
PH YSICA L RE VIE% 8 VOLUME 19, NUMBER 8 15 APRIL 1979

Investigation of electron-irradiated zinc by diffuse x-ray scattering. I. Self-interstitials in zinc
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l

Single crystals of zinc were irradiated at 6 K with 3-MeV electrons producing electrical resistivity changes
varying from 32 to 215 nAcm. Diffuse x-ray scattering from the irradiated samples was measured near
(00.h), {h0.0), and (hh. O) reflections. From the distribution of the diffuse scattering intensity we conclude
that the configuration of the self-interstitial in Zn is a dumbbell aligned along the c axis. A combination of
lattice parameter, electrical resistivity, and Huang scattering measurements yields a volume change per
interstitial of 3.6 atomic volumes (assuming a vacancy relaxation of —0.6 atomic volumes) and a specific
resistivity. per Frenkel pair pF

——15.3 p,Qcm/at. %.

I. INTRODUCTION

Diffuse x-ray scattering near Bragg reflections
in irradiated crystals allows the identification of
the structure of radiation-induced interstitials and
is particularly sensitive to the formation of-defect
clusters. The measurements give directly the
symmetry and strength of the long-range dis-
placement field- of the defects. Previous diffuse
scattering measurements on electron-irradiated
metals have been restricted to cubic crystals
such as Al and Cu (see Ref. 1 for a recent review).
In the present work, we consider for the first time
a hexagonal crystal. Zinc is of particular interest
since it exhibits a well-defined recovery stage I
below which we expect a statistical distribution of
single interstitials and vacancies to be present
following electron irradiation. This distribution
is a necessary prerequisite for the determination
of the interstitial structure and of quantitative pa-
rameters such as the relaxation volume of the in-
terstitial 4V'"' and the specific resistivity per
Frenkel pair p~. In Sec. II a brief introduction to
the theory of diffuse scattering is given for hcp
crystals. In Sec. III we describe the experimental
details. Finally in Sec. IV the results for single
interstitials are discussed.

II. THEORY

A review of the theory -of diffuse scattering by
single interstitials and clusters has been given
elsewhere. We consider here only those details
which are necessary for the understanding of
hcp crystals.

Near the Bragg reflections, the diffuse scatter-
ing by crystals containing point defects is sensi-
tive to the long-range part of the displacement
field of the defects. Assuming a linear superpo-
sition of individual displacement fields, low con-
centration, and a statistical distribution of defects,

we obtain for the diffuse scattering cross section
$

S=C IFx I'I(FR/Em) -(La/C)+&K t(q)I' (1)

where C is the concentration of point defects. The
total defect scattering amplitude consists of the
scattering amplitude of the defect itself (Fr), the
contribution from the strongly displaced atoms in
the vicinity of the defect (-Lr/C), and a contri-
bution from the long-range part of the defect dis-
placement field. Lg is the static Debye-Wailer
(DW) factor; Lg/C represents the effective num-
ber of atoms per defect scattering totally out of
phase. t(q) is the Fourier transform of the dis-
placement field around an individual defect, where
q is the difference between the scattering vector
Kand the nearest reciprocal-lattice vector h. The
interference of the scattered waves from the two
atoms within the unit cell is considered by the
structure factor Fr, (see Ref. 4).

t(q) varies like q
' which results from the y

dependence of the displacement field. 3 Thus near
the Bragg reflection (q«h, h=K) the leading
term of S [Eq. (1)]will vary like q

' (Huang scat-
tering):

S„=C I Fit I I Ti t (q) I

' .
The next order term arises from the interference
of the Huang scattering amplitude with the first
two terms of Eq. (1) and varies like q ~. That
term will give us information on the static DW
-factor Lg/C. Both terms are easily separated by
looking at the symmetric and antisymmetric part
of $ with respect to q, i.6., by measuring on both
sides of a reciprocal-lattice point (K=h+q):

$=$, +$
S,=S„+CIF@ I IFr/Fr. -Lg/C I, (3)
S =-2C IF|t I'lK t(q)I[Re(Fg/FR)-Lg/C].
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At small values of q, 8, = 8~. Because we are
interested in the displacements far from the de-
fect, we can consider the lattice as an elastic con-
tinuum and characterize the defects by the dipole-
force tensor P,~. Following Trinkaus~ we then ob-
tain for an hcp crystal

