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Measurement of 2s and 3s electronwyin densities in iron metal and FezOs
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The 2s and 3s electron-spin densities at the nuclear site of the '7Fe nucleus in iron metal and Fe203
were measured by a new technique combinil~ the Mossbauer diect with electron spectroscopy. The
ratios of wave functions at the nucleus

I
4" (0}I' I I

4' (0}I' for 2s and 3s electrons were measured for
iron metal and Fe20„and were found to agree in sign and order of magnitude with theoretical
calculations of the core-polarization contributions to the magnetic hyperfine interactions.

I. INTRODUCTION

The total hyperfine field at 'VFe nuclei embedded
in magnetic lattices has been measured by a variety
of techniques. It is now established that the main
contributions to the hyperfine field arise from po-
larization of core electrons by the 3d electrons. A
new technique which combines Mossbauer and in-
ternal-conversion spectroscopy has been developed
to determine the net spin polarization at the nuclear
site of s electrons from each individual subshell.
The method has been applied to iron metal' and
Fe303. The details of the experiment and the anal-
ysis of the data are presented below. The results
obtained for the spin polarization of 2s and 3s
electrons in Fe metal and Fe~o, will be compared
with theoretical predictions.

II. ORIGIN OF MAGNETIC HYPERFINE FIELDS

In 1960, the Zeeman effect was observed for the
first time in a nuclear transition. The high resolu-
tion of Mossbauer recoilless processes made it
possible to resolve the six components of the y
transition between the 3/2 first excited state and
the 1/2 ground state of the srFe nucleus embedded
in an iron matrix. The magnetic degeneracy of the
states is lifted by the hyperfine interaction between
the nucleus and surrounding electrons.

Fermi and Fermi and Segre showed that the
Hamiltonian for the interaction between a single
electron and a nucleus can be written as

&=-gg t I ((~u/3)&(r)& ~ s+~ '1 ~ 1

+[3r '(1 r)(s r)-r-sl s]J, (1)

where 1, s, and I represent, respectively, the
electron orbital, electron spin, and nuclear spin
angular momentum operators; g and gr are the
electronic and nuclear g factors; and p,& and p, &
are the Bohr and nuclear magnetons.

The 1 1 term in Etl. (1) arises from the dipolar
interaction of the nuclear spin with the electron
orbital angular momentum. The I ~ s term de-
scribes the dipolar interaction between electronic

and nuclear magnetic moments. The dipolar terms
vanish for 8 state ions and for ions in cubic sym-
metry. The & function term, which is called the
Fermi contact term, arises from the electron spin
magnetization inside the nucleus and is nonzero
only for s electrons.

The contact term X, can be expressed in terms
of an effective field at the nucleus 8„X,= -glp„, H, I,
where H, =(sw/3)gtteSI&(0)I', Ig(0) I' is the s elec-
tron's density at the nucleus, and S is the total
electronic spin in the s shell in question.

Historically, the contact term was first consid-
ered for systems with unpaired s electrons. Fermi
and Segre first estimated the effect of exchange in
producing a contact term in the closed (6s) shell
of Tl. No hyperfine fields are expected in closed
sheQ systems with paired s electrons, or in half-
filled S state ions such as Fe"or Mn ' in the 3d' S
state. The existence of large magnetic hyperfine
fields in these ions led Abragam and Pryee to con-
sider admixtures of configurations in which 1s, 2s,
or 3s electrons were promoted to a higher s state.
Their calculations yielded hyperfine interactions
of the right sign, but ten times smaller than the
observed value. Sternheimer' then suggested that
a polarization of all the core electrons (ls, 2s, and
3s) by the net spin of the 3d electrons would pro-
duce a la, rge nonzero spin density at the nucleus
and hence a large hyperfine field. The importance
of the core electron contribution to H, was realized
when the large hyperfine field in iron was found to
be negative, that is, opposite to the direction of
the magnetization of the 3d electrons. No other
contribution could be found to produce such a large
negative field.

