.9 a.u. for 6s1 minus 194.7 a.u. for 6s0) by Band and
Fomichev,20 which should correspond to the 6s electron con-
tact density; in fact, 5.01 a.u. is a theoretical estimate of
6s electron contact density for an isolated Cs atom with
configuration of 6s1. Using the value ofdd/dn50.137 mm/s
together with the difference between the isomer-shift val
for CsMnF3 and Cs metal, we can estimateDn which is the
difference of 6s electrons residing on the Cs atom betwe
CsMnF3 and Cs metal; it becomesDn51.1, which is a little
bit smaller than 1.23. With the same manner we obse
Dn59.2 from the difference between the isomer shift
CsMnF3 and the isomer-shift value of 1.22 mm/s which
measured for the Cs atom sitting on the substitutional site
Mo matrix in this work. What is especially surprising is th
the Cs atom in the Mo host matrix has about nine times
muchs character as in metallic cesium, and this correspo
to the apparent occupation number of 6s electron of about 9.
As is pointed out by Perlowet al. thatn may be greater than
2 if the atomic volume is reduced, the large isomer sh
which have been observed in refractory metals implan
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with 133Xe ~Ref. 4! imply extremely high compression whe
the isomer shift is interpreted in terms of 6s electron densi-
ties of Cs.

The volume dependence of the isomer shifts of133Cs has
been studied by Pattyn and his co-workers through the
croscopic observation of thes→d transition in metallic ce-
sium under high pressure22 and also the observation of pre
sure effects on electron densities in CsCl and CsI.7 In their
analyses, since the large enhancements in thes-electron den-
sity seemed to contradict theoretical expectations27 of a
pressure-induceds→d transition in CsI and CsCl and a co
responding relative decrease in the 6s-electrons values, they
have proposed other mechanisms which enhance ths-
electron density in order to explain their experimental resu
by such a transition. The first mechanism which may ca
such ans-electron density enhancement is the charge-tran
mechanism, namely a back transfer from the halogen
toward the Cs ion. From a theoretical estimation, howev
they have concluded that this mechanism alone canno
responsible for the large pressure-induced increase of the
mer shift. A second mechanism which can cause this a
tional increase ins-electron density with decreasing volum
originates indirectly from the modified shielding effect of th
5p orbitals in CsI and CsCl. Judging that the band-struct
calculations already predict some mixing in of the 5p cesium
valence band into the iodine 5p band at normal pressure,
gradual shift and broadening of the 5p band of cesium and
an increased overlap with the iodine 5p band shown by cal-
culations of the pressure changes in the band structure28 are
equivalent to a partial removal of 5p electrons from the Cs
ion, and result in a decrease of the shielding effect of th
5p electrons and thereby in an increase in 5s-electron den-
sity at the Cs nucleus. We consider that the latter mechan
mentioned above is favorable to interpret or explain the
tremely high isomer shifts observed in some metals
planted with 133Xe, because a large increase of the isom

FIG. 4. Theoretical contact densities of the atoms or ions w
the electronic configurations of 5s25pn in terms of number of 5p
electrons,n5p . Theoretical values were calculated by Band a
Fomichev ~Ref. 20! using the relativistic Dirac-Fock equations
Open squares with error bars and arrows are depicted as ty
examples of the analyses for the estimation of the number ofp
electrons.
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TABLE II. Estimated values of the outer-shell electron contact density and occupation numbersp
electrons for the Cs in the lattices of metallic hosts as well as in some cesium compounds. It was a
that CsMnF3 has an electronic configuration of 5s25p6.

Estimated values
of ro.s.(0)

Occupation numbers
expected

d a ~a.u.! n6s
d n5p

e

Host ~mm/s! This workb Theoryc if no 5p electron
removal

CsMnF3 20.044~6!f 228~14! 194.7 0 6
Cs metal 0.105~57!f 234~11! 1.1 5.5
BaAl4

g 0.269~3!f 240~7! ~2.3! 5.0
Fe 1.1h 270~15! ~8.4! 2.8
Al 0.54~7!i 250~5! ~4.3! 4.3
V 1.04~6!i 268~14! ~7.9! 3.0
Cr 1.10~1!i 270~15! ~8.4! 2.8
Mo 1.22~1!i 274~18! ~9.2! 2.5
Rh 1.31~1!i 278~20! ~9.9! 2.2

CsCl ~4.2 GPa! 0.084~12!j 233~11! 0.9 5.6
CsI ~5.5 GPa! 0.140~10!j 235~10! 1.3 5.4

aIsomer shifts with respect to CsCl.
bEstimated values from Eq.~5!.
cTheoretical contact density calculated by Band and Fomichev~Ref. 20!.
dAccording to Boyle and Perlow~Ref. 3!, this denotes then in the hypothetical configuration of 5p66sn

whosen is a function ofd, under the assumption that a change ofn is equivalent to a change inr~0! which
determinesd. The values exceeding 2 are in parentheses.