(hS„=CI@it I'~ —
~
~ y'*'~'*', (&)

(q& V, ;=

where V, represents the volume of the unit cell.
are quadratic expressions of the dipole-

force tensor P„.Using a rectangular coordinate
system, with the c axis corresponding to axis 3,
and axes 1 and 2 in the [21.0] and [01.0] directions,
respectively, in the basal plane, we can write

(t)
m =P33,

71 =P23+ P)3,(2) 2 2

m =2(Pn + P22+ 2P)2) + (P)q +P22),(3) (8)

n' '=2(P))+P22+2P(2) -(P()+P2g);
y" are determined from the elastic constants and
the directions of j and Ti. Table I summarizes the
parameter y

' for high-symmetry directions and
reflections.

For defects with highly symmetrical displace-
ment fields, the form of the dipole-force tensor
is simplified. From symmetry considerations '

we have possible configurations of single intersti-
tials in hcp metals: a dumbbell aligned along the
c axis (H, ), an octahedral (0) or tetrahedral (T}
site, or a crowdion configuration along a close-
packed line (Fig. 1). In contrast to the other con-
figurations, the dipole-force tensor of the crowdi-
on configuration has nondiagonal elements, i.e.,
vr" 'c0. Therefore, for a (00.h} reflection in a
[21.0) direction we expect intensity only for this

configuration.
The three other configurations differ in their

ratio Pea/P«. Therefore it is useful to introduce
this ratio to characterize the interstitial configur-
ation. We compare the experimental P»/P&, with
ratios calculated from a simple Kanzaki force
model in which the displacement field of the inter-
stitial is described by central forces of the same
strength on nearest-neighbor atoms only. This
model yields for the c-split H,

Pss/Pii =1 6(c/e)'(1 —2dlc)

And for the octahedral position 0

gs/Pu = s(c/a)',

(6a}

(6b)

where a and c are the usual hcp lattice parame-
ters. For the H, configuration, the distance 2d
for the dumbbell enters as a parameter. Table II
shows the numerical data for an ideal hcp crystal
(c/a=&'8/3) and for zinc (c/a=1.83). For the
crowdion configuration P&3 ——0, since the nearest
neighbors are only two atoms in the basal plane.
By considering further neighbors we still expect
F33/P&& & 1~ The T configuration is a symmetry-
determined equilibrium position only with an ideal
hcp crystal. For Zn the distance of the intersti-
tialto its neighbors at the corners of the tetrahed-
ron (Fig. 1) are different and the exact position
along the c axis may vary with the interatomic po-
tentials used. Therefore the T position cannot
uniquely be described by a simple model; never-
theless, we do not expect P33/Pz. , to be much dif-
ferent from 1 because in equilibrium the distances
to different neighbors should be comparable.

From Fig. 1 we see that the P&& of the H„O,
and T configurations have very simple forms. As
a result, only two measurements of the Huang

TABLE I. Parameter p" for high-symmetry directions and reflections (data for zinc). p ~ are given in units of
10-26 cm4dyn-2. The lour-temperature data of the elastic constants used for zinc @sere taken as the mean value of those
from Garland (Ref. 6) and Alers Qef. 7), given in units of 10 ~ dyncm-: cfog 17.803, c33=6.864, c44= 4.592, c&2= 3.62,
and c&3= 5.41.

ReQection

(oo.a)

(ao.o)

(aa.o)

Direction of q

[00.1]
[so.o]

[so.o]

[00.1]
[11.0]

l00.1]

f11.O]

cjoy= 212.2

0

p(2)

0

2 cj[=237.1

2~cI)= 237.1

2 c4)=237.1

8 cf'[=3.344

8 cd =3.944

0
1
—,(c«c„)-= 0.2486
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FIG. 1. Single intersti-
tial configuration and
characteristic form of
the dipole-force terisor for
for a dumbbell (H, ), an
octahedral (0), a tetrahe-
dral (T) site, and a crow-
dion (C) configuration.

Up to this point, we have described the scattering
cross section of single interstitials. If there are
clusters instead of single interstitials, the above
equations are valid if we consider the increase of
the defect strength and the decrease of the defect
concentration.

If N single interstitials form a cluster, the con-
centration of the single interstitials must be re-
placed by the concentration of the clusters, which
is less by a factor of 1/N. P~~ of the clusters is
higher by a factor of N if the displacement fields
of the single interstitials in a cluster superpose

TABLE II. &33/P~~ in central-force model.

