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pointed out that a breakup of these "jets" into
apparently still finer filaments, as is becoming
apparent in Fig. 4(b), becomes even more pro-
nounced at later times. On the other hand, de-
polarization from plasma density structures with-
out magnetic field is possible, "but how these
structures could retain their form without any
associated magnetic field is difficult to explain.

Although considerable density structure has
been expected and observed in the underdense
plasma and near critical density, we have pre-
sented results that show that the entire plasma
displays very complicated density behavior dur-
ing the rise of the CO, -laser pulse. In addition
we have found that plasma transport from the
ablation layer is in our case dominated by in-
stabilities in the overdense plasma that may well
generate complex magnetic fields even in the
underdense plasma. It therefore appears that
stable adiabatic compression of laser targets is
more difficult than foreseen, both to understand
and to improve. Obviously more work needs to
be done before an adequate knowledge of the prob-
lems in laser fusion is achieved.
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The yield strengths of thin-layered Al-Cu and Al-Ag laminates greatly increase as the
layer thicknesses are reduced. This strength enhancement is interpreted as evidence for
the retardation of dislocation generation and motion as has been theoretically proposed.

Several years ago, Koehler' proposed that a favored over a dislocation propagation across the
laminate structure which is formed of thin layers layer interface into metal A. In the case of thick
of two metals, A and B, where one metal (A) has layers, the dislocations generated in either of
a high dislocation-line energy and the other met- the layers will pile up in B at the B-A interface
al (B) has a low dislocation-line energy, should and thereby provide the stress concentrations
exhibit a resistance to plastic deformation and needed for premature yield. Hence, to suppress
brittle fracture well in excess of that for homo- the generation of new dislocations in the layers,
geneous alloys. If the dislocation-line energies the thicknesses of A and B must be small.
are so mismatched, the termination of the mo- In this Letter we report experimental results
tion of dislocations in metal B is energetically for the layer-thickness dependence of the yield
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strength of Al-Cu and Al-Ag laminates. Below
the critical layer thicknesses required for dislo-
cation generation in the layers, the experimental
results are in good agreement with Koehler's pre-
dictions. For layer thicknesses greater than
those required for dislocation generation, we
have extended the calculations to include disloca-
tion-pileup groups. The calculated inverse layer-
thickness dependence for the yield stress is in a
good accord with the experimental data.

The Al-Cu and Al-Ag specimens were prepared
by vapor deposition of the metals onto (100) Nacl
single-crystal substrates maintained between 25
and 40 C. A micro tensile tester was used for all
tensile measurements. The stress-loading rates
were typically 1.8 MPa s

The experimental results for the layer-thick-
ness dependence of the tensile yield stress for
laminates having equal Al and Cu thicknesses are
summarized in Fig. 1. The resolved tensile
stress in the "soft" Blayers at yield 0, ~ can be
related to the measured tensile yield stress by
the expression p, s= 0, /(V~+ V„i'„/F~), where
F„and F~are the Young's moduli, and V~and
V~ are the volume fractions of A =Cu, Ag and B
=Al, respectively. The data for the resolved ten-
sile stress in the Al layers at yield, designated
by solid triangles in Fig. 2, are for laminates
that had 50-nm Cu layers and the range of Al-lay-
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FIQ. 2. Inverse Al-layer-thickness dependence of
the resolved tensile stress in the Al layers at yield for
Al-Gu laminates. For the data points denoted by solid
triangles, the Gu-layer thicknesses were about 50 nm,
and the Al-layer thicknesses were varied as indicated.
The solid square denotes the value measured in "thick"
Al films. The dashed line is given by Eq. (6) with CAy

=0.85 and t Ai'=232 nm.
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FIQ. l. Inverse layer-thickness dependence of the
tensile yield stress for Al-Cu laminates. The Al- and
Cu-layer thicknesses were equal in each laminate. The
solid triangle is the value given by the rule of mixtures
for thick films of the metals. The solid line is given by
Eq. (4). The dashed line is given by Eq. (7) with Cc„
=0.75 andtc„'=70 nm.
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FIQ. 3. Inverse Al-layer-thickness dependence of
the resolved tensile stress in the A1 layers at yield for
Al-Ag laminates. The Al- and Ag-layer thicknesses
were nearly equal in each laminate. The dashed line
is given by Eq. (6) with CA~ =0.85 and t ~i =232 nm.
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Table I. The stress values given in the figures
correspond to the first significant deviations
from linear stress-strain behavior and are aver-
ages for one to ten specimens of each layer thick-
ness. For most cases, the scatter in the meas-
ured flow-stress values was less than +15%. The
resolved tensile yield stress in the Al layers for
each laminate system shows a large increase as
the layer thickness decreases to some critical
value, below which it is independent of layer
thickness. A comparison of the results in Figs.
1 and 2 implies that the critical layer thicknesses
were tc„'=70 and t„&'=232 nm. The critical lay-
er thickness for the Al-Ag system also is about
232 nm which probably again corresponds to the
minimum thickness required for Frank-Read-
type dislocation source operation in the Al layers.