A simplified picture of the mechanism of "core-
polarization" is given in Fig. 1. The exchange in-
teraction between the 3d electrons and the core s
electrons causes a repulsion of electrons with anti-
parallel spin and an effective attraction between
parallel spin electrons, resulting in different radial
wave functions for electrons of opposite sign and a
net spin density at the nucleus. A magnetic hyper-
fine field at the nucleus results which is propor-
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FIG. 1. Schematic representation of spins and aver-
age position of inner core, outer core, and 3d electrons,
local magnetic hyperfine fields and exchange interactions
in an iron ion.

tional to the total spin of the d shell and is given by

(2)

III. MEASUREMENT OF MICROSCOPIC CONTRIBUTIONS
TO HYPERFINE FIELDS

A nucleus in a low lying excited state may decay
to the ground state by emission of p rays or inter-
nal conversion electrons. The probability for in-

where I
P' (0) I

—I'g,',(0) I' is the net spin density in
the ns shell for S= 1, and n runs over all s shells
to be considered. "Inner" shell electrons exhibit
a negative spin density at the nucleus, which in
turn produces a negative hyperfine field, while the
opposite is true of "outer" shell electrons.

Watson and Freeman have applied the spin or
exchange polarized Hartree-Fock method to in-
vestigate the contribution of paired electrons to H,
in the case of transition metal ions. Detailed re-
sults were obtained for Mn ' which is isoelectronic
with Fe ". Bagus and Liu calculated the individual
ns shell contributions to H, for atomic Fe. Their
results, which are very similar to those obtained
by Watson and Freeman for Mn", are given in
Table I. The dominant contribution to 0, is seen
to arise from the polarization of the 2s shell. The
net spin density in this shell is antiparallel to the
3d electron spin and the resulting field at the nu-
cleus is therefore negative.

The total hyperfine field has been measured by a
variety of techniques such as ESR, NMR, or
Mossbauer spectroscopy. These experiments,
however, cannot distinguish the core contribution
from those of other hyperfine interactions, such as
the dipolar field of neighboring atoms and contribu-
tions from unquenched angular momentum. More-
over, H, is a sum of contributions of opposite sign,
each of which corresponds in turn to a small dif-
ference between large numbers. The present ex-
periment is aimed at determining separately the
individual s shell contributions to H, as a further
test of the theoretical model and calculations.

TABLE I. Column 2 displays the individual s-electron
density at the nuclear site lg~(0) I for each individual
s subshell for Mn"; column 3 gives the relative spin
density 6~=[lg' (0) I / Ig~(0) I ] —1; Columns 4 and 5
indicate the individual and the net contributions to the
magnetic field H~ at the nucleus. t (h) denotes electrons
with spin parallel (antiparallel) to the 3d-shell net spin.
These data were obtained from the calculation of Bagus
and Liu (Ref. 7).

1st
1st
2st
2sh
3st
3sh
4st
4sh

I fggg(0) I

5386.490
5386. 537
493.668
496. 213
68. 587
67. 162
3.600
2. 679

I gns(o) I

I2

—8. 7x 10

-0.00514

+ 0. 0210

+0.29

2849698
—2849723

261173
—262519

36286
—35532

1905
—1417

Hfl+H~
(kG)

—25

—1346

+ 754

+488

ternal conversion o is defined as the ratio of inter-
nal conversion electrons to the y ray yield. The
conversion probability is proportional to the elec-
tronic charge density; in particular, as will be
shown below, for magnetic dipole transitions n(M1)
is proportional to the electronic charge density at
the nucleus. Since only s electrons have an ap-
preciable charge density over the nuclear region,
M1 conversion proceeds mainly by emission of s
electrons, and thus is a particularly selective pro- .

cess. Given the difference in electron radial wave
functions produced by the core polarization mecha-
nism, one would then expect that the yield of inter-
nally converted ns electrons would differ for elec-
trons with opposite spin within a particular ns
shell.

Consider the M1 decay from the 14.4 keV,
I=3/2, first excited state of '~Fe to the I= 1/2
ground state. This transition proceeds mostly
through internal conversion with a total internal
conversion coefficient n = 8. 26 +0.19. Figure 2

displays the nuclear level scheme and two of the
six allowed nuclear transitions; the 6m~= 1 (m~,

3 1 3 I= ——,-mzz- -r) and &m, = —1 (mz, = —,-mz&= a) de-
cays correspond to total angular momentum changes
of the emitted internal conversion ns electrons
hm, = —1 (m„= 2), and Am, = 1 (m« ———~), respec-
tively. The direction of the 3d electron magnetiza-
tion was chosen as the quantization axis.