Hc

Ideal hcp crystal
Zn

~p
(=1) =p

. Assuming a dumbbell distance 2d= a.

scattering are necessary to determine the sym-
metry parameter P3,/P„:at a (00.h) reflection
(this yields CP3,) and at an (h0.0) or (hh. 0) re-
flection (this yields CPf&). For a crowdion con-
figuration additional measurements are necessary
(see Table I).

By combination of the Huang scattering data and
the lattice-parameter changes which reflects the
mean lattice expansion induced by the defects we
can determine the concentration C and the abso-
lute values of the components P,&. Whereas the
Huang scattering is proportional to CP2, , the lat-
tice parameter change is proportional to CP;&.'

ha C css 2(P» +P22) —c,~P33
a Q c33(c»+c&2) -2c&&

(cfog ~12)PSS c13(P» 22)

cs3(cia + ci2) —2cis

linearly. Thus the Huang scattering per intersti-
tial increases by a factor ¹

~a' =&~e. (8)

IH. EXPERIMENT

A. X-ray measurements
E

. The x-ray measurements were performed using
an apparatus which has been described in detail
elsewhere. A 6-kW rotating-anode x-ray genera-
tor with a copper target was used in combination
with a quartz monochromator of the Johannson
type to select Cu Kn& radiation. The arrange-
ment was semifocusing with a beam divergence of
1.1' in the diffraction plane and 1.4' in the vertical
plane (as defined by a Soller slit). At small dis-
tances from the Bragg reflections, resolution cor-

The increase of the defect strength will restrict
the Huang scattering to values of q smaller than

cr RO (9)

where Ao is the radius of the strongly distorted
region surrounding the cluster. For q ~ R0 ~ the
scattering intensity can be described by an asymp-
totic approximation (Stokes-Wilson approximation),
which has only been evaluated for the case of a
cluster with an isotropic displacement field. The
scattering cross section then reads

s„=clz~l't ~ & 147. (1o)
q V,

The Stokes-Wilson scattering is proportional to
q

4 compared to the q
2 dependence of the Huang

scattering. The numerical value 147 is correct
for q parallel to K. Because the defect strength
&V" /4' (y is the Eshelby constant) and the con-
centration C enter Eq. (10) linearly, the scattering
intensity in the Stokes-Wilson region is indepen-
dent of the cluster size.



INUESTIGATION OF ELECTRON-IRRADIATED ZINC BY.. . . I. 3899

rections were necessary amounting to a factor of
1.9 at 1' and 1.1 at 5' from the (00.4) reflection.
In order to check these corrections additional
measurements with a finer resolution of 0.25'in
the horizontal plane were made.

The conversion of intensities to absolute units
was accomplished by comparison with the known
scattering cross section of polystyrene (CBHB).
The absorption corrections were directly deter-
mined by absorption measurements. They were
small (I%%uo —

V%%uo) for the measurements in sym-
metrical Bragg geometry [(0.0h)-type of reflec-
tion], but varied between a factor of 1.4-1.V for
measurements in symmetrical Laue geometry
[(h0.0)- and (hh. 0)-type of reflection]. The polari-
zation factor was calculated for mosaic crystals.
The structure factor Il„-was taken from R.'f. 9.
Due to interference within the unit cell Eh, ~ varies
with increasing q (for the maximum q corrections
can be larger than 10%}. In the calculation of the
thermal D% factor~a we used a Debye temperature
of 32V K. The lattice parameter c was measured
using the Bond method and the (00.6) reflection.
For the determination of the lattice parameter a
no appropriate reflection with a high Bragg angle
could be investigated, as it was not possible to cut
a slice with an (h0.0) or (hh. 0) surface and to mea-
sure these reflections in Bragg geometry on ac-
count of the (00.h) cleavage of zinc. Thus the low-
temperature value of the unirradiated sample was
calculated using the room-temperature value of
a =2.659V A and the thermal expansion coeffici-
ents. ' From these data we obtain an atomic
volume 0 = 14.9 A at low temperature.

