
PHYSICAL REVIEW 8 VOLUME 44, NUMBER 10 1 SEPTEMBER 1991-II

Finite-size efFects in thin Ag-Mn spin-glass layers
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Measurements of the quasistatic spin-freezing temperature Tf, as a function of spin-glass layer thick-

ness, W« ~„,are presented for multilayer samples of the spin-glass Ag& „Mn (x=0.04 and 0.09) alter-

nated with interlayers of Ag or Cu having thickness 8';& =30 nm, a value large enough to magnetically

decouple the spin-glass layers. The values of Tf are independent of whether the interlayer metal is Ag or
Cu, and thus insensitive to grain sizes and structural details of spin-glass —interlayer interfaces. To
within experimental uncertainty, for a given value of &so, the ratio Tf /Tf (Tf is the bulk transition

temperature for a given x) for Ag& Mn is independent of x and the same as was previously found for
Cu-Mn. The data for thin (8'sz ~ 10 nm) spin-glass layers are compatible with the predictions of the
Fisher-Huse droplet-excitation model. Under some circumstances, large-angle x-ray scattering is shown

to directly measure the layer thickness of the thinner of the two constituents of a multilayer sample.

I. INTRODUCTION

Modern techniques for fabricating monatomic layers
and multilayer systems make it possible to study finite-
size effects and three-dimensional (3D) to 2D crossover
behavior in magnetic systems. A fair amount is known
about finite-size effects in systems with long-range order
such as ferromagnets rather less is known about disor-
dered systems such as spin glasses (SG's). We and others
recently showed that as the thickness 8'so of layers of
the SG Cu, „Mn, (0.04~x ~0. 14) is reduced, the qua-
sistatic spin-freezing temperature Tf [defined as the loca-
tion of the peak in the zero-field-cooled (ZFC) linear
magnetic susceptibility for a measuring time per data
point of several minutesj decreases systematically, ap-
proaching 0 K as 8's& approaches 0 nm. In the present
paper we show that a second spin glass, Ag-Mn, displays
qualitatively and quantitatively similar behavior to Cu-
Mn.

In this section, we limit ourselves to reviewing previous
finite-size-effect studies of metallic SG's and the models
with which we will compare our data. The reader in-
terested in a more complete background and discussion
of related issues, as well as a justification for finite-size
studies of Tf in metallic and nonmetallic SG's, is referred
to Ref. 4. Aside from a brief mention below of the non-
linear susceptibility, and of how the dependence of Tf on
measuring time and the aging behavior in Cu, „Mn„
vary with Ws~, we focus upon changes in Tf with de-
creasing Ws&. It is important to emphasize that Tf mea-
sures only a dynamic property of the SG and that, to the
extent that a SG can be said to undergo a true phase tran-
sition, it does so only in the 1imit ~~ ~. In Sec. II, we
describe sample preparation and characterization. In
Sec. III we present and analyze our Ag-Mn data and
compare them with previous results for Cu-Mn. Section
IV contains a summary and conclusions.

In the first published attempt to observe finite-size

effects in metallic SG's, Cowen, Kenning, and Slaughter
studied Tf as a function of Wc„~„in sputtered multilay-
er samples (MS's) with Wso =1.5 nm of CuQ 93Mno Q7

al-

ternated with interlayer thicknesses of 8';&=1.5 to 9 nm
of Cu or with 8's& =10 to 0.5 nm of Cu-Mn alternated
with 8';& = l.2 nm of Si. They did not find any clear evi-
dence of finite-size effects, and we now know that their
values of W;& were too small to magnetically decouple the
SG layers.

The first definitive demonstration that Tf decreases
systematically with decreasing 8'c„Ni„ for magnetically
decoupled SG layers was made by Kenning, Slaughter
and Cowen on sputtered MS's with 8'c„~„=2to 1000
nm alternated with 7 nm of Si. They reported that all of
their data could be fit with the finite-size scaling equa-
tion

( Tf Tf ) /Tf = ( W—so / W, )

where Tf'is the bulk transition temperature for a given x,
8; is the SG width at which Tf =0 K, and v is a con-
stant. For Cu& Mn /Si MS's with 0.04~ x + 0. 14,
Kenning and co-workers found ' that W =3.5 nm and
v=1.6+0.3; this latter value is slightly larger than the
value of v=1.3+0.2 found from nonlinear susceptibility
measurements. The ability of Eq. (1) to fit data over
very wide ranges of Wso is surprising, since Eq. (1) is ex-
pected to be valid only near Tf.