For an M1 internal conversion transition in the
E(ls), Lz(2s), Mz(3s), or Nz(4s) shells, the initial
electron is in an sg(2 state; the addition of one unit
of angula. r momentum with no parity change leads
to either s&&2 or d, & final continuum states. Con-
version into a d3&~ state is more than ten times
weaker than conversion into a final s state and was
ignored in the following discussion and analysis.
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FIG. 2. Energy-level diagram of ~~Fe indicating the
gm& -—+1 transitions and the corresponding changes in
angular momentum of the internally converted electrons.

The angular distribution functions Ers(8) of the
converted ns electrons from an Ml nuclear transi-
tion for either I =M= l or I- = -M= l, were calcu-
lated by Rose et al. and are given by

F,'(e) =6ift, , I',
F-,'(8) =6Ift ...I',

(3a)

(3b)

ft, ,= j ddt,"'(Ir)(f,g, +g,f,), (4)

where v =+ 2(4) or —2(4) is the spin of the initial
bound electrons, f, and g, are the small and large
components of the radial wave function of the bound

electron, f &
and g &

are the wave functions for the
free electron; final d, @ states are neglected.

Equation (3a) corresponds to an f =I= 1 nuclear
transition and pertains to conversion of electrons

' with initial spin down with respect to the quantiza-
tion axis. Similarly, Eq. (3b) represents the
L = -M = l nuclear transition and only electrons
with initial spin up are converted. The spherical
Hankel function h,"'(kr) behaves like a 5 function;
thus one might expect that the main contribution to
the electron yield comes mostly from the electron
density in the nuclear region. In fact, Band et al. ,

i'
Anderson ef; al. , and Fujioka have examined in de-
tail the region of the atom where the conversion pro-

-cess occurs. They have concluded that for Ml s
electron emission, conversion is produced in a re-
gion well within the first node of the radial wave
functions of both the orbital and free electrons.
These effects result in a definite relation between
the value of the electronic wave function at the
nucleus and its behavior throughout the region of
conversion formation, and further leads to a direct
proportionality between the radial integrals and the

electronic density at the nucleus:

~'= I&-i„l'- Ic.(»l' (6)

where the nonrelativistic wave function g,(0) re-
places the relativistic wave functions of Eq. (4) in
the nonrelativistic limit.

The comparison of Eq. (5) with Eq. (2) shows
that the contribution to the magnetic hyperfine in-
teraction has the same dependence on the radial
wave function of the orbital ns electron as the in-
ternal conversion coefficient of the corresponding
ns electron. Accordingly, o0 differs from ~4 and the
ratio a&/a% is directly proportional to the ratio of
intensities of conversion electrons emitted in the
decays d m&=+ l and 4mI = —l, respectively. Hence
(a4/a4-1) becomes a measure of the net electronic
polarization at the nuclear site.

In the above discussion no mention was made of
the final state of the atom. " For example, the
initial state of the Fe ' ion is (3d)' S. When a spin
up electron is ejected the atom is left in a final 8
state, while when a spin-down electron is emitted,
the final state is 78. This distinction is of note
when the energy of the ejected electron is mea-
sured, and it is the cause for the multiplet struc-
ture and intensity seen in photoemission experi-
raents. In the present experiment transitions with
predetermined 4m, are selected and the ratio of
intensities of the two lines is governed only by

the Clebsch-Gordan coefficients. Thus, the transi-
tion m„= -~-m,&=+ g leading to a final atomic
state of spin 8&=3, M& = 3 proceeds with probability
1 times the matrix element of the transition, while
the transition m, &

=+ ~-m«= —~ can leave the final
atom in states of spin S& = 2 or 3 and M& = 2 with
corresponding probability ~~ and ~8', respectively,
times the same matrix element. %hen these are
added incoherently it is obvious that the relative
intensities expected for the two transitions differ
only through the appearance in the matrix elements
of different radial wave functions for the bound
electron. Similar considerations apply when other
possible configurations contributing to the final 8
state are considered.