B. Samples and irradiation

Two zinc single-crystal slices (approximately
25&&8x0.6 mrna) were spark cut from bulk materi-
al (99.999% zinc from Materials Research Corp. )
and electrolytically thinned usi.ng 50 g HSBO, and
100 g NaCl in 1 liter H, O. The first slice (Zn 1}
had a [01.0] rotation axis, a [00.1] surface normal
and a mean thickness of 120 p, m. To be able to do
more precise measurements in Laue geometry,
the sample was further thinned (Zn 2-4) to 25 pm
thus reaching the optimal thickness d = p, ~, =24
pm for zinc. The second slice (Zn 5, 6) also had
a [00.1] surface normal, but a [11.0] rotation axis
and a mean thickness of 45 pm. The samples
were fixed to the sample holder at only one end
so they could expand freely. After mounting, the
samples had mosaic spreads of typically 0.3' and
residual-resistivity ratios p„Tjp4 «of approxi-
mately 1000. The irradiation was performed with
3-MeV electrons in the low-temperature irradia-
ti.on fa.cili.ty it JiQich. The'samp1es were directly

cooled in a stream of liquid helium. The electron
beam density was between 5 and 9 p, A/cm~, and
the beam homogeneity over the irradiated area was
better than 5%%uc.

As a measure of the irradiation dose we used the
electrical resistivity change, which was measured
by a standard four-point method. The measure-
ment was done directly on samples Zn 3 and 4. In
all other cases, a separate resistivity sample of
the same thickness and orientation was irradiated
simultaneously with the x-ray sample. Like other
hcp crystals, zinc has an anisotropic specific
electrical resistivity. This was considered in de-
termining the geometrical factor by using a room-
temperature resistivity for zinc of 5.83 p.Q cm, "
which is appropriate for measurements in the
basal plane.

After irradiation the sample was transported in
a special cryostat to the measuring cryostat, keep-
ing the sample continuously immersed in liquid
helium. The resistivity was measured in liquid
helium and the diffuse scattering intensity in heli-
um gas at 6 K.

Zinc has low-temperature recovery stages:
stage I„at5 K, I~ at V K (see Ref. 2). Thus after
irradiation at 4.5 K and before the measurement
of the diffuse scattering intensity at 6 K about 12%
of the resistivity annealed (see Table III). An ad-
ditional recovery of about 2% was observed during
the course of the measurements. For tbe com-
parison of diffuse scattering intensity with resis-
tivity measurements, this recovery was taken into
account. In the model, which attributes stages
I& and I~ to the recombination of close Frenkel
pairs, we thus expect no change in the interstitial
configuration between tbe irradiation and x-ray
measurement.

C. Discussion of measuring errors.

Defects induced during the irradiation cause an
increase of the diffuse scattering intensity; the
defect contribution is obtained by measuring the
irradiated sample and subtracting the background.
This background can be measured before irradia-
tion or after full recovery; in general there was
an agreement within 5% [see Fig. 2(a)] for the
symmetric'. l part of the background. Only at the
(00.2) reflection (samples Zn 1, Zn 2) did we ob-
serve a change of the background, on the low-
angle side of the Bragg reflection. There are in-
dications that this is due to some cleavage along
the (OOA) planes during irradiation. Using only
the background after full recovery for evaluation,
there is good agreement with the results at other
(00.h) reflections. Nevertheless, on account of
this nonreproducible background, the (00.2} re-
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TABLE III. Results for Huang scattering and for lattice-parameter charge.

4p (nQ cm)"
4.5K 6K g I103 (gem) ~j

Cg&/(hc/c) (10 22 erg2)
(00 2) (00 4) (00 6)

Cgt/(hc/c) (10-2t erg')
(10.0) (11.0) 33/ tt

Znl
Zn 2
Zn3
Zn4
Zn 5
Zn6

Average

120.8
126.7
31.7

214.8
211.0
153.3

110.4
103.6

2702
183 7c
127.0
134.0

2.60 + 0,39

3.15 ~ 0.27

3.44 + 0.22

3.05 + 0.3

3.64
3.60

3.76
3.79
3.14
3.33
(7.90)
4.27

3.55 + 0.4

3.55
3.21
3.46

(&0.93)
0.75

0.66

0.67 + 0.6

(1.34)
0.61

(»)
2.21

2.27
(2.43)
2.65

2.4 + 0.3
~ Lattice-parameter change was calculated using q= 3.05 L 0.3 [103 (0 cm)-~],
"First value of 6j was measured in the irradiation cryostat, the second before the first annealing step.
'Measured directly at the x-ray. sample.

flection mas not measured in the following irradi-
ations.