Using isotropic-eleasticity theory and boundary
conditions similar to those considered by Head, '
Koehler' gives the repulsive force per unit length
between a screw dislocation in metal B and its
nearest image in metal A as

We approximate the minimum value of the re-
solved tensile stress required for grains having
the most favorable glide-plane orientations for
yield by the expression

Cr, ~) O +O„~,

where o„~=a.~(t~ ~) and t~ is the B-layer thick-
ness. For the extreme limits o, ~/o -0 and o /
0, ~-0, the expression reduces, respectively,
to the proper minimum values, i.e. , o, ~= o (cos8
-1) and o, ~=o„~=2o,~ (8=45 ), and somewhat
underestimates the stresses required between the
limits. Generally, the applied stress required
should be greater than 0, . In the elastic region
of the stress-strain characteristics, for a given
strain ~, the applied stress 0, is distributed be-
tween the A and B layers according to 0,= V~F~e
+ V~Y„~, where F~ and F„are the Young's modu-
li, and V„and V~ are the volume fractions of A.

and B, respectively. The condition for yield in
the laminate is given by F~e) 0, =0 +o„~. The
tensile stress needed, therefore, is

F=Rp~b'/4r, o, o [V, V„t„/l,j(o„+o„'). (4)

where R=(p„- p~)/(p„+ p~), p„and p~ are the
respective moduli of rigidity of metals A and B,
b is the Burgers displacement in B, and r is the
distance between the dislocation and the nearest
interface. He notes that the maximum repulsion
should occur when x= r;„2b, and finds that the
maximum interfacial repulsive shearing stress
is given by

o ' = Rp~ sin 8/8m = o sin 8,

where, by definition, o =R p~/8n, and 8 is the
smallest angle between the interface and the glide
plane of metal B. The resolved tensile stress in
the B layers required for yield 0', ~ is therefore
given by 0, sin8cos6= 0 sin&+ o, , where 0,
is the shearing stress required to overcome the
frictional forces.

The pertinent material parameters used in the
computations and the calculated and measured
values of the resolved tensile stress in the Al
layers at yield for layer thicknesses less than the
critical values are summarized in Table I. Fol-
lowing Koehler, ' we have used the cubic elastic
constants C44 at 25'C for the modulus of rigidity
of each metal. The values of C44 are from
Schmunk and Smith, ' Overton and Gaffney, ' and
Bacon and Smith. ' The solid curves in Figs. 1-3
correspond to the yield stresses calculated from
Eq. (3) or (4). For both the Al-Cu and Al-Ag sys-
tems, the agreement between the measured and
calculated results is reasonably good. Had we
considered only the highest measured yield-stress
values instead of the averaged values for several
specimens, the discrepancies between the meas-

TABLE I. Summary of the measured and calculated results. The val-
ues of Y and o were determined from data for thick films of the metals.

o (B-A.) o. ~(8-A)
Metal or p Y o o (8-A) (calc.) (meas. )

metal pair (QPa) (GPa) (GPa) (GPa) (GPa) (QPa)

tC

(nm)

Al
Cu
Ag

Al-Cu
Al-Ag

28.3 69.0 0.023
75.4 104 0.256
46.1 70.7 0.053 S ~ ~

0.511
p.269

0.534
p.292

0.496
0.275

-232
~70
) 240
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ured and calculated results would have been in-
significant. On the other hand, Eq. (3) tends to
underestimate the minimum stresses required.
In the case of Al-Cu, where 0„"'=2a,"'=0.023
GPa, the angle for the optimum glide-plane ori-
entation for yield is -15.5 and v, »(Al-Cu)
=0.574 GPa, which is about 7/0 higher than the
value deduced from Eq. (3). For Al-Ag, the op-
timum angle is -18.7' and v, »(Al-Ag) =0.325
GPa, or about 9/q higher than the value given in
Table I and Fig. 3. When noting the magnitude of
the observed effects, the estimated (6-8)~/0 er-
rors in the experimental data, and the idealized
treatment of the overall problem, differences
arising from the above considerations are not
signif icant.

