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Coulomb-Recoil-Implantation Mossbauer Experiments with "Get
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The 67.03-keV state of 'Ge has been populated by Coulomb excitation and the recoiling excited nuclei
implanted into Cr, Fe, and Cu backings. Nuclear and solid-state properties of 73Ge have been determined
by studying the de-excitation p rays by Mossbauer techniques. The present measurements yield a lifetime
of (2.68+0.14) )&10~ sec, and favor a spin of -', for the 67.03-keV excited state. The measured isomer shift
between pure germanium and Geos is +1.0&0.1 mm/sec, and electron densities calculated for these two
cases imply that the radius of the excited state is larger than that of the ground state, and AE/2=+0. 9X
10 3 in reasonable agreement with calculations based on the pairing-plus-quadrupole model. To calculate
the recoilless fraction f of an impurity atom, a simple model with spring forces between nearest neighbors is
introduced. In each case the effective spring constant for the impurity, as derived from the observed f value,
is weaker than that of the host lattice. A remarkable difFerence was found between f values for tetragonal
and hexagonal Geos, namely f(tetr) ~5f(hex) .

I. INTRODUCTION

T has been established that it is feasible to directly
. „populate Mossbauer energy levels by nuclear reac-
tionsI- or Coulomb excitation " and to observe the
Mossbauer effect using the de-excitation radiation.
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These techniques not only ma%.e new nuclear levels
available for traditional Mossbauer studies in addition
to those populated by radioactive decay, but al.so
provide a signi6cant new tool for the investigation
of fields such as that of radiation damage.

Although populating excited states by Coulomb ex-
citation or nuclear reactions extends the number of
Mossbauer nuclei, the observed effect may in some cases
be small due to the damage of the target produced by
the incident beam. Our 6rst Mossbauer data following
Coulomb excitation of 'Ge, ' for example, indicated a
recoilless fraction for the target at least a factor of 6ve
smaller than the value expected from the Debye tem-
perature. However, the Coulomb-recoil-implantation
technique hrst applied to perturbed angular correlation
experiments'~" has been recently used in conjunction
with the Mossbauer effect."'~ The Coulomb-recoil-
implantation Mossbauer effect (CRIME) not only
provides a wider selection of host materials for a given
target nucleus, but also in favorable cases is a means
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of avoiding effects due to background radiation, beam
heating, and radiation damage. "The range of applica-
tion of particle-induced Mossbauer experiments is
therefore extended, furnishing information about solid-
state and nuclear properties not obtainable by perturbed
angular correlation measurements following recoil im-
plantation or by other means.

The ~'Ge nucleus, whose energy level diagram is
shown in Fig. 1, is a case where the Mossbauer effect
has only been seen after Coulomb excitation. 9 The
Mossbauer eGect for p rays from this nucleus has not
been previously observed for the following reasons: The
13.5-keV Grst excited state has an internal conversion
coefI5.cient the order of 1000."' The lifetime of this
state is about 4.0&&10 sec' and would result in an
extremely narrow Mossbauer line. The 66.8-keV state
is populated through radioactive decay, "but this state
has a 0.53-sec half-life and decays predominantly to
the 13.5-keV level. The 67.03-keV state is only weakly
populated by ~'Ga decay. No other transitions to the
ground state are known which have low enough energy
to be suitable for Mossbauer experiments.

Early Coulomb-excitation work suggested a spin of
either ~ or ~ for the 67.03-keV state, "and we adopted
the latter value in previous publications. '" A more
recent angular distribution measurement favors a spin

~, while ~ but not ~ is excluded. "
In the present investigation the Mossbauer effect

has been observed after the Coulomb-excited "Ge
nucleus had been transplanted into Cr, Fe, and Cu

' XNelear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Once, National Academy of Science, National Re-
search Council, Washington 25, D.C.), NRC 59-1-38.
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backings. Section II of the paper describes the experi-
mental techniques used and some details of the im-
plantation process. The analysis of part of the present
data was complicated by line broadening, and by the
necessity of treating the Mossbauer atom as an im-
purity in a host lattice. A theoretical treatment of
these problems is given in Sec. III in order to be able
to discuss the data. The simple treatment derived here
for the impurity problem yields good agreement with
results computed using the more exact but laborious
Green's-function formalism. '~" Several other simple
impurity models have been published. "In Sec. IV the
experimental data are described and solid-state and
nuclear properties deduced using the approximations
made in Sec. III. The deduced nuclear properties are
compared with the predictions of various nuclear
models in Sec. V.

II. EXPERIMENTAL METHOD

A. Equiyment

The measurement of the Mossbauer effect after
Coulomb excitation proceeds in the same way as a
"normal" measurement when the relevant levels are
populated through P decay or E capture, and the same
basic criteria must be met. The source is replaced,
however, by a target containing the same isotope as
contained in the absorber and bombarding ions are
supplied by an accelerator. Since nuclear reactions may

"A. A. Maradudin and P.A. Flinn, Phys. Rev. 126, 2059 (1962).
24 A. A. Maradudin, Rev. Mod. Phys. 36, 417 (1964).
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and Ya. Iosilevskii, Zh. Eksperim. i Teor. Fiz. 44, 284 {1963)
LEnghsh transl. : Soviet Phys. —JETP 1"/, 195 (1963)j; W. M.
Visscher, Phys. Rev. 129, 28 (1963);Y. Hazony, J. Chem. Phys.
45, 2664 (1966).
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contribute to the over-all background radiation, the
beam energy should be kept below the Coulomb barrier.
In Fig. 2 the target chamber containing liquid nitrogen
is shown. The accelerator beam enters from the left
and strikes a fixed target which is heM near liquid-
nitrogen temperature. The exact temperature will

depend on the beam current and energy as well as the
target contact to the liquid-nitrogen bath. However,
the temperature increase above 78'K never exceeded
more than a few degrees.

The targets were prepared by evaporation of the
Mossbauer isotope ( 80% enrichment of "Ge) onto
a suitable backing material. For a sufficiently thin
target the recoil of the Coulomb-excited nuclei will

transplant the nucleus into the backing or host mate-
rial. In the present experiment the germanium layers
were of the order of 300 pg/cm'. The implantation
technique is discussed in the following section.

The target vacuum space and the absorber space
which contains exchange gas are separated by a thin
window (aluminum or Mylar). The temperature of
the absorber may be varied by a heater arrangement
from 78 to 250'K. The absorber is moved sinus-
oidally by an electromechanical device equipped with
three driving coils and one velocity pickup coil. The
whole system is operated in the pulse-height mode. With
the sinusoidal motion it is convenient to store the
Mossbauer spectrum in one memory bank. of the multi-
channel analyzer and a nonresonant background
spectrum in the second bank of the memory. Since
the background spectrum is characteristic of the motion
of the velocity drive, the MOssbauer spectrum is divided
by the background, channel by channel, to produce a
normalized velocity spectrum. The Mossbauer and the
nonresonant y rays, both arising from Coulomb excita-
tion in the target are detected by a NaI(T1) crystal,
located in the reentrant well of the chamber.

B. Coulomb Recoil Imylantation

With the Coulomb-excitation process there is a
momentum transfer from the projectile to the excited
nucleus. For a beam of 25-MeV oxygen ions and for
medium weight target atoms the transferred kinetic
energy is several MeV. In metals like Cu, Fe, Ni, or Cr
the maximum range of nuclei excited by 25-MeV oxygen
ions is of the order of 10 4 cm and the excited nuclei
come to rest in a time interval of about 10 "sec. The
nuclear states of interest for Mossbauer studies usually
have lifetimes of 10 ' sec or longer, and therefore the
Mossbauer transitions take place long after the nuclide
has been brought to rest in the chosen backing material.
In metals, the nature of the environment of the Moss-
bauer nucleus is aGected by the last few collisions of
the slowing-down process and the material chosen, but
not by eAects such as "heat spikes. "This can be seen
by the following consideration: If the energy deposited
along the path of the recoiling nucleus is treated as a
line source of heat, the therma1 conductivity equation
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FIG. 2. Schematic of the target chamber used for Coulomb-
excitation Mossbauer measurements. Source and absorber may be
cooled to 78'K.

leads to a "heat pulse" which, at the final position of
the Coulomb-excited nucleus, amounts to a maximum
of only a few degrees for about 10 " sec. The eGects
of such a heat pulse may be neglected.