Cowen, Kenning, and Bass and Kenning et al. subse-
quently found that the values of Tf for Cu-Mn/Cu MS's
decreased somewhat less rapidly with decreasing
than those for Cu-Mn/Si MS's. The Cu-Mn/Cu MS data
were also compatible with Eq. (1), but with W, =1 nm
and v = 1.2+0.3. Kenning et al. provided evidence that
the larger value of W; for Cu-Mn/Si was due, at least in

part, to contamination of the Cu-Mn by Si. Stubi et al.
later showed that cooling the sample substrates to room
temperature or below during sputtering reduced the

1991 The American Physical Society



5074 STUBI, COWEN, HOINES, WILSON, FOWLER, AND BASS
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Here subscripts denote dimensionality, z is the standard
exponent for dynamic critical scaling, g and 0 are scaling
exponents for activation barriers and free energies, re-
spectively, and 8'sG and ~ are measured in terms of a mi-

croscopic length and a microscopic time, respectively. '

Our thick 8'sz data are not accurate enough to distin-
guish between Eqs. {1)and (2).

For 8'sG thin enough and ~ long enough so that
T//T& ((1 (but with Wso still larger than the average
separation between impurities), Fisher and Huse derived
the equation

~&3+&2 2~3 "+ 2&2~

T/(r)/T/ ~
ln~

(3)

value of 8' derived for Cu-Mn/Si MS's toward that
found for Cu-Mn/Cu MS's.

Recently, Gavrin et a/. reported that Cu-Mn/A1203
MS with 8 sG extending down to 6 nm showed decreases
in Tf with decreasing 8'c„~„comparable to those found
for Cu-Mn/Si, and Vranken and co-workers' '" reported
similar decreases for Au-Fe single films with 8'so down
to =6 nm. Fitting their Cup 9pMnp p8/AlpO3 MS data to
Eq. (1) for WsG up to 200 nm, Gavrin et al. derived a
value of W, =2 nm and v=1.6+0.2. Also using Eq. (1),
Vranken et al. initially reported obtaining 8' =10 nm
foI Aup 99Fep p&, but subsequently found that thin-film
data foi AUQ 95Fei) i)s deviated from Eq. ( 1 ) for Wso & 10
nm. "

Stimulated by the initial data of Kenning, -Slaughter,
and Cowen Fisher and Huse' examined the 3D to 2D
crossover behavior expected in Cu-Mn in terms of a
droplet excitation model. For Tf near Tf', assuming that
the lower critical dimension' d& lies between 3 and 2, they
derived an equation similar to Eq. {1),except multiplied
by a factor logarithmic in the measuring time w;

havior, with the second' explicitly suggesting that there
is a finite value of 8's& below which Tf extrapolates to
0 K in the hmit ~—+ ~.

The foci of the present investigation were (a) to deter-
mine whether the behavior of Tf seen in Cu-Mn is also
seen in another SG, and (b) to test whether this behavior
is sensitive to the interlayer metal. Ag-Mn was chosen as
the SG with properties closest to those of Cu-Mn. ' ' Cu
and Ag were chosen as alternative interlayers because (a)
they are the host metals of Cu-Mn and Ag-Mn, (b) their
electronic structures are almost identical, but {c)their lat-
tice parameters diff'er enough ( = 13%) to produce
significantly different interface structures and grain sizes
in Ag-Mn/Ag and Ag-Mn/Cu MS's.

Some data from this work have already been published
elsewhere. ' Complementary "recoupling" experiments
on the return to 3D from quasi-2D in both Cu-Mn and
Ag-Mn —based MS's when JYso is held constant at 4 nm
and 8';& is reduced from 120 to 1 nm are being published
separately. '

We previously showed for Cu-Mn/Cu MS's (Ref. 4)
that we could rule out, as being of only minor impor-
tance, the potentially complicating eff'ects of (a) reduction
in the number of nearest Mn neighbors at the surfaces of
finite-thickness layers, and (b) "spreading" of Mn out of
the Cu-Mn layers and into the Cu during sputtering. The
arguments given there apply equally well to the current
work on Ag-Mn, and we do not consider these phenome-
na further. We also showed" that the finite-correlation-
length spin-density-wave picture of Werner and co-
workers did not provide additional insight into our Cu-
Mn/Cu data, and the same conclusion follows for the
current data. Due to experimental uncertainties in the
normalizing values of Tf for our Ag-Mn —based data, we
limit our comparison of thick Wso data with Eq. (1) to
showing that the new data cluster around the fit previous-
ly obtained for Cu-Mn —based MS's. For thin 8'sz data,
in contrast, we independently fit our new data with Eq.
(4).