As a result of the irradiation, there mill be
stresses between the irradiated and -unirradiated
parts of the sample. This can lead to a bending
of the sample, which was observed in measure-
ments especially for Zn 4, the sample with the
highest xrradrat~on dose. Comparing its defect-
scattering intensity with that of other samples,
it was too low close to the Bragg reflection. Since
the effect of a bending of the sample can be con-
sidered as a coarsening of the resolution, it was
compensated by larger resolution corrections.

The {10.0) reflection of Zn 4 {Laue geometry)
will not be so strongly affected by the bending,
which is expected in a plane perpendicular to its
lattice vector h. The main error at the (10.0) and

(11.0) reflections is due to the thickness variation
of the sample. Therefore the measurements were
done at three different spots, thus reducing the
error of the absorption corrections to 5'%%uo.

For results which depend on the defect concen-

tration, the error in the lattice-parameter change
measurements of 5+-15% must also be consid-
ered. The error of the Bond method has been dis-
cussed in the literature ' ~ and is determined in
our experiments by the broad mosaic spread of
the crystals. For some samples, the lattice pa-
rameter was not measured directly (see Table III)
but derived from the resistivity change 4p using
the ratio q =(hc/c)/hp determined from other
runs. If the resistivity is measured at a separate
sample, additional errors may arise when the two
samples contain different defect concentrations;
this is not expected from the irradiation inhomo-
geneity (&5%), but might occur in a, material with
very low-temperature annealing stages by an ac-
cidental heating of one sample during the irradia-
tion (e.g. , by a short beam. instability). No in-
consistency of this type was observed with the
results presented here.

IV. RESULTS AND DISCUSSION OF THE MEASUREMENTS

AFTER IRRADIATION

A. Lattice-parameter change

104

: i oo.l. )
- &00.1j

h
I

4 Oc~o'-

OX
(~X

X l

I

102 I a s a

h

h4

o h

X kr

0
X
ox

O~

-5 -3 -1 0 +1 +3 +5
~ (4-Q)toe9)

(11.0 }

[11,0]

I I I 1

. 103

h

XhXXg

-5 .-3 -1 0 +1 +3 +5
2[5-48)foegj

After irradiation the mean lattice-parameter
change was measured with Zn 2, 4, and 5 (see
Table III). Within our experimental accuracy a
constant ratio of q =(&c/c)/hp is found. The re-
sults for Zn 2 and 6 agree well mith Zn 4 where
the electrical resistivity was measured directly
on the x-ray sample. The mean value for the ratio
q is 3.05&103 (Oem) ' with an estimated error of
10/o.

S. Evaluation of the diffuse scattering intensity

and the static Debye-Wailer factor

FIG. 2. Diffuse scattering intensity I before irradia-
tion (O), . after irradiation at 6 K (&), -and after full re-
covery fX): {a) at h: (00.4), q: [00.1) of Zn 4; ib) at h:
(11.0), q: [11.0] of Zn 6,

Typical results of the diffuse scattering intensity
are shown in Fig. 2. For the (00.4) reflection in a
[00.1] direction [Fig. 2(a)] a strong increase after
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irradiation and strong asymmetry'of the intensity
are observed. On the other hand, the diffuse scat-
tering intensity increases much less at the (11.0)
reflection in a [11.0] direction and nearly no asym-
metry is seen [Fig. 2(b)].

The diffuse scattering intensity can be separated
into symmetrical (S,) and antisymmetrical (S„)
parts with respect to q [see Eq. (3}]. As an ex-
ample Fig. 3 shows both parts at a (00.4) reflec-
tion; the symmetrical part S~ is proportional to
q, and S„shows the expected q dependence.
At the (11.0) and (10.0) reflections, only S„(pro-
portional toq ') is shownas noq-'. behavior couldbe
established due to the small asymmetry and the large
statistical errors. For the symmetrical part, the
constant term(Eg~/Eg Lg/C-) [Eq. (3)]isnormally
negligible compared to Huang scattering. The high
asymmetry of the defect scattering at the (00.4}
reflection (S„andS„areof similar magnitdde),
however, indicates that this may be different for
zinc.

