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Measurement of 2s and 3s Electron Spin Density in Iron Metal*
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The 2s and Bs electron spin densities at the nuclear site of Fe in iron metal were
measured by a new technique combining the Mossbauer effect v6th electron spectroscopy.
Ratios lg &(0)l /Ig„, &(0)12=0.9987+0.0015 and 1.012+0.006 were measured for 2s and
Ss shells, respectively. These results are in qualitative agreement vrith theoretical cal-
culations of the core contributions to the magnetic hyperfine interaction.

The existence of large negative hyperfine fields
in transition-metal ions has been successfully ex-
plained as due to polari. zation of core electrons':
The exchange interaction between s-shell elec-
trons and, in iron, the unpaired 3d electrons re-
sults in different s-electron radial wave functions,
depending on whether the spin of the 8 electrons
is parallel or antiparallel to the 3d magnetization.
Consequently, there exists a net spin density
Ig„, (r) I' —lg„, (r) I' for each of the s shells of

the atom Rnd 1n particular R nonvRnishlng spin
density at the nuclear site which results, via the
Fermi contact interaction, in a hyperfine field at
the nucleus. This core contribution to the hyper-
fine field can be written as the superposition of
contributions from all the 8-electron shells,

If. = "gt.sE.f.it..'(0) I'- I(l..'(o) I'],

where g is the electron g factor, po is the Bohr
magneton, 8 is the total spin of the ion, and the
expression between brackets is the spin density
at the nucleus of electrons in the ns shell, induced
by one d-electron spin; n runs over all 8 shells
to be considered. The total hyperfine field can be
obtained experimentally by a variety of techniques
such as ESR, NMR, or Mossbauer spectroscopy.
These experiments, however, cannot. distinguish
the core contribution from those of other hyper-
fine interactions, such as the dipolar field of
neighboring atoms and contributions fx'om un-
quenched angular momenta. Moreover, II, is a
sum of contx'ibutions of opposite sign, each of
which corresponds in turn to a small difference
between large numbers. It is therefore desirable
to measure the individuR1 8-shell contributions to
II, as a test of the theoretical model and calcula-
tions.

In this experiment, use was made of the fact
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FIG. l. Energy-level diagram of 57Fe, indicating the
~~=1 transitions, and the corresponding changes in
angular momentum of the internally converted elec-
trons.

that the probability e„, for intexnal conversion of
ns electrons is proportional to the ns-electron
density I $„,(0) I' at the nucleus. " The Ml decay
from the 14.4-keV, I= ~3, first excited state of
"Fe to the ground state, ~= ~, proceeds mostly
thx'ough internal conversion with a total internal
conversion coefficient n = 8.17+0.25.~ For Rn
"Fe nucleus embedded in a ferromagnetic materi-
al, the direction of the Sd electron magnetization
may be chosen as the quantization axis (Fig. 1).
The nuclear transitions hmr = 1 (mt; = —~ -m t&
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= —s) and bmI = —1 (mz; = & -mz& = s) correspond1 3 1

to total angular momentum changes of the emitted
internal-conversion electron 4m, = —1 and 4m,
=+1, respectively. If the electrons are emitted
into a final s state 4m, = hm„where m, is the z
component of the spin angular moment,

..(-p -- l) I y..'(0) I',

o'„.(+~-+2) ~ Ig..'(0) I' ~

Thus, the ratio 8= lg„, (0) l2/lg„, (0) P can be
determined by measuring the ratio of internal-
conversion electrons emitted in the decay of the
m, =~ ~ states sepa~a~e~y for each of the four s
shells of iron, The probability of emission into a
final d state is less than 10% of the conversion in-
to a final s state, and such processes were ig-
nored.