For fixed r, Eq. (3) can be simplified to

Tf /Tf ~sG (4)

II. SAMPLE PREPARATION
AND CHARACTERIZATION

where the condition' d —1 ~ g ~ 0 sets an upper bound
of a & f3 &2. The values of the parameters in Eq. {3)—
93, $2vz, and especially g3 —are all highly uncertain.
However, from simulations and experimental data, ' '"
we can estimate approximate bounds on these values,
0.2&03&0.3, 1 & $2v2&2. 2, and 0.5& $3&1, which lead
to an estimate of 0.3 ~ a ~0.65. The only previous mea-
surement of a from size effects is that by Kenning et al. ,
who found a =0.5+0. 1 for Cu-Mn/Cu MS's with 2
nm~ 8'c„~„(20 nm. As their data extended only to
Tf /Tf 0.3, they did not reach Tf / Tf (( 1 .

Studies have also recently been made of effects of SG
layer thickness on the high-field nonlinear susceptibility,
on how Tf varies with measuring time ~, ' and on how
the relaxation rate varies with 8 sz for both magnetically
isolated and partially recoupled SG layers. ' These stud-
ies provide plausible evidence of 3D to 2D crossover be-

A. Sample preparation and T~

The MS samples were prepared by dc sputtering onto
Si(001) substrates cooled to just below room temperature
as described elsewhere. ' ' ' To test whether the values of
Tf are independent of the specific nature of the interlayer
metal, both Ag-Mn/Ag and Ag-Mn/Cu MS's were made.
Two nominally identical MS's were sputtered simultane-
ously onto substrates located symmetrically about the
axes of the sputtering targets.

For Cu-Mn samples, we have always found the values
of Tf measured on sputtered 500—1000-nm films to be
essentially the same as those for shavings taken from the
sputtering target, indicating that the Mn content of the
films is the same as in the target. To ensure consistency,
we took the Tf for a given Mn concentration to be the
value for the shavings.

For Ag-Mn, in contrast, the values of Tf for sputtered
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400 —1000-nm-thick films were systematically about 40lo
lower than those for shavings. The Mn content was
found to be uniform throughout the Ag-Mn targets, and
to be only little changed after substantial sputtering from
the target. We thus concluded that the loss of Mn must
be occurring during the sputtering process itself. Vary-
ing the sputtering rate from 0.6 to 1.8 nm/sec produced
no obvious change in Mn content of the sputtered films,
provided that the sputtering pressure was maintained
constant. However, increasing the sputtering pressure,
while holding the other parameters constant, substantial-
ly decreased both the sputtering rate and the Mn content,
as shown in Fig. 1. The lighter Mn atoms are apparently
scattered more strongly by the Ar atoms of the sputtering
gas than are the heavy Ag atoms.

In view of this Mn loss during sputtering, we have
chosen the values of Tf for the Ag-Mn alloys to be aver-
ages of those for 400—1000-nm-thick films. Due to a
combination of the angular dependence of the amount of
Mn arriving at the substrate noted above, with different
locations of different substrates relative to the sputtering
gun axis during sputtering, we observed variations
around these chosen values. These variations lead to an
uncertainty in Tf of about +5% for the Ago 9]Mno 09/Cu
MS's and slightly more for the Ago 96Mn004/Ag and
AgQ96Mno0~/Cu MS's. From the reproducibility and
internal consistency of the data for our Ag-Mn MS's (see
Table IV below), we are confident that the Mn loss was
the same for all of our sputtered samples to within the
percentage uncertainties listed for Tf. The specified Mn
concentrations of 0.04 and 0.09 were estimated from the
known curves of Tf vs x for Ag-Mn. '

Mn/Ag MS's are thus too weak to be seen. The widths of
x-ray lines can, however, yield useful information about
correlation lengths (which we take to be the average
grain sizes) normal to the MS layers. We presume that
grain sizes within the layers are comparable to those nor-
mal to the layers, but we have not measured the former.