In order to determine Eg/ER -I.ff/C, the sym-
metrical scattering was evaluated in a first ap-
proximation neglecting this constant term. Simi-
lar to Sec. IV C this yields the components of the
dipole-force tensor P« ——11.8 eV and P33 29.4
eV. With these results we can then determine
EI/Eft Lg/C fr-om S„.Table IV summarizes the
results for the static DW factor close to the Bragg
reflections. In this evaluation it has been as-
sumed that the defect structure factor I"g
=fr[2 cos(K d) -1] is that of the H, configuration
with a dumbbell distance 2d of 0.9a. We see a
very large and anisotropic static DW factor indi-
cating that displacements along the c direction
are much larger than in the basal plane. The in-
crease of the static DW factor with the reflection
order at. (00.h) reflections seems reasonable al-
though the expected h dependence3 cannot be
verified because of the large errors (the different
reflection orders were not measured on the same
sample).

At larger distances from the Bragg reflection
the static DW factor becomes smaller, as can be
seen from the deviation from the q

' behavior in
Fig. 3. In spite of this, its contribution to the

symmetrical scattering is only important for
larger q: e.g. , at 2 ls -6~1=5' from the (00.4) and
(11.0} reflections it is 10/o and at the (00.6) re-
flection only 2%. For all data mentioned in Sec.
IV C this constant scattering contribution to the
symmetrical scattering intensity has been con-
sidered. The iterative procedure was stopped
after this step, since the product CP;& which en-
ters the static DW factor was only changed by 29'.

Measurements at (00.h) reflections in [00.1] di-
rection were performed in three reflection orders:
at the (00.2), (00.4), and (00.6) with results for the
symmetrical scattering givenin Hgs. 4(a}-4(c).
The error bars indicate the uncertainty of the
resolution correction; the lower limit corresponds
to corrections as given by the divergence of the
x-ray beam, the upper limit considers also the
mosaic width and the different bending of the
samples as discussed above.

A q
2 dependence is observed for q/h(3&10 2 at

the (00.4) and up to the largest q/h of 1.4&10 ' at
the (00.6) reflection. Table III summarizes these
results. The measurements of Zn 5 were not used
for a quantitative evaluation of single interstitials,
because the sample was heated up to about 12 K.
The 10% error of the mean value is mainly due to
the lattice-parameter measurement. In addition to
the verification of the q

' dependence, the h de-
pendence of S„canbe tested with the results ob-

—10
A

—10

ReQection I.h/C Re(F g /Pz)

TABLE Dt'. Static Debye-Wailer factor +/C and

Re(Fh/z„-). I

5 10
102 q/h

(00,2)
(00.4)
(00.6)
{11.0)

21.9 ~ 10.2
43.0 ~ 15.6
51.7 ~ 22.1
3.9+ 2.2

=-1.5
=+0.5
=-1.5

+0.5

FIG. 3. Huang scattering cross section Sz at h: (00.4),
q: $00.1}of Zn 4 (v) at h: (10.0), q: [10.01 of Zn 4 (x);
at h: (11.0), q: [11.0] of Zn 6 (g); and antisymmetrical
part Sas of the diffuse scattering intensity after irra-
diation ath: (00.4), q: [00.1] of Zn 4 (0}.
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1Q3
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pX

1P

Ql

1Q3—

( 00.2 )

[oo.1 ]

$2 10
1Q 2q/h

20 1008

(00.1]

2 8
1P q/h

102
Q2

(00.
(Qo.

s s s ilail
1 2

102 q/h

FIG. 4. Huang scattering cross section Sz after
irradiation: (a} at h: (00.2$, q: [00.1] of Zn 1 (X) and
Zn 2 (Q); (b) at h: (00.4), q: [00.1] of Zn 1 +, of Zn 2
with large (0) and small (g) incoming divergences, of
Zn 3 with large {~)and small (a) incoming divergences,
of Zn 4 with large (~) and small (~) incoming diver-
gences; (c) at h:(00.6), q: l00.1] of Zn 2 (), Zn 3 (4),
and Zn 4 (~).

tained at the three different reflection orders. %e
find a good agreement (within 4%) of CP33, mea-
sured at the (003}reflections for each sample.