IV. EXPERIMENT

The main feature of the experiment involves the
selective excitation of either the ~~ =+ ~ or the
mr= —

& substates of ' Fe nuclei by absorption of
, 14.4 y rays emitted from an unsplit Co(Pd) source

moved at the constant velocities corresponding to
recoilless absorption into the proper substates.
The subsequently emitted 1s (6.3 keV), 2s (13.6
keV), or 3s (14.3 keV) internal conversion elec-
trons were selected by an electron spectrometer.
The details of the experimental apparatus are de-
scribed below.
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A. Electron spectrometer

The electron spectrometer used in this experi-
ment was built in 1941' (Fig. 3). It is an iron-free
magnetic solenoid, 170 cm in length with a diameter
of 25 cm. The electron trajectory is defined by a
two cycle aluminum-lined lead baffle. Adjustable
slits on the outer rim of the baffle fixed the en-
trance angle of the transmitted electrons at 45'
The exit slit width mas adjusted for maximum
transmission ( I/o) at an intrinsic resolution of gg.
The P spectrometer was energized by a curxent
regulated power supply, which could deliver up to
100 A with a regulation better than 0. 05%%uo. The
current could be controlled by an external reference
voltage, which allowed automatic sweep of the cur-
rent with synchronous display of the electron spec-
trum in a multichannel analyzer.

An end-windom Geiger-Muller counter was used
as the electron detectox. The counter windom mas
made of Formvar, 25 pg/cm thick supported by a
copper mesh; the counter was filled with ethyl
alcohol vapor to a pressure of 17 Torr.

B. Velocity drive

explained in Sec. III the source was moved at two
velocities corresponding to excitation of absorber
nuclei into the mr=+ 2 and —3 states, respectively,
while the yieM of internal conversion electrons
emitted in the decay of these states was measured.
In ox'der to measure alternately the resonant and
background radiation modes the periodic velocity
shown in Fig. 4 was adopted. Synthetization of the
reference wave form used is schematically indicated
in Fig. 5. Because of the isomer shift between
source and absorber, the absolute values of the
on-resonance velocities differ by 0. 3V mm/sec for
iron metal and by 0. 13 mm/sec for the oxide sam-
ple. To compensate for this difference the ampli-

Io-

A Mossbauer velocity transducer of the type de-
scribed by Kankeleit'~ mas mounted outside the
solenoid. The Mossbauer source was glued to an
extension rod running through the tube bearing the
absorber and supported by two circular leaf
springs. The transducer and its extension mere
supported at two points: inside the P spectrometer
the extension tube rested on a V-type support; out-
side the P spectrometer the transducer was fixed
to the end plate through bellows, thus allowing the
position of the absorber to be externally adjusted
in three mutually perpendicular directions for opti-
mum transmission and resolution (Fig. 3).

-lo-

035-

-ao5-

50
t(msec)

C. Velocity regmhtion

A conventional feedback system with operational
amplifiers was used to regulate the velocity. As

FIG. 4. (a) Periodic velocity reference vrave form and
{b) corresponding displacement of the source relative to
the absorber.
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tudes of the off-resonant velocities were adjusted
independently, so that the total distance traveled by
the source in each half-period was the same. Peri-
od lengths of 60 msec and 120 msec were used.
During a measurement, the number of detected elec-
trons was stored in 100 channels of a multichannel
analyzer, operated in the multiscale mode in syn-
chronization with the periodic motion. For ex-
ploratory measurements the Mossbauer transducer
could be operated in the constant acceleration mode
corresponding to a symmetric triangular reference
voltage.

D. X-ray detectors

y and x radiations scattered from the absorber
were monitored by two proportional counters
mounted inside the P spectrometer (Fig. 3). They
were installed opposite each other, 4 cm awayfrom
the absorber. The edge of the circular 1-in. -diam
windows were level with the plane of the absorber.
The pulses of each counter were separately ampli-
fied and analyzed in single channel analyzers. Ini-
tially these counters were used to monitor the rate
of K-electron conversion through detection of the
6. 3-keV K x rays that accompany K conversion.
Ultimately, they were used to determine the exact
positions of the source as a function of time, as
described in Sec. V.