The stopping mechanism depends upon the kinetic
energy of the moving particle. In the early stages of the
stopping process (for energies larger than a few keV)
energy is lost mainly by electronic excitation and
ionization. When the energy of the particle is reduced
to a few keV the energy loss is due to phonon excitation
and. atomic displacements. At this stage of the slowing-
down process the calculations of Vineyard et gl.'~—"
are applicable. Their calculations show the occurrence
of replacement collisions, wherein the colliding atoms
exchange their roles and the Mossbauer nucleus oc-
cupies a lattice site after the collision. Because there
are a large number of interactions during the slowing
down process the probability for an exchange collision
is nearly one.' —"Another result of Vineyard's calcula-
tions is that the lattice site where the excited Mossbauer
atom stops is often in the neighborhood of one or more
vacancies. The eGect of the heat pulse does not re-
arrange this 6nal configuration. Although in most of
our experiments discussed in Sec. IV the Coulomb-
excited atom was an impurity ("Ge in Cr, Fe, Cu), the
results of Vineyard's model should at least give a
qualitative picture: The excited Mossbauer atoms stop
mostly on tattice sites and are often surrounded by one or
two vacamci es.

Every Coulomb-excitation Mossbauer experiment
may involve the process of imp1antation. When the

'r J.B.Gibson, A, N. Goiand, M. Milgram, and G. H. Vineyard,
Phys. Rev. 120, 1229 (1960).' C. Erginsoy, G. H. Vineyard, and A. Englert, Phys. Rev. 133,
A595 (1964)."C. Erginsoy, G. H. Vineyard, and A. Shimizu, Phys. Rev. 139,
A118 (1965).

@' P. H. Dederichs, C. Lehmann, and H. Wegener, Phys. Status
Solidi 8, 213 (1965).
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range of the projectile is larger than the thickness of
the target material a certain fraction of the target
nuclei will be transplanted into the backing material.
The Coulomb-recoil-implantation technique has been
used in conjunction with perturbed angular correlation
measurements, where the main purpose was to trans-
plant the target nucleus into a ferromagnetic host
material. '~" Solid-state ring counters were used in
these experiments to detect the back-scattered oxygen

ions in order to select only those target nuclei with a
recoil energy great enough to be implanted into the
host material. It is possible to work with ring counters
in Mossbauer experiments, but the high beam currents
used in the present measurements made their use
impractical.

Our experiments required that the implanted fraction
be calculated in order to determine the recoilless frac-
tion of the target. The implanted fraction g is dined by

number of implanted excited nuclei

number of excited nuclei

d/sin y n/2

dx Y(x) f(e, x)o(8) sin28de
g/sin y

Cx Y(x)
7r/2

o (8) sin28d8,

where zf, x, 8, and y are defined in Fig. 3 and Y(x) is
the relative y-ray yield of nuclei excited at the depth x
in the target. The fraction of nuclei recoiling in the
interval d8 about 8 from the depth x and transplanted
into the backing material is given by f(8, x). The
function a(8) is the Coulomb-excitation differential
cross section. "The above expression has been evaluated
numerically, but with the simplifying assumptions that
(1) the scattering is isotropic in the center-of-mass
system and (2) the target thickness d is small compared
with the maximum range Rp of the excited nuclei in the
target material, a closed form for g may be obtained.
This approximate relationship is given by

d t'3R„sing —d

3Rp &2RI, Sill+ —d

where R„is the projectile range. A comparison of results
calculated from Kqs. (1) and (2) is given in Table I.

to the mean square of the x displacement of the Moss-
bauer atom:

—V lnf(T) = (x')r, (3)

where P is the p-ray wavelength divided by 27r and T
the absolute temperature. In our model we consider
the e nearest neighbors of the Mossbauer impurity as a
cage in which the impurity is captured. The potential
within the cage is nearly spherically symmetric because
of the large number of equally distributed nearest
neighbors. The motion of the Mossbauer atom in the
cage can thus approximately be considered as that of a
three-dimensional Einstein oscillator with a (quasi-
constant) frequency Q. The motion of the cage as a
whole is determined by the low-frequency elastic waves
of the host crystal. Two forces act on the impurity
within the cage: (a) the force Ii, due to the "spring"
of the Einstein oscillator and (b) the inertial force 1"s
due to the motion of the cage. In thermal equilibrium

III. THEORETICAL CONSIDERATIONS

A. Simple Impurity Model

In most of our experiments the Mossbauer atom was
implanted as an impurity atom in a host lattice. The
Debye-Wailer factor f is then a complicated function
of the interatomic forces, the impurity mass M, and
mass Mp of the host-lattice atoms. The problem of an
impurity atom in a host material has been studied""
but the application of the exact formula for the resulting
recoilless fraction f(T) is often too laborious to be
justified. We prefer therefore to discuss our data in the
framework of a simple impurity model, which simpliQ. es
the computation. A detailed description of the model
will be published elsewhere. ~

Neglecting localized modes and nonharmonic terms
in the lattice potential energy, the recoilless fraction
f(2') for y radiation emitted in the x direction is related

~' K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. %inther,
Rev. Mod. Phys. 28, 432 {1956)."H. H. F. Wegener, Phys. Status Solidi (to be published).

EN IONS

A' (O)

I a:.3. Diagram shovving the relevant parameters and geometry
for calculation of the Coulomb-recoil-implantation fraction y. The
range of the Ge recoil atom is indicated by R(Ge, 8).

zz Horst Wegener, Der Mossbauer egeet und sezne Anzeen-dungen
in I'hysik Nnd Chemic (Bibliographisches Institut Mannheim,
Germany, 1965), Eqs. (3.79) and 3,80).
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(m+1) Mp

F(Ay(/kT) F(Aq&/kT)
2

y &, ,=[6~'p/(x+1) Mo)'"c) (,

the two forces satisfy the inequality

[ Fo/F, t& (M/M )'~'(n+1) '~'&&1, (4)

as will be shown in Ref. 32. As a consequence, the
motion of the impurity atom within the cage is almost
independent of the motion of the cage itself, i.e., the
Einstein oscillator and the low-frequency elastic waves
are, practically, decoupled. To obtain the low-frequency
spectrum, we have to consider the cage and the impurity
as a single lattice "molecule. " The S lattice atoms
are arranged to give X/(m+1) such molecules. The
"molecular" lattice has 3X/(v+1) degrees of freedom
specified by 3X/(++1) normal modes, each charac-
terized by a wave vector q and a polarization (longi-
tudinal 2 or transverse t). The related vibration fre-
quencies Q&, &(q) =c&,&q depend upon the elastic wave
velocities c~ and c& for the two polarizations.

Decoupling the Einstein oscillator and the "molecu-
lar" lattice eases the calculation of (x')r. It is simply
the sum over the (x')r values of the two motions. The
final result can be written as follows:

5
's o

masses and spring constants:

~~, ~
=~~,~(~p/Mo) '",

n(x+2M/Mp) l "'
3(I+M/Mp) j Mi

(6)

r=—kT/P, ( o/Mo)"'j

bp= [3'/(~+2) (v+1)$'"

&,=—[3~(~+2)/(~+ 1)]'I'

b(=1/(m+1) «,
b, =—2/(e+ 1)a,. (7)

If the phonon spectrum g(Q) is known, one may com-
pute (xpo)r from the well-known formula"

The constants u~ and ug depend upon the lattice struc-
ture. The values of n, a~, and a, are 8, [xm'Ji'/v3, and
[x7r'O'I'/V3, respectively, for a body-centered cubic
lattice, and 12, [3w'/13)'~'92 and [3~'/13]'~' for a
face-centered cubic lattice.