A 92%-enriched "Fe absorber, 35 pg/cm' thick
and I cm diam, was prepared by evaporation on
a lead-free microscope cover glass 0.1 mm thick.
The iron film was annealed for 3 h at 450'C in a
hydrogen atmosphere and placed at the source
position of a solenoid magnetic P spectrometer.
The m~=+~ states of the "Fe nuclei were selec-
tively excited by Mossbauer absorption of 14.4-

keV y rays emitted by a 50-mCi "Co (Pd) source,
with Rn active area of 2 mm diam, The source
was mounted on an electromechanical drive and
located at 2.75 or 4 mm behind the absorber. A
lead collimator limited the diameter of the irradi-
ated area of the absorber to 2 mm. A thin-window
(25 pg/cm' Formvar) Geiger counter was used as
the electron detector. The spectrometer field
was set for transmission of any one of the K (6.3
keV), L,, (1S.6 keV), or M, (14.S keV)+~, (14.S4
keV) electrons. The resolution of the instrument
did not allow separation of the I-~l+l~~, M~l. ..v,
and R conversion electrons. However, their rela-
tive intensity 18 low [Ly/Lgypygy= 10.7, (My+My)/
M». ..v=13.4, and Nr/M =i0.034].' The final data
were appropriately corrected for the effect of this
unpolarized background.

The Mossbauer source was moved periodically
in a constant velocity mode as depicted in Fig.
2(a). The source displacement corresponding to
this velocity pattern is shown on Fig. 2(b). The
electron counting rate was stored on a multichan-
nel analyzer running synchronously with the drive
wave form, Fig. 2(c). During z of the period, the
velocity corresponded to excitation of the m,
=- & or the m, =+& levels„at v=+5.15 mm/sec

N

IOOOOO-

~ ~
~ & ~

~ ~ A ~ \»
~o

~ ~
~ ~

0
~ ~ ~

0

p- ray spectrum —monitor of source

NxlO

22.5—

80 DDO-

60000-
2 I.5—

2l.O—

20000-
I I I I I I I I I I

50 IOO

CHANNEL

20.5—
0 0 20 M 43 50 60 70 80 90 I00

0 I5 30 45 60
t(m sec)

pfo. 2. {s)geferenoe wave form spplied to the source drive, {1)corresponding source displacement, {c)elec-
tron spectrum obtained with the electron spectrometer set for detection of E electrons {total measoring tilne «r
this run was 89 h), and (d) spectrum of nonresonant radiation scattered from the absorber; channel intervals hav-

1ng the saDle soQrce pos1tlon are indicated bg hol"1zontal b8rs.



VOLUME 2g, NUMBER 17 PHYSICAL REVIEW LETTERS 23 OeTOBER 1972

TABLE I. Measured spin density of s electrons at the nucleus in iron metal. 6~
=ie i(0)i'ii) i(o)i'-l.

10 6g

lq„(0)I'
Ss+ Nip ((0[2

(%)

Experiment

Atomic wave
fllnctloIls
Hefs. 1 and 6

Band theory,
Hef. 7

2.75 mm, 16.7 Hz

2.75 mm, 8.3 Hz

4.00 mm, 16.7 Hz

Average

- 0.62+0.23
—0.84 +0.30
—0.39 +0.37
—0,63 + 0.15

—0.5

—0.28

+ 1.69 + 0.94
+1.14 +0.99

+ 1,43 + 0.68 + 1.16+ 0.60
+2,0

+1,0

~A value of 54~ 8% was chosen to extract the pure 3s contribution from the present
experimental data. There is considerable disagreement both theoretical (Ref. 8) and ex-
perimental (Ref. 9) on the actual conduction electron polarization 64,.

and n = —5.51 mm/sec, respectively. The re-
maining time, the velocity was far from reso-
nance and only background radiation was detected.

When comparing the internal-conversion rates
from the vs~=+ ~ states, corrections have to be
made for background and solid-angle effects. The
background is due to cosmic rays and photoelec-
trons from external conversion of source y rays
in the absorber. The counting rate was strongly
dependent on the displacement of the source be-
cause of the small source-absorber distance. To
apply the proper background correction, it was
therefore imperative to know the relative position
of the source with high accuracy. To this end, the
radiation scattered nonresonantly at about 90 by
the absorber was monitored by two proportional
counters placed in the plane of the absorber. The
scattered intensity was stored in another multi-
channel analyzer also synchronized to the wave
form [Fig. 2(d)]. From these spectra it is pos-
sible to determine directly which "channels" cor-
respond to the same source positions for the on-
and off-resonant modes. Thus, the background
in the on-resonance spectrum can be obtained
from the measured off-resonance counting rate
corresponding to the same source position. The
background subtraction procedure was also checked
by measuring electrons of energy higher than that
of the I electrons. In this case, the background
count was equal to the count obtained at the reso-
nance velocity to an accuracy of (0.08+ 0.13)%.