E. Sources and absorbers

Several 50-mCi '7Co(pd) Mossbauer sources with
an active area of 2 mm diameter were used for
about two half-lives each. Absorbers were pre-

pared by evaporating 921o enriched '7Fe to a thick-
ness of 35 p, g jcm~ and l cm diameter on a lead-
free microscope coverglass 0. 1 mm thick. The
Mossbauer absorption spectrum of such an evapo-
rated layer showed broad lines as well as a para-
magnetic component. After annealing for 3 h at
450'C in a hydrogen atmosphere, the linewidth was
reduced to 0.27 mm/sec and the paramagnetic com-
ponent disappeared. Fe203 absorbers were made

by oxidizing a similarly evaporated iron foil in the

oxygen atmosphere at 450 'C.
The supporting glass plate was taped on the end

of an aluminum extension tube which was fixed to
the Mossbauer velocity transducer. The glass
backing of the absorber foil served as an efficient
stopper for electrons emitted by the Mossbauer
source. The details of the Mossbauer source-ab-
sorber geometry are shown in the insert in Fig. 3.
A 1.3-mm-thick, 2-mm-diam lead collimator
limited the active area of the absorber to the maxi-
mum compatible with the required spectrometer
resolution. The source -absorber distance d was
adjustable. Most experiments were carried out for
d = 2. 75 and 4 mm. Typical counting rates at d
= 2. 75 mm are listed in Table II.

F. Electron spectra

Figures 6(a) and 6(b) show electron spectra ob-
tained with the Mossbauer source moving at reso-
nant (open circles) or off-resonant (solid circles)
velocities as a function of electron momentum.
Figures 6(c) and 6(d) show the internal conversion
E, L and M lines of '7Fe after subtraction of the
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TABLE II. Typical counting rates of internal-conversion electrons at a source-
absorber distance of 2. 75 mm. The K-line counting rate is very sensitive to the
thickness of the Geiger-Muller counter window and varied widely for different win-
dows. The cosmic-ray background was of the order of 26 counts/min.

ounts/min)
i source)

Average yield
at resonance

Average yield
off resonance

K
L

I+N

20QO

1500
520

50Q

620
380

3.0
1.4
0.37

nonresonant background. The nonresonant back-
ground consists of two contributions: a line spec-
trum of external conversion photoelectrons ejected
by the 14.4-keV y rays and a continuous spectrum
of tails of lines corresponding to external conver-
sion of higher-energy y rays superposed on the en-
ergy-independent room (cosmic rays) background.

G. Mossbauer spectra

caused a change in the background corrected in-
tensity ratio of (0.01-0.02)%. Due to the finite
gain in the velocity feedback, the velocity is not
constant but changes linearly with time by about
4%. This variation was determined by measuring
the electron intensity as function of time within a

Absorption Mossbauer spectra were run on all
absorbers prior to mounting in the P spectrometer.
These spectra indicated that the Fe absorbers
were polarized in the plane of the absorber while
the Fe~03 absorbers remain unpolarized because
of the large crystalline magnetic anisotropy in
Fe203. Furthermore, the spectra showed that the
main constituent of the oxide absorbers was
a —Fez03, with a small amount of y —Fe203.

A typical Mossbauer spectrum measured on the
I internal conversion electrons of the '7Fe absorber
is shown in Fig. 7(a). This spectrum was obtained
with the Mossbauer spectrometer operated in the
constant acceleration mode and with a source-ab-
sorber separation of 2 mm. Also shown On Fig.
7(b) is the spectrum of scattered 6.3-keV K x rays,
which was obtained simultaneously with that of Fig.
7(a). The line shapes are distorted because the
source-absorber distance was comparable to their
diameters.