Our model may be tested by applying it to the case
of a Mossbauer atom which is not an impurity but a
normal lattice atom. Then M-+Mp, n-+np (x')~~
(xpo)r, and combining Eqs. (5) and (6) gives

(*0')r=&/(M~o)"'(bo{2+[ p( o/ ) —1j 'I

+b F(./. )+b F(~/)),

x
dx+ 4,

p2 $ ] (5) (xo&)r= P+ e[px(A Q/kT) —1) 'IdQ. (8)
"g(Q)

o o

and
F(y) 1/y+y/36, for y«1

—,'+z'/(6y'), for y))1
where p is the density of the host lattice. All other
symbols used in Eq. (5) were explained previously or
are obvious.

To further simplify our model, let us assume that
each atom is connected to its nearest e neighbors by
spring forces. The spring constants are np and a for the
forces between two lattice atoms and between one
lattice atom and the impurity, respectively. The quan-
tities y~, p g, and 0 can then be expressed in terms of the

TABLE I. Calculated values of the implantation fraction.
R0/R„=0.33. However, q is independent of R0/R~ in the range
0. t (Ro/Rp& 0.5.

The result of Eq. (8) is to be compared with the one
obtained with the model Eq. (7) . Chromium, for which

g(Q) is available, " is a good example. Assuming
(~ /M )~io=2.69)(10~o sec '—a value compatible with
the elastic constants of chromium —values for (xo')r
obtained from Eqs. (7) and (8) agree to within about
1% for temperatures between 0 and 400'K.

In most of our experiments the Mossbauer atom was
an impurity and the temperatures (&78'K) were
sufficiently high to allow the expansion of Eq. (5) in
inverse powers of T:

8 f2
i 1

A4

(x')r = —+—k T+ (k T) '+0-
~o 12p, T

3 3 5M
A—=

!1

—2
~+2M/M no+2 (v+2) Mpi

'

0.1
0.2
0.3
0.4
0.5

0.73
0.66
0.58
0.52
0.45

0.80
0.75
0.70
0.64
0.59

0.86
0.79
0.71
0.64
0, 56

y= 75
+2&

0.90
0.85
0.80
0.75
0.70

8M=—M —Mp,

73= (v+1) '(1/aP+2/—aP)

=
I o/L o( + ) 3'"( u)'"I ( / i'+ / ~')

p.
='=—[M{1+M/(gMp) )P'+[Mp(n+1) P' M '.

a Calculated from Eq. (1) of text.
b Calculated from Eq. (Z) of text. '4 G. Dolling (unpublished),
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To obtain Eq. (9) the spring-force model fEq. (6)j
has been used. The right-hand sides of the equations
for 2 and 1/p are approximations up to terms of the
order 1/e'«1. The (kT) term, the only contribution
to (x')r in the classical limit as 5~0, depends upon the
spring constants e and np, and the lattice-structure
parameters e, u~, and a&.35 On the other hand, the
lowest-order quantum-mechanical contribution to (x')r
is proportional to f'ts/(kT), and depends upon the
impurity mass M but not the spring constants. Our
term 5'/(12MkT) agrees with that given by the exact
treatment of Maradudin and Flinn in Ref. 23.

In order to compare a measured Debye-Wailer factor
of an impurity Mossbauer atom with that predicted
by Eq. (9), we proceed as follows: From the observed
recoilless fraction f and Eq. (3) we determine (x')&, and
consequently the quantity

(x')7 —A, '/(12@k T)

This can be compared to the q value predicted by the
model of Eq. (9):

q
=A/n+8/no+ ~ ~ .

The omitted terms are at least of order 1/2's. If the
host-lattice quantity 8/ao is known, then Eq. (11)
may be used to determine the impurity spring constant
Q.

Instead of 0. it may sometimes be more instructive
to know the fractional change in the spring constant
(cr —cro) /cro when a lattice atom is replaced by the
impurity. As the 8M term in A is generally small, we
obtain from Eq. (11):

(xos)r —ft'/(12Mok T)
gp—=

where qo may be computed from Eq. (8) if the phonon
spectrum g(Q) of the host lattice is known, or otherwise
from Eq. (7). For face- and body-centered cubic lat-
tices, the ratio

aye 1+t(~+2)/(~+1) )-;(1/aP+2/aP)
(13)

is 0.66 and 0.63, respectively. Maradudin and I"linn"
have derived a comparable q formula using the high-
temperature approximation for the spring-force model
of a face-centered cubic host lattice. Under the restric-

's The mass dependence 2b3II/L(go+2) IOf'/&&1 is not significant
but is a consequence of our model. The "correct" classical expres-
sion for (xs)r is strictly mass-independent.

tive assumption $(cr —rro)/cro$'«1, they get

Np A' &O—
q= go 1+0.60 +0 74

i +
~o ~o &

(14)

The numerical factors were calculated. in the Ludwig
approximation" and are thus reliable only to within
about 20%. The equation obtained with our model
[i.e., Eq. (12)J for a face-centered cubic lattice

B. Magnetic Line Broadening for High-Spin
Mossbauer Levels

Some of our Mossbauer spectra show a line broaden-
ing which is probably caused by a magnetic hyperfine
interaction. In this case the large nuclear spins —,

' and

~ in the excited and the ground states of "Ge permit
a simple treatment of the line shape. The characteristic
broadening parameter

2II
~ 1 .—li,

~

—./fi (16)

depends upon the magnetic 6eld B acting upon the
nucleus, the difference of the nuclear magnetic dipole
moments in the excited and the ground states, and the
lifetime 7„of the excited state. Ke will refer to the
following treatment as the 6 approximation.

The interns, l magnetic field H removes the 2j+1
degeneracy of the nuclear levels. The frequency of the
emitted radiation is then shifted by the following
amount:

8~ (m„m, ) = (p,m, /j, —p, m/j, ) H—/5, (17)

where j„j„ns„andm, are the excited-state and ground-
state spins and magnetic quantum numbers, respec-
tively. In the case of dipole radiation (~ j,—j, ~&1,
~
m, m, ~&1), and large—j values the ratios m, /j.

and m, /j, are about equal, and Eq. (17) becomes
approximately

b~o(m„m, ) ——[H(ii.—li,) /Afm, /j,
==sic(m, ) .

Let us consider a Mossbauer experiment with a single
line source of natural linewidth I' =5/r„and an absorber
with a magnetic hyperfine splitting according to Eq.
(18) . In the absorber all 2j,+1 possible m, values are
equally populated and if the internal field directions are
random, all frequencies otto(m, ) occur with equal weight.
If the separation of two adjacent absorption lines is
much smaller than I', we may approximate the discrete
line positions and intensities by a continuous rectangu-

3' W. Ludwig, . J. Phys. Chem. Solids 4, 283 (1958).

Ap —tX

gr„= go 1+0.66 g
m=I. &P

is in reasonable agreement with Eq. (14), although not
restricted to a small fractional change in the spring
constant.
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lar distribution function D for the frequency shift Ro.