Since in all theoretical calculations the polari-
zation effect in the Is shell is of the order of
10 '%, the background-corrected ratio of count-

ing rates at positive and negative velocities mea-
sured on the K electrons was used to normalize
the ratios measured on the I-q and M~ electrons.

The measurements were carried out for dras-
tically different geometries corresponding to two
different source-absorber separations (2.75 and

4.0 mm) and two different frequencies (8.33 and
16.6 Hz). The results were in all cases in statis-
tical agreement. The summary of these data is
presented in Table I. We also show the theoreti-
cal predictions obtained either with atomic wave
functions' or from a band calculation. '

Finally, as a further test, measurements were
also carried out on the decay of the m~ =+—,

' states.
Because of admixture of 4m~= 0 transitions, the
polarization effect on the intensity ratio of the
internal conversion is expected to be ~ that ob-
served for the decay of the m~ =+ ~3 states. The
observed effects were 5„=(- 0.40+ 0.18)% and

+ 64 [ i ((4 (0) Pl i g~ (0) i ]= (0, 52+ 0,64)%,
This experiment demonstrates the possibility of

measuring individual s-shell spin densities at the
nucleus by a new technique. In spite of consider-
able statistical errors due to the low efficiency of
the particular P spectrometer used, it is nonethe-
less clear that the results support the theoretical-
ly predicted sign and order of magnitude of the
spin polarization of the 2s and Ss electrons in
iron.
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Bound Magnetic Polarons and the Insulator-Metal Transition in Eu0$
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A new model is presented for the insulator-xnetal transition in Eu-rich EuO: At 1ow

temperatures the electrons are only very weakly bound to oxygen vacancies and conduc-
tion is metallic; near and above T~ the electrons localize and form bound magnetic po-
larons by ordering the Eu + spins neighboring the vacancy, thereby gaining exchange
energy. Magnetic-susceptibility data are presented which support this model.
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FIG. 1. Conductivity of Eu-rich EuO (after Ref. 5}

and oxygen-rich EuO (after Ref. 7).

The conductivity behavior typical of Eu-rich
EuQ is shown by the solid curve in Fig. 1. As
the temperature is lowered below 300 K, the con-
ductivity decreases with an activation energy of
typically 0.3 eV, similar to an ordinary semi-
conductor. Between 120 and 70 K the conductivity
is too low to be measured. However, below the

ferromagnetic ordering temperature of 69 K, the

conductivity suddenly increases by more than 13

orders of magnitude and becomes nonactivated,
or metallic, below 50 K. This insulator-metal
transition was first discovered by Qliver' and
has since been examined by a number of authors. ' '
For comparison, the dashed curve in Fig. 1 is
the conductivity for an oxygen-rich sample,
which has an activation energy of typically 0.6
eV and shows no insulator-metal transition. 7

Therefore, the transition is not intrinsic in or-
igin, but involves the extra electrons in Eu-rich
EuQ, which are presumably associated with ox-
ygen vacancies. "' In this Letter we propose a
new explanation for the insulator-metal transi-
tion in Eup" and present new magnetic-suscep-
tibility data which favor this model over earlier
models.

Oxygen vacancies hold two electrons and,
hence, are much more complicated than one-
electron donors. The basic assumption and the
new feature of the model described here, the
bound magnetic polaron (BMP) model, is that ox-
ygen vacancies in EuO are shallosv donors, as
in CdQ, ' ZnQ, ""and possibly BaQ." This im-
plies that one of the electrons is loosely bound.
In this paper we shall concentrate on the effects
of this e1ectron and neg1ect the other, more
tightly bound electron. Thus, the ground state in
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