I

250

l500-

l

270 290 BIO 560 380 400 420

Hp (6 cm)

H. .Accuracy and reproducibility

The stability of the velocity drive was mainly
governed by the stability of the reference wave and
by the sensitivity of the transducer. Referring to
Fig. 5, the amplitudes of signals A and C were de-
termined by temperature compensated Zener diodes
(type PS 3536), which had a temperature coefficient
of 0. 005%/ C. Signal 8 is the output of a NOR-gate
whose temperature coefficient is estimated to be
less than 0. 1%/'C. Variation in amplitude of 8 af-
fects the isomer shift compensation. For the actual
measurements the amplitudes of 8 and C were
chosen, such that the effect of amplitude variations
on the intensity ratio measured was minimal. A
change in on-resonance velocity amplitude of 0. 1%

l000-
V)

D

0- ~p
I i i I

250 270 290 3lO 360 380 400 CK)

Hro (G cm)

PIG. 6. Electron spectra froxn Fe203 absorber (a)
at the K line field (the open circles correspond to the
resonant velocity and the solid circles to the off-resonant
velocity (b) at the L and I lines field,» {c)net internal
conversion K line, and {d) net internal conversion & andI lines.
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FIG. 7. Mossbauer spectra of (a) internal conversion
L electrons and (b) scattered 6.3-keV &x rays.

period. The velocity amplitude was set to corre-
spond with a position on the outer slope of the
resonance line and the velocity change was derived
by correlating the measured change in intensity
with the line shape observed~n the constant acceler-
ation mode. Thus, during an actual measurement
a small part of the Mossbauer line around the near-
ly flat peak maximum was scanned. In addition, a
damped ringing in phase with the periodic motion
occurred after each velocity jump. The measure-
ments were begun after this ringing was damped to
less than 1%.

The transducer stability is sensitive to both tem-
perature changes and the stray field of the P spec-
trometer. As the transducer was inside the vacuum
chamber, its temperature was that of the water-
cooled spectrometer and thus stable to within a
degree. Hence„ the effect of the temperature varia-
tions on the sensitivity was neglected. The effect
of the stray field on the sensitivity of the transducer
could be very accurately measured by observing
the intensity ratios of the 4m = + 1 lines without
isomer shift compensation. Under these circum-
stances, the electron yield was measured for some
particular drive velocity on the inner and outer
slope of the resonance lines, rather than on the
relatively flat peaks; thus the measured ratio be-
comes a very sensitive function of the velocity.
Using this method, and amplitude difference of
0. 13Vp was measured for P spectrometer fields cor-
responding to K and L electron detection. As this
accuracy is approximately equal to the reproduci-

bility of the velocity setting no attempt was made
to correct for this deviation. It is estimated that
this change in velocity amplitude results in a change
in yield of at most 0. 0&o.

V. MEASUREMENTS, ANALYSIS, AND TESTS

The total yield Y of electrons counted by the de-
tector can be divided into three parts: F=1+E+C.

(a) The intensity I of internal conversion elec-
trons is a complicated function of the source-ab-
sorber distance due to both the change in solid
angle and the cosine spread in velocities "seen" by
the absorber.

(b) The background E of electrons ejected
from the absorber by other processes (mainly pho-
toelectrons) is independent of the velocity of the
Mossbauer source, but does depend on the source-
absorber distance.

(c) The constant background C due to external
sources amounted to only a small fraction of the
total intensity.

To extract the true ratio of internal conversion
from the ml = + 2 levels from the raw data, it was
necessary to (a) subtract from the measured inten-
sities F, the background of B= C+E corresponding
to the same source position as prevailed for the
measurement of Y and (b) correct the intensity
ratio R=(Y'-B')/(Y 8)=I'-/I for the solid angle
effects which arise because the source is on the
average closer to the absorber during the portion
of the cycle corresponding to the decay of the m~
= —~ state than during the period corresponding to
the decay of the mz-+& state [Fig. 8(c)]. To apply
both of these corrections, the position of the source
as a function of time had to be accurately known.
To this end, the intensity of nonresonantly scat-
tered x and p radiation with energy higher than
14.4 keV was measured with the two proportional
counters located above and below the absorber and
stored in a second multichannel analyzer run syn-
chronously with the analyzer recording the electron
intensity. Data collection and reduction are probably
best discussed with the help of Pig. 8 which repre-
sents the results of a measurement. In this par-
ticular case, the P spectrometer was set for detec-
tion of R electrons. The amplitude of the off- and
on-resonance velocities was adjusted in the manner
previously described. In spite of the obvious non-
.linear dependence of the y-rayintensity onthe dis-
placement, it was possible to determine from Fig.
8(d) which "off-resonance" and 'on-resonance"
channels correspond to the a&me source-absorber
separation. The contents of the off-resonance
channels [Fig. 8(c)J were then subtracted from
those of the corresponding on-resonance channels.
Finally the solid angle effect was determined from
measured I'/I ratios for the I and M electrons by
normalizing these ratios by Rr =(I'/I )r. Since all
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FIG. 8. (a) Reference wave form applied to the source drive, (b) corresponding source displacement, (c) electron
spectrum obtained with the electron spectrometer set for detection of & electrons (total measuring time for this run was
89h), and (d) spectrum of nonresonant radiation scattered from the absorber; channel intervals having the same source
position are indicated by horizontal bars.