D(5co) = r„/6, for
t

leo ~(A/(2r„)

otherwise (19)0,

where we have introduced 6 from Eq. (16) .
The cross section for resonance absorption is then

determined by D(waco) as follows I Ref. 33, Eq. (1.29)]:
D(bco)"'"'="'"'"' (---.-~-) +(e2~)

""
(2o)

where

coo ——(E,—E,) /5,

-.=L2-) '/(1+--)](2~.+1)/(2J, +1),
and a;, is the internal conversion coefficient. Introduc-
ing Eq. (19) into Eq. (20) we obtain

os(co) =ooSs[2r„(a —coo)],

Sa (x) =—t arctan(A+a) +arctan(b, —x) ]/2A. (21)

In a Mossbauer experiment the counting rate C(n)
of the p rays transmitted through an absorber is meas-
ured as a function of the velocity v between source and
absorber. As the counting rate due to nonresonant
absorption is C(oo ), it is convenient to define the ratio
M(rt), which in the case of a single-line emission spec-
trum and an absorber with resonance cross section
oa(oo) is

M (n) =—LC ( ~ ) —C(t') ]/C( ~ )
+" 1 —expL' —T,HSs(x)]

&en= '+afao'o, —&rp= &/(&n~o),

where ~&f2 is the natural half-width velocity of the
Mossbauer line. The effective absorber thickness T,ff
contains e„ the number of Mossbauer isotopes per
unit area, and the Debye-Wailer factor f, of the absorber
material. For a given source and in the absence of
electric hyperfine interactions the largest Mossbauer
effect, M,„=) 'f„ is obtained with a thick absorber
T ff (x) at 8 —0 It depends on the recoilless fraction
f, of the source and the "total to signal" ratio X of the
y-ray detector. For a finite absorber thick. ness the
characteristic features of a Mossbauer line are the
maximum absorption M(0) at zero velocity, the ob-
served half-width velocity V&f2, defined by the integral
equation 2M(Vr~s) =M(0), and the area under the
absorption curve

0,8

0.6

0.2

V(

2
2

V)

2

t.2

0.8

0.4

0
0

FIG. 4. Parameters characterizing a Mossbauer spectrum with
unresolved magnetic hyperfine splitting in the absorber are shown
as a function of effective thickness T,ff of the absorber. They are
(a) the maximum Mossbauer effect, (b) the width of the spectrum
at half-maximum, (c) the area under the spectrum. The other
symbols are the broadening parameter 6, the & detector total to
signal ratio X, the recoilless fraction of the source f„and the
velocity corresponding to the natural width at half-maximum,
vI/2. Here, b, =o corresponds to a single-line absorption spectrum.

evaluated numerically, and the quantities M(0), V&~s,

and Ii are displayed in Fig. 4 as functions of the ab-
sorber thickness T,ff for six broadening parameters:
5=0, 1, 2, 3, 4, 5. The special case 6=0 is well known
and was discussed in detail by Margulies and Ehrmann. "
IV. EXPERIMENTAL DATA AND COMPARISON

WITH THEORY

M(v) da

The area F has the useful property that it is inde-
pendent of the source line shape and spectrometer
velocity resolution. or The integral in Eq. (22) has been

» G. Lang, Nucj Instr. Methods 24, 425 (1963).

A. Implantation Sources

The Coulomb-excited 67.03-keV radiation from "Ge
showed an unexpectedly small Mossbauer effect when

38 S. Margulies and J. R. Ehrmann, Nucl. Instr. Methods 12,
131 (1961).
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0.99

LJJ

0.98

Cr:Ge

magnetic hyperfine fields acting on the ~'Ge nuclei in
antiferromagnetic chromium. The observed narrowing
of the linewidth would then indicate destruction of the
magnetic order due to radiation damage.

Neutron diGraction experiments with pure chromium
indicated the existence of spin-density waves ' below
311'K. Recent Mossbauer experiments with "'Sn as
an impurity in Cr yielded broadened spectra. ~ This
result was explained on the basis of a linear spin-density
wave model. " The model predicts a distribution of
internal magnetic fields with the distribution function

w(EI) dH= [2/7r(Hs' H')'ts—]dH, for 0&H& H,
0.97

0
Y (mt'/sec)

=0 otherwise. (23)

Frc. S. The Lorentzian bands shown were derived from the
actual spectra by making a least-squares 6t to the data. They
represent Mossbauer spectra taken with a natural germanium
absorber (138-mg/cm' Ge) and germanium target nuclei implanted
into chromium, iron, and copper. A thick germanium layer was
used for the measurement labeled Ge.' Ge. For each line the center
position and the half-width velocities are marked. The verticaj
error bars indicate the uncertainties of the Mossbauer ef'feet and
the horizontal bars indicate uncertainties in the position and the
width of the lines.

a thick germanium target was used. ' An x-ray investiga-
tion of the targets before and after irradiation indicated
a complete conversion from the crystalline to an amor-
phous state. " The observed recoilless fraction must
certainly be a consequence of the drastic change in the
germanium structure. The CRIME technique makes
it possible to choose an implantation material which is
less sensitive to radiation damage.

Figure 5 shows four Mossbauer spectra, all observed
with the same crystalline Ge absorber (138-mg/cm'
natural germanium at 78'K) but with di6erent host
materials for the targets, Ge, Cu, Fe, and Cr. Every
spectrum contains about 180 data points with an error
of a few times 10 ' per datum. All spectra could be
fitted with a Lorentzian curve. A least-squares fit to
the data yields the height, the half-width, and the
position of the absorption line. These values were used
in the analysis of our data. Taking into account the
uncertainties of these three parameters, the observed
spectra are plotted as envelopes to avoid the confusion
due to 720 data points in one figure. As can be seen, the
Mossbauer eRect is considerably increased over that
observed with a thick. germanium target when Cu, Fe,
or Cr is used as the implantation host. The largest eRect
was observed when "Ge was implanted into chromium,
and therefore most of our investigations were per-
formed with a germanium on chromium target.

For these targets our experiments indicate a line
broadening, but only for targets which were not ex-
posed to more than about 100-pA h of integrated oxygen
beam. After sufFicient irradiation the line narrows to
its natural width and remains that way for extended
periods of irradiation. Ke assume that the line broaden-
ing in undamaged Ge on Cr targets can be explained by

=0
)

I
Bco l(~p/2r„

otherwise. (25)

The logarithmic singularity at bee=0 vanishes, if Eq.
(25) is folded into the natural Lorentzian line shape,
which must be done in order to get the recoilless emis-
sion spectrum of the source,

D(R))
, d(Ro) . (26)

-a&ts „(to toe Bio) +(I /2')
For a broadening parameter Ao between 0.5 and 2 the

spectrum I(co) resembles a broadened Lorentzian with
a, full width at half-maximum of F(1+2'), where

lg
1+in(2t4) ' 05 &~o&2

The parameters of the observed Mossbauer line are
' R. Street and B.Window, Proc. Phys. Soc. (London} 89, 587

(1966)."T.3. Bastow and R. Street, Phys. Rev. 141, 510 (1966) ."A. W. Overhouser, J.Phys. Chem. Solids 13, 71 (1960);Phys.
Rev. 128, 1437 (1962).

4'For our experimental conditions this assumption is quite
good; however, an experiment which does demonstrate the in-
equality was performed by S. S. Hanna, G. D. Sprouse, and G. M.
Kalvius, in Proeeedhngs of the International Conference on HyPergne
InteractI'ons Detected by Nuclear Radhation, Asilomar, 1967 (North-
Holland Publishing Co., Amsterdam, 1968).

%e will use the same model in the analysis of the
observed line broadening for 7'Ge and combine this
with the approximation introduced in Sec. III B. Since
5 is proportional to H, the distribution function of 5 is
given also by

W(A) dA= L2/n. (de' —ds)'ts]dh for 0& 6&de, (24)

where
a =—2Hs

I t.—t I
/Et.

If we assume that all initial magnetic substates are
equally populated, 4' and that the internal field direc-
tions are randomly distributed, the frequency dis-
tribution function Eq. (19) is modified to

1+L1—(2r„@r/hs) ] t

D(ki) = ln
1—$1 (2r„c~/S ) s)its —'
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obtained after a final folding of I(o2) with the exponen-
tial attenuation function for an absorber with an
unsplit absorption line. From our observed Mossbauer
spectra with germanium on chromium sources we
deduce

y =0.37~0.12, yielding ~o 1.6+0.8
As will be shown in Sec. IV D, the 6 parameter of Ge
in Fe is approximately the same.

It should, -however, be noted that we have not con-
sidered other mechanisms of line broadening such as
quadrupole splitting. Such effects cannot be excluded
by the data, and their presence wouM modify the
analysis.

B.Temperature Dependence of Crysta11ine Germanium
Absorbers and the Excited State Spin

The Mossbauer spectra taken with radiation-damaged
Cr'. Ge-implantation~ sources and thin crystalline ger-
manium absorbers show a width which extrapolates to
the natural linewidth at zero absorber thickness, full
width at half-maximum, 2e»s ——(2.2&0.1) mm/sec
yielding a mean life r„=(2.68&0.14) nsec. This value
is not inconsistent with the electronically measured
mean lifetime~ (2.33+0.20) nsec of the excited state.