In contrast to the Petch-type' inverse-square-
root variation commonly observed for the grain-
size dependence of the yield stress in bulk met-
als, above the appropriate critical layer thick-
nesses, the stresses at yield for each laminate
system show a linear dependence on the inverse
layer thickness. We explain this usual thickness
dependence as follows. The shearing stress re-

lBO ~YVB+ VA Y
tB'tB2n'e L B

quired to operate a Frank-Read dislocation source
is given by e pb/l, where l is the dimension of
the source and 0. is a proportionality constant of
the order of unity. For layer thickness ~ l, the
dislocations generated in either layer pile up in
B to provide stress concentrations at the A-B
interface of the order of n~(o„~ —o, ~), where n~
is the number of dislocations in the pileup group
and 0„Bis the shear component of the applied
stress in a given glide plane of B. The condition
for yield is given approximately by n~(o„~- o, ~)

=cr sin6. Consider first the case when the gen-
eration of new dislocations occurs primarily in
B. The pileup group will provide a back stress
on the operating sources given approximately'
by n~pP~/2mL~, where L~ is the length of the
pileup group. According to Mott's theory' of dy-
namic generation of dislocations, once a source
starts to operate, it will continue to operate un-
til the stress around it is reduced by n pPs/l~,
i.e. , until a p~b~/l~=n~pP~/2xL~ or n~= 2meiL~/

lB. Hence, for "thick" layers, by using the same
approximations that were involved in the deriva-
tion of Eqs. (3) and (4), the condition for yield
may be written as

(5)

where lB is the dimension of dislocation sources in B and tA is the thickness of A. If LB= ytB and lB
= pt~', where y and p are proportionality constants of the order of unity, the resolved tensile stress
in B required for yield is

Y~0 B g P + V A

B-

C

B

where C~= P/2mny. Equation (6) predicts the inverse layer-thickness dependence that is implied by the
experimental data of Fig. 2. For t»'= 232 nm, Eq. (6) can be fitted to the data of Fig. 2 with C„,= 0. 85.

When the generation of new dislocations occurs primarily in metal A, i.e. , in the Cu layers in the
case of Al-Cu, the meaning of the thickness dependence of the result is less certain. Assuming, how-
ever, that the back stress on the operating sources in A is also caused by the dislocation p'ileup at the
A-I3 interface, the arguments used in deriving Eq. (6) give the condition for yield as

t ~ YB„"+CA O~ VA+ VB, tA tA, tA tB
A Aa

(7)

where o „"(V„+V~ Y~/Y„) = o, (t„-~), C„=p'/
2no. 'y', and o. ', P', and y' are the appropriate
proportionality constants for metal A. Equation
(7) also implies a linear inverse-layer-thickness
dependence. Fitting Eq. (7) to the data of Fig. 1
yields Ccu = 0 ~5 if ten = 7o nm.

The stress-strain characteristics of several
240-nm-thick Ag specimens were measured and
were linear nearly to the fracture stress of 0.64
GPa; this implies that the critical minimum
thickness for dislocation sources to operate in

! Ag is greater than 240 nm. Thus, we conclude
that the generation of new dislocations in the case
of Al-Ag laminates occurred chiefly in the Al lay-
ers. Consequently, the ratio of the slopes of the
inverse layer-thickness dependence of the re-
solved yield stresses in Figs. 2 and 3 should be
precisely v (Al-Cu)/o (Al-Ag) according to Eq.
(6). The dashed curve shown in Fig. 3 was cal-
culated with the values of the parameters C„& and
t„&' determined by the fit to the data for Al-Cu.
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The agreement between the predicted and meas-
ured results is excellent. For A1-Ag where I'„,/
F„=l, Eqs. (6) and (7) are formally equivalent;
the fitting of the data would not be significantly
altered if the Ag layers were the main sources
of new dislocations.

In conclusion, it has been established that the
observed strength enhancement in thin-layered
Al-Cu and Al-Ag laminates is caused by the re-
pulsive dislocation-image forces described by
Koehler. ' The laminate systems investigated con-
sisted of polycrystalline layers with nearly ran-
dom grain orientations, and consequently the in-
dividual layers present rather complex three-di-
mensional slip systems. The calculated results
are therefore approximate for they do not include
the rigorous angular dependences of the forces
acting in the possible glide planes.
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Two-loop calculations indicate that the order parameter in liquid helium at the A, point
may relax by an order of magnitude more slowly than the entropy. Consequently the cri-
tical region for entropy relaxation is expanded by an order of magnitude, both above and
below the A. point, which may help to reconcile light-scattering data, second-sound damp-
ing, and dynamic scaling theory. Characteristic double-humped spectra are calculated,
providing a crucial test of the present theory.

From general considerations a dynamic scaling
theory" has been advanced in which it has been
argued that the breadth of the spectrum of en-
tropy fluctuations at the ~ point in liquid helium
scales with wave number k according to

v, (k) =ak' '. (&)

Equation (l) has subsequently been confirmed by
both the mode-coupling' and dynamic renormali-
zation-group theories. ' The value of the con-

stant a which is obtained from these theories
compares satisfactorily with the value deter-
mined experimentally from light scattering by
Winterling, Holmes, and Qreytak, ' Vinen et al. ,

'
and Tarvin, tidal, and Greytak. ' The tempera-
ture dependence predicted by dynamic scaling
has, however, been found to be in gross contra-
diction with the experimental observations. In
this note we offer an explanation of this discre-
pancy and show how dynamic scaling theory can
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