calculations indicate that the spin polarization of ls
electrons is less than 10 ', the deviation of R~ from
unity is a direct measure of the solid angle effect.

Data were collected by alternating the spectrom-
eter field over the K, LI, and MI electron lines
once a day. To test for the presence of systematic
errors due to geometrical factors, measurements
were made for two source-absorber separations
and at two different periods of the velocity cycle.
The signal-to-background ratio (Y' B'}/B' v-aried
considerably as a function of electron energy (Table
II}. The variations of R» with source position and
frequency as well as the normalized data are shown
in Table III.

The data were also corrected for the unresolved
2P electrons (Lzz and Lz») present in the 2s line and

3P, 3d, and 4s (M». ~ .M» and N&) electrons in the
Ss line. It was assumed that only the 4s electrons
in the contaminant contribution might be polarized,
and the ratios of internal conversion LI/(L»+ L»z)
= 10.7 + 0. 1, ~8 Mg/(M» + ~ ~ ~ + Mv) = 12.08 + 0. 26, ~9

and Nz/MI ——0. 040'l +0.0033' measured by Porter 8

and more recently by Fujioka were adopted.
We define a relative spin density

t y„'(0) t'
tls

[ yl (0)i2

RI, &a

R» 1+[(L»+L»z)/Lr ](2+6a )

and

R~ ~6 5~ ~N (2+ 5~'t)

where

TABLE III. Observed counting rate ratios of K, I.,
and M electrons in iron metal and Fe203 as a function of
frequency and source-absorber distance. The deviation
of Rz from unity results from the different solid angles
subtended at the absorber by the source for the two cor-
responding resonant velocities.

Fe

Fe203

Rg
RL/R»
R~/Rg

Rg
RL/R»
R./R.

d=4 mm
T =60 msec

0.9379+0.0021
0.9977 +0.0031

d=2. 75 mm
T=60 msec

0.9020 +0.0009
0.9948 +0.0019
1.0142 +0.0079
0.9560 %0.0011
0.9947 +0.0024
1.0186a 0.0088

d=2. 75 mm
T=120 msec

0.8815+0.0013
0.9926+0.0025
1.0096 +0.0083

The measured ratios R~/R» are related to this spin
density &~ by
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TABLE IV. Measured spin density 5~ =
I $~(0) I / I $~(0) ( —1 of s electrons at

the nucleus in iron metal and Fe203 and comparison with theoretical predictions.
These data have been corrected for unresolved components as indicated in the text.

Fe,o,

Fe

Theory

Expt.

Expt.

band theory
Hef. 21
Ref. 22

atomic wave fcns.
Refs. 7, 23

—0. 0063+0. 0024

—0.0063 +0. 0015

—0. 0028

—0.0051

+ 0. 0217 + 0. 0088
+ 0. 0145 + 0. 0068

or
—0. 0100 + 0. 0068

+0. 011

+0. 021

0
Ref. 20
+0. 86

—0. 038
+0. 026

+0.256

In order to extract the 3s spin density from the
measurement an estimate must be made of the 4s
spin density. This quantity was derived by Stearns 0

from systematic measurements of hyperfine fields
in the 3d series transition metals. She obtained

~ 4-'(0) ~'
4s= i, ( )ia

—1=0.86.

Table IV shows the final results for the spin density
calculated for the two extreme values ~4, = 0 and

&4, =0. 86 for iron metal and &4, =0 for Fe20, . The
errors quoted are purely statistical and do not in-
clude possible systematic errors. These are esti-
mated to be less than 0. 03% of the ratios given.