eEvaluated values by using Fig. 4. See the text in detail.
fTaken from Ref. 3.
g133BaAl4 was used as a source in the Mo¨ssbauer experiment by Boyle and Perlow~Ref. 3!.
hThe isomer shift for the high field sites in Fe taken from Ref. 5.
iThe isomer shift for the substitutional sites obtained from the present work.
jTaken from Ref. 7.
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shift cannot be expected from the former mechanism and
addition of 6s electrons seems unable to account for the v
large isomer shifts. It should be noticed that this mechan
including the 5p-electron removal and the loss of screeni
has already been pointed out by de Waard and Drentje5 in
their observations on implanted133Xe sources; they ex
plained the isomer shift for the high field sites in Fe by
promotion of about two 5p electrons to the conduction ban
of the host.

Since there exists no empirical relationship between
5p-electron removal and the resulting increase in 6s electron
or in 5s and 5p electron density, we try to compare ou
experimental values of outer-shell electron densities with
theoretical estimates by Bandet al. for the outer-shell elec-
tron densities, where since the electron densities evalu
from Eq. ~5! using isomer-shift values do not coincide wi
the theoretical values in the absolute value and nob
knows what is the true value, as the first-order approxima
the experimental ones are tentatively normalized to the
oretical value in the electronic configuration of 5s25p6 ~cor-
responding to the isomer shift of CsMnF3, 20.044 mm/s
with respect to CsCl!. In Fig. 4, theoretical contact densitie
of the outer-shell electrons for the atoms or ions with
electronic configuration of 5s25pn in terms of number of 5p
electrons (n5p) are shown together with those of Xe and
where since in the case of Cs no theoretical estimate is a
he
y
m

e

e

ed

y
n
e-

e

il-

able except for the configuration of 5s25p6 ~Cs1), the values
corresponding to other configurations are estimated as sh
by the dashed line under the assumption that they hav
similar dependence systematically changing withZ on n5p to
those of Xe and I. It can be seen that the contact densitie
5s and 5p electrons increase with decreasing the numbe
the 5p electron and the dependence ofr5s(0)1r5p(0) on
the number of 5p electron is almost the same as that
r5s(0); however, the increase ofr5p(0) is more rapid~not
shown in the figure!. Using this relationship, for example, w
can estimate the numbers of 0.5 and 3.5 5p electrons that
have to be removed from the Cs in the lattices in meta
cesium and Mo in order to account for the isomer shifts
0.105 and 1.22 mm/s, respectively, as is shown in Fig
Thus, the ion cores left by 5p electrons would be describe
approximately as Cs1.51 and Cs4.51 in the lattices of metallic
cesium and Mo, respectively, which are, of course, s
rounded by a screening charge to preserve electric neutra
See Table II.

As another example of the application of this relationsh
we consider the Cs in BaAl4 which was used as a source
the Mössbauer experiment by Boyle and Perlow.3 In Cs
metal one usually takes the conduction band to contain
electron and describe the ion cores by Cs1. Perlow et al.
treated an impurity introduced into the aluminum structure
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Cs1 ion, taking into account the problem of shielding th
two extra charges of the Cs1 ion, because BaAl4 possesses a
band structure not unlike pure aluminum, which conta
three conduction electrons, two withs character and one with
p character. They suggested then that the energy of the h
in the aluminum conduction band is lower than that of so
of the 5p electrons in the Cs1 ion; thus the cesium impurity
in BaAl4 fills these holes with two 5p electrons as well as th
6s electron leaving a core described approximately by Cs31.
From the isomer shift of BaAl4 with respect to CsCl,
0.269~3! mm/s,3 we can estimate the number of 5p electrons
that have to be removed from the Cs1 ions in BaAl4 to be
1.0, using our relationship with the same manner mentio
above. This result is equivalent to the ions being Cs21, which
is in reasonable agreement with the estimation by Per
et al. as for the tendency. This agreement seems to be g
support for the idea that these large isomer shifts arise f
the conduction electrons which scatter from the impurity a
surround it as a screening charge.