As shown in Fig. 3 the diffuse-scattering inten-
sity at the (10.0) reflection as measured in the
[10.0] direction was considerably smaller than for
(00.h) reflections. Therefore, the error in the
diffuse scattering is quite large. The error bars
given on the right-hand side of the points (in addi-
tion to the error due to the resolution correction)
are obtained from three measurements at differ-
ent sample spots. The measuring effect was in-
creased with the second sample (Zn 5, 6} on ac-
count of tbe higher structure factor of the (11.0)
reflection. The average result for several sample
spots is given in Fig. 3. The error of the average
value of CP« is about 20%.

The q law of the Huang scattering is fulfilled
at the (10.0) and (11„0)reflections only close to
the Bragg reflection for q/h ~ V X 10 and q/h
«3.7X10-, respectively; for larger q values the
intensity decreases more slowly with q. This de-
viation from the q law is consistent with the ob-
servation at the (00.4) reflection. Equation (9}
yields Ro = 5.5 A; this is a reasonable value indi-
cating that the nearest neighbors of the interstitial
are strongly distorted. Table III summarizes the
results at the (10.0} and (11.0) reflections. The
ratio P33/P&& is also given which is independent of
the concentration C. The result of Zn 1 is neglec-
ted in the average on account of its high statistical
error.

C. Symmetry and defect strength of single interstitials

As we have seen in Sec. II we can obtain informa-
tion about the defect symmetry first by looking for
the existence of lines of zero intensity and second
from tbe symmetry parameter P33/P&&.

Measurements in a [10.0] direction were done at
tbe (00.4) reflection of Zn 1 and reproduced with
Zn 2. Within the measuring range [q/b =(8.5-7)
x10 2] a zero line could be excluded, although
compared with the [00.1] direction, tbe diffuse
scattering intensity was much lower. These data
do not show a q- dependence, but exhibit a slower
decrease with q. A detailed investigation of the
intensity distribution was done by making several
radial scans close to the (00.4) reflection (Fig. 5).
The v +1.5'=9 scans show zero intensity at about
2(6 -&a) =-0.5', the e + 3'= 6 scan at about -2'.
These results suggest a deformed zero line, as is
expected at larger q values for a strongly dis-
torting defect. " Close to the Bragg reflection
one would expect a zero line in a [21.0] direction.
These measurements were prohibited by the mo-
saic spread of the crystals. Perpendicular to the
(10.0) and (11.0) reciprocal-lattice vectors no in-
tensity was observed. All these results suggest

=0 ruling out a crowdion but not an II„O,or
7.' configuration of the interstitial.

P3,/P« ——2.4+0.3 (see Table III}also allows us
to exclude the crowdion configuration, where we
expect P33/P&& &1. The 0 configuration can also
be excluded, since its theoretical value of 1.3
(see Table II} is much less than the experimental
result. To be compatible with the experimental
PQ/Ptf the 7 configuration would yield a very un-
realistic position of the interstitial along the e
axis (Fig. 1)and is therefore excluded, too. Thus the
single interstitial can'only have an II, configura-
tion.

Combining Huang scattering data with the lat-
tice-parameter change, the strength of the defect
and the defect concentration can be determined.
In addition to the displacement around an intersti-
tial, the vacancy relaxation also contributes to
Huang scattering and lattice-parameter change,
thus yielding

CP;, = (CP;, )' + (C P0)",
ac/c = (Sc/c)' +(bc/c)" .

Since (CP;,)" and (4c/c)" are not determined in
our measurements, they enter the evaluation as
free parameters.

From measurements of self-diffusion as a func-
tion of pressure between 300 and 400 'C, the relax-
ation volume of a vacancy (b V/0)"'"" =-0.6 has
been deduced. " This yields a dipole-force tensor
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&U/U = bc/c + 2'/a, (12)

of the vacancy of P,",=-S.V eV(6„).Although the
systematic error (uncertainty in the migration
volume, extrapolation to low temperatures) of
this value cannot be estimated, it is expected to
represent an upper limit of the vacancy contribu-
tion.