In a 6rst series of measurements we have taken
Mossbauer spectra at 78'K with absorbers of different
thicknesses. "For a single-line absorber, the maximum
effect M(0), the observed width at half-maximum
t/'~f2, and the area Ii, under the Mossbauer line are
well-known functions of the effective absorber thickness
corresponding to the curves in Fig. 4 designated by
Z=O

The spin j, of the 67.03-keV state was thought to be
either & or s . However, T,«defi ednin Eq. (22) is
spin-dependent:

2 ef f = '+a&0 fa

=$22re X'f, (/1 +n;.) j(2j.+1)/(2j,+1)~ (27)

According to Fig. 4, T,gg is obtainable from the observed
Mossbauer spectrum. The recoilless fraction f, of the
absorber is directly related to thermodynamic data4'

or to the phonon spectrum of germanium. Therefore,

f as well as n„X, n;„anjd, are known quantities in
Eq. (27) and the unknown spin j, can be determined
in principle. However, due to the number of parameters
involved and the additional uncertainty caused by the
radiation-induced transitions in the targets, it was not
advisable to rely on a single measurement to determine
the excited state spin. If the implantation technique
is used, the apparent recoilless fraction of the source

f,=rff, (Cr'.Ge) + (1—21)f, (Ge'. Ge) (28)

43Where the notation Cr'. Ge or Ge'. Ge indicates that Ge is
implanted into Cr, or into Ge, respectively.

~ R. E. Holland and F.J.Lynch, Phys. Rev. 121, 1464 {1961).
~ L. S. Salter, Advan. Phys. 14, 1 (1965).
4~ G. Dolling and R. A. Cowley, Proc. Phys. Soc. {London) 88,

463 (1966).

(nf )sl (zf.) i = I"s/I'"2 (30)

Equation (30) is correct even if the emission spectrum
of source No. 2 is broadened.

The phonon spectrum g(Q) of germanium is known, 4s

a,nd consequently f (Ge, T) can be calculated. In order
to test the calculated temperature dependence of

f (Ge, T) and, simultaneously, to determine the spin
factor (2j,+1)/(2j,+1), we have measured the recoil-
less fraction of a Ge-absorber for 78'& T,b,&221'K.
The undamaged Cr'. Ge-implantation source (Source
No. 2) was held at liquid-nitrogen temperature, and
data were taken alternatively at zero velocity and with
a large vibrator amplitude (t2,„»V»s). The data
analysis was then performed by the approximate method
described in Sec. III B. The characteristic source
parameters were (2)f,) s ——(4.43&0.34)% and y =0.37&
0.12. In Fig. 6 the logarithm of the deduced values

f (Ge, T) (2j,+1)/(2j,+1) is plotted versus tempera-
ture. The error bars are not purely statistical as they
include the uncertainties in (2)f,) s and y.

The Debye-%aller factor in the high-temperature
approximation is given by"
—lnf = (xs')s/)ls

1 1 fP 54(Q2)Q' kT
K' Y3 12kT 720(kT)'

r'(Q4) rp(Qs)

30240(kr)' 2209600(2?')' )'
where the frequency moments are defined by

(Q") = Q"g(Q) dQ (32)

47 In Ref. 16 we have derived a value for the recoilless fraction
of Ge in Ge from these data. However, in the analysis we assumed
j,= 11/2, and we had at that time no evidence for the line narrow-
ing in irradiated targets. In view of new experiments we have now
reevaluated the data applying a method which eliminates the
efFects of line broadening.

8 J. Petzold, Z. Physik 103, 71 (1961).

depends upon the implantation ratio g and the Debye-
%aller factors of Ge implanted into Cr and into Ge,
respectively. For our targets the second term is at
least 20 times smaller than the first one and will be
neglected. %ith the aid of the d =0 curves in Fig. 4 the
single-line Mossbauer spectra yield values for T,«and f,.
When the spin factor in Eq. (27), and the implantation
ratio in Eq. (28) are not known, we can only deduce the
products rff, (Cr. Ge) and L(2j, +1) /(2j, +1)jfo.'r The
data taken with Cr'. Ge target No. 1 gave

L(2j.+1)/(2j,+1)jf, (Ge, 78'K) = (4.57~0.38)%,

(ref, ) i = (5.40&0.38) %. (29)

For any other target, for example No. 2, the value
(21f,) s was determined by relating the areas F under two
MOssbauer spectra taken with identical absorbers:
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TABI.E II. Properties of germanium in chromium.

F/(uf. )~aver
gp

(10~ cm'/erg) (10 ' cm'/erg)

78
105
130
160

1.24~0. 15
0.98w0. 12
0.72~0.09
0.58~0.07

1.78&0.19
2.20&0.24
2.64&0.14
2.98&0.20

0.77+0.15
0.96%0.14
1.03&0.07
1.01~0.08

0.560
0.710
0.745
0.760

1.38+0.26
1.35&0.19
1.38a0.10
1.33~0.10

The frequency moments for germanium have been
deduced by Boiling and Cowley" from phonon disper-
sion relations obtained from inelastic neutron scattering,
whereas Salter4' determined the Inoments directly from
the temperature dependence of thermodynamic data.
Both procedures lead to nearly equal results, except
for (0-') for which Boiling obtains 2.20X10 ' sec'
and Salter (2.00&0.05) &&10-" sec' Anharmonic ef-

fects, which were not properly taken into account in
either treatment, may be partly responsible for this
discrepancy.

Since the quantities (0"), are known, values for the
spin j, may be assumed in order to calculate

—ink f(2j,+1) /( 2j 0+1)J=
—lnf —lnI (2j,+1)/(2jg+1) I

for comparison with the data of Fig. 6. The Coulomb-
excitation data have limited j, to the value ~ or '~'."
Vhth these spin values and j,=2 we obtain the two
shaded areas in Fig. 6. It is clear that j,=~ gives a
much better fit to the data than does j,='~'. Within
the investigated temperature region 78'K& T&221'K
the observed Debye-%aller factor is then in agreement
with the solid-state properties of germanium provided
the spin of the 67.03-keV state is j,= s. This value is

j

„)
J = /2

0
60 80 100 120 140 160 180 200 220 240

7 ('Kj

FIG. 6. The data points are the measured recoilless fractions of a
crystalline germanium absorber (2N-mg/cm' natural Ge) as a
function of temperature. The upper and lower bands were calcu-
lated assuming a nuclear excited state spin of 7/2 and 11./2,
respectively, with the frequency moments derived from neutron
scattering data (upper boundary), and from thermodynamic data
{lower boundary) (see Refs. 46 and 45, respectively), The breadths
of the bands represent the uncertainties in the knowledge of the
phonon spectrum for germanium. The data are consistent with
j,=7/2.

C. Germanium as an Impurity in Chromium and the
Recoilless Fraction in Other Implantation

Targets

An absorber which contained a 1.76% atomic abund-
ance of Ge in chromium equivalent to 10.4 mg/cm' of
r'Ge was used to investigate the following: (1) line
broadening, as seen in undamaged Cr.'Ge targets, (2)
radiation damage by comparison of the f factor for the
Cr'. Ge implantation targets with that of the Ge(Cr)
absorber, and (3) the validity of the impurity model of
Sec. III A.

Four Mossbauer spectra were taken, at absorber
temperatures of 78, 105, 130, and 160'K. At 130 and
160'K we observed the natural linewidth (after an
appropriate correction for finite absorber thickness),
indicating that neither the emission spectrum (due to a
radiation damaged Cr.'Ge source) nor the absorber
line were broadened. Although the spectra measured
earlier at 78 and 105'K showed a slight broadening, we
could not determine whether the source or the absorber
was broadened because the magnetic state of the
source was unknown. Hyper6ne splitting at low tem-
perature might be expected because spin-density waves4'
occur in pure chromium below 311'K. Of course, the
Ge content of the alloy may be sufBcient to reduce the
Neel temperature below our working temperature.