The technique was tested further by studying the
decay of the m, = + ~ states for iron metal. The ex-
pected polarization effect should be 3 of the effect
seen in the decay of the mr=+ ~ states. The results
of these measurements yielded ~z, = (-0.34 +0. 15)%
and 5„=(+0.44 +0. 54)% which agree within the sta-
tistical errors with the expected values.

The hyperfine field corresponding to these values
of spin polarization can be obtained provided the
absolute value of the total ns electron wave function
is known. The relationship between the hyperfjne
field and the net spin density is given by

H =4~(4. 21x10')I Iy.'.(0) I'- Ig.(0) I'1G

=4m(4. 21 x 104)
~~+2

xI: I4.'.(0) I'+ Iq.'.(0) I']G.
All calculations of densities of core electrons

based either on band theory or on atomic models
agree within a few percent. Thus hyperfine fields
can be extracted from the present data with no
ambiguity other than that of the determination of the
hyperfine field contributed by the 4s electrons.
Hyperfine fields obtained by combining the present

measurements with the density calculations of
Bagus and Liu are displayed in Table V.

VI. DISCUSSION

TABLE V. Individual shell contributions to the hyper-
fine field at the nucleus calculated from the measured
spin polarization and the corresponding charge densities
calculated by Bagus and Liu (Ref. 7). The 600-kG hy-
perfine field contributed by the 4s electrons was taken
from the measurements of Stearns (Ref. 20).

Fe —1644 + 391
+ 517+242

—357+243
Fe203 —1644 + 626 + 770 + 312

H4 H2 +H3s+H4s

0 —1127+460
or

+ 600 —1401 + 460
—874+ 700

This experiment yields a direct measurement of
the ratios of spin-up to spin-down densities of s
electrons in individual s subshells and an indA ect
measurement of the contact hyperfine fields at the
nuclear site contributed by the net spin density of
each s subshell. Whereas there is no experimental
ambiguity as to the measurements of the 2s elec-
tronic densities, conclusions on the 3s contribu-
tions in iron metal cannot be drawn from the pres-
ent data without an independent determination of the
polarization of the 4s conduction electrons. How-
ever, as can be seen in Table V, the total field
contributed by the 2s, 3s, and 4s electrons is not

very sensitive to the value adopted for the 4s po-
larization. The expected contribution from the 1s
electrons is of the order of —10 to —50 kG. The
very large negative value obtained for II2, +JI~+H4,
must be compared with the accepted value Ht
= —339 kG for iron metal. The discrepancy be-
tween this figure and the field estimated from the
present experiment indicates that there must exist
either strong positive contributions from interac-
tions other than the Fermi contact term, or unde-
tected systematic errors in the present data. A
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new spectrometer with an order of magnitude in-
crease in transmission and a factor of 3 or 4 im-
provement in energy resolution is being built. The
ability to collect data with high statistical accuracy
and better resolution over a much shorter time in-
terval will reduce systematic errors and will, in
addition, allow for thorough checks of such errors.

In the case of Fe20„ there are no 4s electron
contributions and 02, +H„was thus obtained direct-
ly. The result agrees with the total field obtained
from Mossbauer spectra Htot, g

= 515 kG, It must
be noted that the large errors in H arise from the
addition of errors in separate contributions. The
net polarization of individual s shell electrons is
the appropriate quantity to extract from this type of
data. The following conclusions can be drawn:

(a) The data support the theoretically predicted
sign and order of magnitude of the spin polarization
of the 2s electrons in Fe and Fe~03.

(b) The Ss electron polarization in iron may either
be large and positive and consistent with the Wakoh
and Yamashita ' prediction of small 4s polarization
or be small and negative in agreement with the

large positive 4s polarization measured by Stearns 0

and supported by recent calculations by Duff.
It should, however, be stressed that the results

presented in Table IV, while not unambiguous,
were obtained under widely different experimental
conditions such as source-absorber distance, period
of motion, Mossbauer resonance velocity, sign of
isomer shift, and degree of polarization of absorb-
er. The consistency of the results in indeed en-
couraging and warrants further efforts to improve
the precision of s electron spin density measure-
ments performed by this particular technique.
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