Using Eq. (V) and

we obtain (Ac/c)" =-0.4VC and (M/a)" =-0.06C.
Thus the vacancy contribution to the measured lat-
tice-parameter change for Frenkel defects amounts
to about 8% for both axes. At the (00i'z) reflec-
tions, the vacancy contribution to the Huang scat-
tering is negligible (about 2%), at the (10.0) and
(11.0) reflections, however, it is 14%. This is
due to the low value of P&& and the isotropy of the
vacancy. The results both with and without con-
sideration of the vacancy relaxation are summar-
ized in Table V. Including this correction, P3&/PII,
for the interstitial, changes from 2.4 to 2.5.
Using Eq. 6(a) the dumbbell distance was deter-
mined to be 8% less than the nearest-neighbor
distance g. The specific resistivity per Frenkel
defect p& can be compared with the results of
damage rate measurements on single crystals
(for a recent review see Ref. 20). There is very
good agreement with the most recent value of
(15 +5)pQ cm/at. /0. ' Because p~ might be aniso-
tropic in hcp crystals, it is important to empha-
size that the resistivity was always measured in
the basal plane. Here again the possible correc-
tion due to the influence of the vacancy is smaller
than the experimental error.

The self-interstitial in Zn is characterized by a
large anisotropy of its displacement field and also
by a large relaxation volume of 3.6 atomic vol-
umes. P»/Pqt ——2.5 corresponds to a strain ten-
sor ratio X33/XI& ——-6.4 (y&& and X33 of Ref. 1 must
be scaled by a factor of 1.4). These values are
in agreement with the large and anisotropic static
DW factor discussed above (Table IV). The re-
sults for the self-interstitial in hcp Zn are very
different from those in fcc metals like Al or Cu,
where the [100]-split configuration has a nearly
isotropic long-range disp'lacement field and also
a much smaller relaxation volume of 1.9 and 1.45
atomic volumes, respectively, for Al and Cu. The
large anisotropy may be understood from the un-
usual elastic behavior of Zn. Even an isotropic
defect will cause a lattice-parameter change that
is higher by a factor of 7 at the e axis than at the
a axis (e.g. , the vacancy discussed above). With
an anisotropic defect such as the H, configuration
we actually observe a shrinkage in the basal plane
along with the expansion of the c axis. According
to Eq. (V) this occurs when P»/P„&c»/cta (~1.3

TABLE V. Results for self-interstitials in zinc.

(b, U/II)" Pft (eV) P]~ (eV) 2d (a) (4U/D)~ pz (pII cm/at. %)

0
-0.6

11.6 ~ 2.2
10.0

27.9 + 5.1
25.3

0.95 + 0.06
0.92

4.0+ 0.7
3.6

18.2g 5 7
15.3
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for Zn). A similar decrease in the a axis along
with an increase of the c axis is also observed in
heating zinc single crystals from 4 to 70 K.~~'

The large relaxation volume is consistent with
the restricted range of the q

~ dependence dis-
cussed in Sec. IVB. It seems interesting to note
that these changes are different at different re-
flection types. At (00.4) reflections we observe
at large q values a more rapid decrease of the
intensity than q . This is expected for strongly
distorting defects and is a first indication for the

q dependence [Eq. (10)] that is observed for even
stronger defects. In contrast to this we observe
a decrease of the intensity [looking at comparable
q values at the (10.0) or (11.0) reflection] that is
much slower than q (Fig. 8). This may indicate
that close to the defect the displacements in the
basal plane are much larger than in an r ' extra-
polation of the long-range displacement field.

The large (hV/0)" "' could also be explained if
small clusters rather than single interstitials are
formed during irradiation. Assuming (bV/0)'"'
=1.5 similar to Al and Cu, these clusters would
contain N =2-3 interstitials. However, the Huang
scattering cross section SH increases with the
growth of clusters [Eg. (8)]. In contrast to Au,
and high-dose irradiated Cu, ~' 3 w'here a nonlinear
increase of S~ with the irradiation dose or defect
concentration was observed, Table III shows that
for Zn the Huang scattering intensity is propor-
tional to the defect concentration. From this we

would be forced to conclude that, beginning from
the lowest irradiation dose, clusters of the same
size are always formed and do not grow during
the irradiation. This explanation seems to be very
unlikely. Although 3-MeV electrons can initiate
double or triple displacements in Zn, due to the
strong dominance of small energy transfers by
fast electrons the majority of the defects will be
formed by single displacements. A subsequent
migration process to form clusters would always
lead to an increasing cluster size with dose. In
addition, if there were clusters of the average
size of N interstitials, the value of p~ would be
-smaller by a factor of N in contrast to other mea-
surements. ' Furthermore, the annealing behavi-
or discussed in a subsequent paper suggests the
presence of single interstitials below stage I.
Therefore, we exclude the possibility of a large
(nV/A)""' due to clustering.
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