In order to compare the observed recoilless fraction
for 1.76% germanium in chromium with the prediction
of the impurity model, the g value, defined in Eq. (10),
has to be deterxnined. The results of the analysis are
given in Table II. The second column contains the
normalized area under the observed Mossbauer absorp-
tion curve. To obtain the values of —1nf given in the
third column, Fig. 4(c) was used to relate the area
Ii and the effective absorber thickness T,gg, which is
proportional to f.4s The expression for g can be written
as

—V lnf —fP/(12Mb T)g= (33)

4'Ef Fig. 4(c) is used, d, has to be known. For T&130'K no
broadening occurred, i.e, , 6=0. For X=78 and 105 I we allow
0&a&1.5.

used in all subsequent data evaluations. The recoilless
fraction of germanium at 78'K is then according to
Eq. (29):

f. (Ge, 78'K) = (5.72a0.47) 'jj,'.
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Therefore, q follows directly from —lnf and is listed in column four of Table II. Because the phonon spectrum
g(Q) for chromium is available, qs, defined in Eq. (12), can be calculated:

fs "g(Q) 1 SQ&

Ms s Q 2 ATj

P—1) ' dQ —— AJ'.
12Mpk T (34)

The values of qs and q/q, as a, funct. ion of tempera-
ture are listed in the last two columns of Table II.
In agreement with Eq. (12) the ratio is temperature-
independent.

For the bcc structure of chromium, Eq. (12) becomes

q/qp
——1+0.63 (np —cr) /n, (35)

and from the weighted average q/qs=1. 36+0.06 we
obtain n/ns ——0.64&0.04. The spring constant of the
Ge—Cr pair is therefore approximately 3 of the Cr—Cr
spring constant.

The f factor of the Ge(Cr) absorber may be compared
with the recoilless fractions of the Cr'. Ge-implantation
targets. As discussed in Sec. IV 8, measurements with
the first Cr: Ge target yielded the value (rif,) i ——

(5.40&0.38)%. Assuming an implantation ratio ri=
0.65&0.1 (compare Table I) we get f, (Cr'. Ge) =
(8.3~1.5) %. On the other hand, for the temperature
of 78'K, which was the temperature of the target,
Table II indicates the absorber recoilless fraction is

f,L1.76% Ge(Cr)]= (17&3)%.The reduction in the
recoilless fraction of the target is probably due to
radiation damage.

The impurity model furnishes a very simple descrip-
tion of how radiation damage may change the Moss-
bauer effect. At the end of the slowing down process of
the Coulomb-excited atom, many displacement colli-
sions occur. Therefore the impurity may stop in the
neighborhood of vacancies. '7 '9 The cage, normally
constituted of the n nearest neighbors, now possesses
Ae holes. Every time the Mossbauer atom approaches
a vacancy, which occurs for a fraction hn/n of all
interior vibrations, it will travel farther than it would
in the undamaged cage. Typical vibration amplitudes
in the latter case are 10 9 cm, mainly limited by the
repulsive core of the interatomic forces between the
atoms. But for vibrations in the direction of a vacancy
the absence of a repulsive core may cause an increase
in the amplitude by a factor p of about 2 or 3, depending
upon the interatomic forces. The contribution of the
motion inside a radiation damaged cage to the
mean square vibration amplitude (x')s is therefore
Lp'5n+(n —6 ))n/ tnimes larger than in the corre-
sponding undamaged cage. According to Eq. (9), at
high temperature the impurity atom in an undamaged
cage contributes to (xs)s only by the term (A/n) AT.
This consideration shows that radiation damage affects
the impurity-model equations simply by replacing the
impurity spring constant a by an e6ective constant~

a, tr =a/(Ps —1) (hn/n) +1) '. (36)
' The low-frequency phonon spectrum, represented in Eq. (9)

by (B/ns) AT, is assumed to be insensitive to radiation damage.

From the Debye-Wailer factor f, (Cr: Ge) = (8.3~1.5)%
and Eqs. (33) through (35), we obtain n, rr/crs ——0.32~
0.04 (see Table III) . Inserting this value and the va, lue
o'/cro=064+0. 04 of the undamaged absorber spring
constant into Eq. (36) yields (p' —1)5n/n=1~0. 3. A
reasonable choice for An and p of approximately 2
would explain this result. Of course, the real processes
are much too complicated to be represented by a simple
formula such as Eq. (36), and the results of the above
analysis are therefore only qualitative.

In addition to the Cr. Ge target we have tried copper
and iron as an implantation material. In order to obtain
the Debye-%aller factors the areas under the curves
were determined and compared with the area under the
corresponding spectrum of the erst Cr. Ge target for
which f (Cr. Ge) = (8.3&1.5) %. Provided that the
implantation ratios g are approximately the same for
all our targets, Eq. (30) shows that the ratio of the
areas directly gives the ratio of the recoilless fractions.
Since the actual target thickness, and hence g, is not
well known, we have included this uncertainty in the
error bars. The results are listed as —lnf (78'K) in
the third column of Table III. In the last three columns
a comparison is made with the radiation-damaged
impurity model. To obtain qp for iron or copper, Eq.
(12), (34), or (31) was used. The phonon spectrum
of iron, needed in Eq. (34), is known from neutron
scattering experiments. 5' For copper the frequency
moments (Q"), needed in Eq. (31) were deduced from
thermodynamic data (Salter, Ref. 45).

D. Magnetic Line Broadening in the Pe56e3 Absorber

An FesGe3 absorber was used to search for a magnetic
hyper6ne interaction. Fe5Ge3 has a structure belonging
to the symmetry group 88s(NiqIn), ss and is ferro-
magnetic. Mossbauer studies with ' Fe have proved
the existence of three diferent magnetic iron sites with
internal Gelds of 136, 214, and 256 kG, respectively. ~
It may be expected, that the 4s electrons on the ger-
manium atoms become partly polarized through an
exchange interaction with their nearest iron neighbors.
This will lead to a hyper6ne 6eld II acting on the Ge
nucleus, "and an observable line broadening may result.

Our FesGes absorber contained 10.9 mg/cm' of rsGe.
A Mossbauer spectrum was taken at T=78'K, using
the radiation damaged Cr. Ge target and is shown in
Fig. 7. The observed spectrum was 6tted with a Lorent-

"W. Glaser (private communication).
5~ G. S. Barrett, Structure of 3fetals (McGraw-Hill Book Co.,

New York, 1952), 2nd ed.
~ H. Yamamoto, J. Phys. Soc. Japan 20, 2166 (1965).
54 For Sn in metallic iron, H=80 ko, A. J. F. Boyle, D. St. P.

Bunberry, and C. Edwards, Phys. Rev. Letters 5, 553 (1960).
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Ter,z III. Comparison of effective spring constants for Ge implanted into Cr, Fe, and Cu.

Target Structure In—f (78'K)

go

g (10 ~

(10 ' cm'/erg) cm'/erg)

Cr.'Ge
Fe.' Ge
Cu'. Ge

bcc
bcc
fcc

2.48W0. 19
3.3 &0.4
3.8 &0.4

1.33&0.15
2, 0 ~0.3
2.4 +0.3

0.56
0.81
1.55

0.32&0.04
0.3 &0.1
0.6 %0.1

zian, and a least-squares fit to the data yielded the solid
curve shown in the Ggure with the following parameters:
(1) isomer shift 8=0.06&0.06 mm/sec; (2) maximum
e(Sect M(0)/(gf. ) 2

——0.49+0.04; (3) relative broaden-

ing, V&~&/vr~2 ——1.48&0.11; and (4) area under the
absorption line, F/Lv. vr~~(rIf, ) 2) =0.727&0.065. A crys-
talline Ge absorber with the same source gave an
unbroadened line located at 8 =0.02+0.06 mm/sec. The
absence of any noticeable isomer shift between Fe5Ge3
and Ge indicates that the number of 4s electrons at the
Ge nucleus is about the same in both crystals (ap-
proximately one, see Sec. IV E).