Pattynet al.7 have also estimated an additional increase
s-electron density originating from the shielding effect of t
5p electrons in CsI and CsCl by applying the relationsh
extracted from the Iodine Mo¨ssbauer isomer-shift data. Th
relationship translated into the133Cs isomer shift scale is tha
the removal of 0.24 and 0.23 5p electrons corresponds t
increases equivalent to 0.37 and 0.35 6s electrons in CsI
having an isomer-shift value of 0.140 mm/s, and CsCl h
ing an isomer-shift value of 0.084 mm/s, respectively. T
relationship for the experiments at high pressure, when
plied to the case of the Cs in the lattices of metallic cesi
and Mo, yields the estimated values of 0.45 and 3.8 5p elec-
trons that have to be removed from the Cs in order to
count for the isomer shifts of 0.105 and 1.22 mm/s, resp
tively. These values are in good agreement with o
estimations, 0.5 and 3.5 5p electrons. We are not sure, how
ever, whether or not such an effect expected in Cs halide
the broadening of the valence band with compression and
resulting increase in overlap exists also in metallic cesi
and impurity atoms of Cs in metallic hosts; in fact, no c
culation is not available for the changes in the impurity el
tron energy levels of the Cs impurity atom and its over
with the host electron bands.

As a concluding remark, the present results conclusiv
show that the volume contraction of the electronic orbitals
Cs impurity in the metallic host results in changes in not o
the outermost shell electrons~6s electrons! but also next-
inner shell electrons~ 5p and 5s electrons! of Cs, and that an
additional increase ins-electron density with decreasing vo
ume, which originates from such changes as the 5p-electron
removal and the loss of the shielding effect by them, de
mines the extremely high isomer shifts observed in so
refractory metals implanted with133Xe. Theoretical calcula-
tions dealing with this subject are desired in order to t
them with the present results.
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VI. CONCLUSIONS

An additional determination ofDR/R in the 81-keV
(M112.5%E2) transition of133Cs has been achieved by th
internal conversion method that obtain more direct exp
mental information aboutDr(0). Radioactive133Xe was im-
planted into five host materials~Al, V, Cr, Rh, Mo! by means
of an isotope separator. Internal conversion electron spe
of the 81-keV transition in133Cs were measured with a
iron-free magnetic spectrometer and Mo¨ssbauer spectra wer
recorded independently. From the correlation between
weighted mean Mo¨ssbauer isomer shifts and the intens
ratios of (O1P)-shell toN1-shell conversion electrons, th
change of the nuclear charge radius of the 81-keV transi
in 133Cs was deduced to beDR/R51(1.560.5)31024 for
a uniform charge distribution ofR51.23A1/3 fm or, equiva-
lently, D^r 2&51(6.662.4)31023 fm2. This value is some-
what higher but more reliable and accurate than those
tained previously.

Using the calibration constant thus obtained, a quant
tive interpretation of the isomer shift of133Cs has also been
performed focusing on the large shifts observed in meta
matrices. The calibration factor yields a useful equation
the outer-shell electron densities as a function of the iso
shift by using the results in conversion-electron measu
ments in outer shells and Mo¨ssbauer isomer-shift measur
ments. This equation is very important not only becaus
converts the measured isomer shift to an absolute valu
the contact density, but also because it will be possible
compare the contact density evaluated from the observed
mer shift with the theoretical calculations. In the prese
work, this equation is uniquely utilized to explain an increa
in s-electron density at the nucleus when the atomic volu
is reduced. Since there exists no empirical relationship
tween the 5p-electron removal and the resulting increase
6s-electron or in 5s- and 5p-electron density, we try to com
pare our values for the outer-shell electron densities ev
ated from the equation with the theoretical estimates by B
et al. for the outer-shell electron densities of free atoms
ions with various electronic configurations. These analy
make it possible to reasonably interpret the extremely h
isomer shifts observed in some refractory metals implan
with 133Xe, where we take into consideration an increase
s-electron density originated from a decrease in the shield
effect on thes electrons by a removal of the 5p electron
from the Cs impurity atom, which is attributed to the broa
ening of the valence band with compression and the resul
increase in overlap between the host and the impurity
lence bands.
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11I. Dézsi, R. Coussement, G. Langouche, H. Pattyn, S. R. Re
sema, M. Van Rossum, and J. de Bruyn, J. Phys. C40, 573
~1979!.
.

H.

l,

,

,

.

t-

12L. E. Campbell, G. L. Montet, and G. J. Perlow, Phys. Rev. B15,
3318 ~1977!.

13M. Fujioka and M. Takashima, J. Phys. C40, 32 ~1979!.
14M. Fujioka and T. Shinohara, Nucl. Instrum. Methods120, 547

~1974!.
15F. P. Larkins, At. Data Nucl. Data Tables20, 311 ~1977!.
16I. M. Band, L. A. Sliv, and M. B. Trzhakovskaya, Nucl. Phys.

156, 170 ~1970!.
17M. Fujioka ~unpublished!.
18U. Raff, K. Alder, and G. Bauer, Helv. Phys. Acta45, 427~1972!.
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