The Fe5Ge3 absorption line was somewhat broader
than the line of the pure Ge absorber with a comparable
effective thickness. This line broadening is probably
caused by a magnetic hyperfine interaction, although a
distribution of isomer shifts cannot be excluded. For
this case the 6 approximation of Sec. III 8 applies. The
broadening parameter d and the effective absorbe~
thickness T,gq are unknown and can be determined as
demonstrated in Fig. 8 using Fig. 4. For example, the
observed linewidth Vt~2/vtp ——1.48+0.11 defines a band
in Fig. 4(b) parallel to the abscissa. This band is

mapped onto the (T,rr, 6) plane, displayed in Fig.
8. The same procedure applied to cV(0)/(rlf, ) and

F/(r)f, 7rv&~2) determines three regions of the (T,ff 5)
plane. Their common intersection contains the most
1ikely (T,rt, 6) pair, T.rr=1.95+0.15 and 6=1.6+0.3.
Inserting these numbers into Eqs. (22) and (16) we ob-
tain f(FegGeg,. 78'&) = (6.1a0.5) % and H

~
p, —pg ~

=
(125w25) p~ kG.

A 6 parameter may also be deduced from the Fe'.Ge
implantation spectrum shown in Fig. 5. Although all

four spectra in this figure were taken with the same
absorber, the Fe'. Ge line is somewhat broadened. In
order to explain the broadening in terms of the 6
approximation, 5=1.7+0.7 has to be assumed. The
magnetic hyperhne Q.elds acting on a Ge nucleus in Fe
or Fe~Ge3 are about equal.

E. Isomer Shift and Recoilless Fraction of GeO~

The isomer shifts observed in Mossbauer spectra
provide information about nuclear and chemical prop-
erties. They are most clearly observed between com-
pounds corresponding to different valence states. As
Ge02 is the most convenient ionic compound of Ge
available, it was chosen to investigate any isomer shift,
relative to germanium that might occur.

Two forms of germanium dioxide are known to exist.
The dense, water-insoluble form has a rutile structu~ e
with a tetragonal unit cell, and the second form has the
trigonal quartz structure with a hexagonal unit. cell. '"'

The Mossbauer spectra for these two forms are dis-
played for comparison in Fig. 9. Both absorbers con-

+ 0.15
0.3

I.O(

i.co—

0.99—
O

~ 0.98—

TARGET: 500pg/cm Cr: Ge
w 0.97—

ABSORBER: (0.9 mg/cm Ge (Fe5Ge&)

TEMPERATURE: 78 K

0.96-

0.95 '

-I5 -5 0 5
VELOCITY (mm/sec)

' - FiG. 7. Mossbauer spectrum of an FegGe3 absorber with a Cr.'Ge
target. The width of the absorption line is indicative of a magnetic
hyperfine interaction with the '~Ge nuclei.

0
0

Fl.o. 8. With information obtained from Figs. 4 and 7, a value
for the broadening parameter 6 and the effective thickness T,ff
may be determined for the FegGe(I absorber. The procedure is
illustrated in the figure.

N R. %'. %'yckoff, Crystal Structures (Interscience Publishers,
Inc, , New York, 1948).
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TAaLK IV. Recoilless fractions and isomer shifts of Ge02.

Compound

Coordination Recoilless
Density number of Ge fraction f
{g/cm') ion (%)

Isomer shift
(relative to Ge)

mm/sec

GeO~ (hex}
GeOg {tetr)

4.228
6.238

6.1+0.7
32&5

—(1.0&0.10)—(0.96%0.18)

1.02

1.01

100 ki Nslr)4
strt~ W

(o)0.99

Ttg'P
'

tT(111"(III)(lI)t1

0.98

o
1,00

~ 0.99
I-

0.97

0.96

0.95

0.94 I

-15

TARGET: 300 lug /cm Cr: Ge

ABSORBER: (o) 10.7 mg/cm Ge IN Ge02 HEXAGONAL

(b) 10.7 mg/cm Ge IN Ge02 TETRAGONAL

TEMPERATURE: 78' K

-10 -5 0 5 10

VELOCITY (mm/sec)

FIG. 9. The Mossbauer spectra shown were measured for the
two different modi6cations of GeOs. (a) hexagonal and (b) tetrag-
onal. See Table IV for the information which may be derived
from these spectra.

'~V. I. Gol'danskii, E. F. Makarov, R. H. Stukan, T. N.
Sumarova, V. A. Truktanov, and V. V. Khrapov, Dokl. Akad.
Nauk SSSR 150, 400 (1964).

tained 10.71 mg/cm' of "Ge as powdered Geos, while
the Cr'. Ge target No. 2 was used. Neither spectra show
any conclusive evidence for magnetic dipole or electric
quadrupole broadening. Therefore, Fig. 4 with 5=0
can be used to obtain the recoilless fractions f. The
results are listed in Table IV, together with the densities
and oxygen coordination numbers for the two forms of
Ge02. The last column of the table gives the observed
isomer shift with respect to crystalline Ge.

As may be seen from Table IV, the recoilless fraction
for Geos (tetr) is larger by a factor of about 5 than for
Geos (hex). This difference may be due to the fact
that the dense, close packed lattice of Geos (tetr)
results in an increased number of oxygen near neighbors
(six) for the Ge'+ ion. An increased recoilless fraction
with increased coordination number was first observed
for "'Sn compounds. "

Both absorbers show about the same isomer shift
relative to Ge. An isomer shift 8 is observed when the
chemical environment of the nudeus is different in
source and absorber. 8 is given by

d = ,'7rZe'R'(DR/R) —fp,b,, (0) —p,.„„,(0) j, (37)

where R is the charge radius of the nucleus, AE, the
difference between this quantity for the excited and
ground states, and ep(0) the total electronic charge
density at the nucleus. In order to derive a value of
hR/R for the Mossbauer nucleus from the observed
isomer shifts, one must estimate p(0) for the electronic
configurations corresponding to the materials used. We
have interpreted our isomer-shift data by calculating
electron wave functions for various electronic configura-
tions using the computer code EwAv-wsx. ' Features
of the calculation are as follows: (1) The Dira, c equation
is used to compute the one-electron orbitals. (2) The
many-electron wave function is then obtained using
the Hartree variational technique including an average
exchange potential (Slater-Latter approximation) . (3)
The effect of the solid on the wave functions is taken
into account by imposing boundary conditions on the
radial wave functions at the Wigner-Seitz radius. (4) A
finite-sized nucleus was considered with a Fermi charge
distribution.

Calculations were made for the following electronic
structures: Ge(4s'4ps), Ge(4s'4p-'), Ge'+(4s'4p'),
Ge'+(4s'4p'), and Ge'+(4s'4p'), and in each case for
several values of the Wigner-Seitz radius ro. The results
for the electron densities are listed in Table V.

Although the degree of covalency of the Ge4+ ions
in GeO& is not known, we assume the conlguration
Ge'+(4s'4p) in this case. For crystalline Ge the ap-
propriate configuration is Ge(4s'4ps). "Values for the
total electronic charge density at the nucleus for both
cases are given in Table V. The difference in charge
density is quite sensitive to the choice of the Wigner-
Seitz radius ro. The value of ro, 1.22&10 ' cm for pure
germanium is half of the Ge—Ge distance. We adopt this
value for Ge as well as for Ge02 and obtain from Table
V the appropriate difference in electronic densities:
p(4s 4P~) —p(4s'4Ps) = —0.75&&10' electrons/cms. Due
to the rela, tivistic procedure of RELwAv-wsx no rela-
tivistic corrections are needed in Eq. (37). With the
calculated electron density difference and a nuclear

"C.W. Nestor, T. C. Tucker, T. A. Carlson, L. D. Roberts,
F. B. Malik, and C. Froese, Oak Ridge National Laboratory
Report No. ORNL-4027, 1966 (unpublished).

58 There is now evidence that the configurations, which were
used in these calculations, are correct. For Ge'+ the configuration
4s~4p is expected. This would result in a positive isomer shift
between Ge'+ and Ge4+ of about 2.9 mm/sec. A shift of this
magnitude was recently observed at Erlangen. This experimental
result was (2.3&0.4) mm/'sec. B. Zimmermann, H. Jena, G.
Ischenko, H. Kilian, and D. Seyboth, Phys. Status Solidi 27, 639
(1968).
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TABLE V. Total relativistic electron density at the nucIeus.

Configuration

Electronic
Wigner-S cits density p (0)

radius fp

(k) (10"cm s)

4s'4P'

4$24p2

4s24p'

4s'4P'

1.01
1.19
1.32
1.40
1..59,
1.80
1,85
2.80

1.32
1.59
1.85

1.32
1.59
1.85

1.32
1.59
1.85

1.32
1.59
1.85

2129.871
2129.300
2129.062
2128.971
2128.864
2128.859
2128.872
2129.296

2130.104
2129.682
2129.670

2130.598
2130.294
2130.451

2129.391
2129.219
2129.307

2128.396
2128.313
2128.296

charge radius 8=5.23)&10 " cm as given by Elton, "
Eq. (37) can be written in terms of velocity units:

6= —(106 cm/sec) AR/R. (38)

V. NUCLEAR PROPERTIES OF "Ge

The nuclear properties of "Ge deduced in the present
Mossbauer studies, may be compared with those pre-
dicted by various nuclear models. Few calculations
exist for 'Ge as this nucleus is not expected to be well
described by the shell model, and even the even-even
germanium nuclei have poorly understood level schemes.
Nevertheless, the single-particle core-coupling model
may be used to attempt to understand the properties
of odd-A nuclei"" such as ~'Ge. In this model, the
nucleus is considered as an odd particle weakly coupled
to an even-even core. The ground-state spin should then

~L. R. 3. Elton, Nuclear Sizes (Oxford University Press,
Oxford, 1961), see Eq. (2.80 ), p. 56.

R.D. Lawson and J.L.Uretslry, Phys. Rev. 108, 1300 (1952).
si A. de-Shalit, Phys. Rev. 122, 1530 (1961);Phys. Letters 15,

170 (1965).

The observed isomer shift for the two Ge02 absorbers
are equal within the quoted error bars (Table IV) . From
the average value 5= —(0.98&0.07) mm/sec and Eq.
(38) we obtain AR/R=+0. 9&(10 '. We estimate that
the uncertainty in AR/R is about 30%. In the following
section the experimental AR/R value is compared with
nuclear models.

equal the angular momentum of the odd particle.
Collective oscillations of the core can be excited as
they are in the neighboring even-even nuclei, but are
split into a number of levels by the single-particIe core
coupling.

In the simple single-particle core-excitation model,
the low-lying levels of ~'Ge are considered to be multi-
plets arising from the coupling of the 1gg/2 particle to
the even-even core states, which should be similar to
those for the neighboring even-even nuclei such as
"Ge and ~4Ge. This would then give a ground-state
spin of ~+ consistent with the known value for ~'Ge.
Similarly, coupling the 1g9~2 particle to the 6rst 2+
state of the core produces a quintet of states with spins
—,'+, &+, —,'+, —",+, and ~3+. While this interpretation
would be consistent with the spin of ~ assigned to the
67.03-keV state as discussed in Sec. VI 8, the high spin
values being coupled do not make the core-excitation
model very selective in this case. In addition, the
probable &+ state at 13.5 keV is the only other state
known in 7'Ge with the proper spin to be a member of
a quintet based on a 2+ core state.

Properties of "Ge have also been calculated using
the pairing plus quadrupole model. ""In this model
the nuclear system is treated as a core plus a few valence
particles. The valence particles interact independently
with the core, and with each other through two-body
forces. In particular, the ~'Ge calculations of Uher'4

considered quasiparticles with spins of —'„~, and -',

coupled to a zero-phonon, 0+ state and a one-phonon,
2+ state. For ~'Ge this model then predicts a 92+ ground
state and a low-lying 2+ excited state, with a value for
AR/R for the —,'+ to -',+ transition of +1.37&& 10 '. This
prediction is in reasonable agreement with the measured
value of (0.9+03) &(10 ' (see Sec. IV E) .

A further test of this model may be obtained by
comparing the calculated and measured B(E2) values
for the transition between the ~+ and —,'+ states. The
form for the reduced E2 transition probability in the
pairing plus quadrupole model for an odd-A nucleus
has been given by Sorensen. "Using the wave functions
calculated by Uher" and a B(E2) value of 2.68X
10 " e' cm, the average of the values" for "Ge and
~4Ge, for the reduced E2 transition rate for exciting the
first excited state of the core, a B(E2) value of 0.28&&

10 e' cm4 was obtained for the ~+- --&+ transition in
'Ge. While the experimental value is 0.57&10 "e' cm "
the diR'erence of a factor of 2 is not unusual in compar-
ing calculated and experimental results. ' Part of the
diS.culty may arise from using an average of the experi-
mental B(E2) values for the 0+-+2+ transition in the
neighboring even-even nuclei for the core transition

62 L. S. Kisslinger and R. A. Sorensen, Rev. Mod. Phys. 35, 853
(1963).

ar R. A. Uher and R. A. Sorensen, Nucl. Phys. 86, 1 (1966).
p4 R. A. Uher (private communication).
ts R. A. Sorensen, Phys. Rev. 133, 3281 (1964)..
'" P. H. Stelson and L. Grodzins, Nucl. Data 1, 21 (1965).
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rate. The core of ~'Ge may diBer considerably from the
even-even nuclei r'Ge and '4Ge. In addition, the general
core-excitation model of de-Shalit" predicts that the
reduced E2 transition probabilities for decay from the
members of the multiplet based on the 2+ state of the
core will be equal to that between the 2+ and 0+ states
in the adjacent even-even nuclei. As the B(E2)'s for
decay for 7'Ge and 7'Ge are 0.44)&10 ' e' cm' and
0.63X10 " e' cm', respectively, " only the value for
'Ge is approximately equal to the 7'Ge de-excitation
B(E2), 0.72&&10 "e' cm'. However, even if a value of
0.72 )&10 4' e' cm4 is adopted for the core as predicted
by the core-excitation model, the pairing plus quad-
rupole result is still only 0.37)&R "e' cm'.

If the broadening of the Fe56e3 absorption line is
assumed to be due to simple magnetic splitting, then
the data are compatible with a value for the product
Huff ) pa pg ) of approximately 125 p& kG (see Sec.
IV D). This does not yield a value for the internal
magnetic fieM, since a calculation of the magnetic
moment of the ~7+ excited state is not presently avail-
able, even though the pairing plus quadrupole model
gives general agreement between the calculated and
measured isomer shifts and B(E2) 's, due to the diffi-

culty in including the effects of currents in the core.

VI. SUMMARY

The Mossbauer eRect has been studied following the
implantation of Coulomb-excited ~'Ge nuclei into vari-
ous host materials. This method furnishes a technique
for obtaining information concerning germanium and
germanium as an impurity atom which cannot otherwise
be obtained.

Simplified models describing impurities in solids and
magnetic line broadening were developed for analyzing
the experimental data. These models provide a useful

picture of the physical processes involved, and a means
with which the significant parameters of the theory
could be easily computed.

Solid-state properties of germanium as an impurity
in di6erent host materials were obtained. The aid of
the above simplified models, and the recent availability
of the phonon spectra of solids and relativistic electron
wave functions greatly increased the information which
could. be extracted from the data. The present experi-
ment and analysis then allow a fairly complete and
detailed description of germanium impurities imbedded
in the host materials. The nuclear properties deduced
are in general agreement with the predictions of the
pairing plus quadrupole model.

The technique of Coulomb implantation together
with easily applied models of the interactions involved,
theoretical phonon spectra and electron wave functions,
then furnishes a powerful tool for the investigation of
phenomena such as radiation damage. The investigation
of the p radiation following implantation by the Moss-
bauer effect promises to be an increasingly fruitful and
significant 6eld.
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