For Ag-Mn/Cu MS's, in contrast, x rays permit the
determination of both the bilayer thickness d and average
grain sizes normal to the layers. We will show that, in
some cases, x rays can also directly yield individual layer
thicknesses.

1. Average grain sizes normal to the layers

The first two columns of Tables I—III contain the
intended values of 8'sz and d, respectively, for
Ago 96Mno 0„/Ag, Ago 96Mno „4/Cu, and Ago»Mnc 09/Cu
MS's. The last columns contain the average grain sizes g
for each of the samples, determined from the standard
Scherrer formula as described previously.

Since Ag-Mn and Ag have nearly the same lattice pa-
rameters, we expect epitaxial growth at the interfaces,
and indeed Table I shows that the grain sizes for Ag-
Mn/Ag MS's are = 50 nm, larger than the bilayer
thicknesses d of all but the samples with the largest d,
and nearly independent of 8'sz. Similar behavior was
also previously found in Cu-Mn/Cu MS's.

The lattice parameters of Ag and Cu, in contrast, differ
by about 13%. Here, we expect grain sizes to be bound-
ed by the individual layer thicknesses. The last two
columns of Tables II and III show that this expectation is
generally valid.

B. X rays and film-thickness determination 2. Super1attice periodicity

Ag-Mn and Ag have nearly the same electron density,
and the lattice parameter of Ag does not change appreci-
ably as Mn is added. Multilayer satellites in Ag-

For the Ag-Mn/Cu MS's, columns 3, 4, and 5 in
Tables II and III contain the values of d determined, re-
spectively, from the total sample thickness (measured

30

Ago. a&MD. o.oo 500—nm films TABLE I. Intended SG layer thicknesses 8's&, intended bi-
layer thicknesses d; Dektak-measured bilayer thicknesses dD, k,
and x-ray measured crystallite sizes gr, for the Ago 96Mno 04/Ag
MS's. The units are nm and the uncertainties are several per-
cent.

(Ag —4 at. % Mn)/Ag
d Dek

22—

20 I I I

0 2 4 6 8 10
Pressure (znT)

FICi. 1. Tf vs sputtering pressure I', for 500-nm-thick Ag-
Mn films prepared with target voltage and current held fixed.
The decrease of Tf with increasing I', indicates a decreasing
fraction of Mn in the sputtered films. The curve is simply a
guide to the eye.
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TABLE II. Intended SG layer thicknesses 8's~; intended bilayer thicknesses d; Dektak, SAXD, and
LAXD measured bilayer thicknesses dD, k, dsAXD, and dLAXD and SG layer thicknesses 8'zz,' and x-ray
measured crystallite sizes g„s M„and gc„, for the separate constituents of the Agp 96Mnp p4/Cu MS's.
The units are nm and the uncertainties are several percent.

100

50

25

12.5 42.5

dDek

142.5
77.5

52
54
40

Ago. 96Mno. o4/Cu

dSAXD d LAXD

44.5
40.5

24.5
10
12

Ag-Mn

27

31

18
10
13

24

26

22
19
31

3.5

37

35

33.5

37.5
38

36
32.5
33
30
31

44

38.5

34.5
32.5

31
30

6.7 7.7
4.6

2.6

37
19

42
32

with a Dektak IIA profilometer) divided by the number
of layers deposited, from small-angle x-ray diffraction
(SAXD) and from large-angle x-ray diffraction (LAXD).
For the Ag-Mn/Ag MS's, column 3 of Table I contains
similar Dektak-determined values. Because of the large
value of W;i (i.e., 30 nm) needed to magnetically decouple
the SG layers, the SAXD satellites occur at rather small
angles, and the I.AXD satellites appear superimposed
upon the diffraction peaks for Ag-Mn and Cu as illustrat-
ed in Figs. 2 and 3. Both the small- and large-angle satel-
lites were thus generally few and weak, leading to uncer-
tainties in dsAxD and di&XD of several percent.

In some circumstances, the satellite structure was dom-
inated not by the oscillations due to the bilayer thickness

d, but rather by the "diffraction patterns" from the
thinner of the two layers of the MS (in our case, W'so).
Figures 4 and 5 illustrate data that directly provide
values for WsG (which we designate by 8'so ). Although
such "diffraction" induced structure has been seen in
SAXD data, and is formally contained in the appropri-
ate x-ray equations, the fact that this structure directly
yields Wso does not seem to be widely appreciated.

Figure 4 compares data (solid curve) for a
Ago 96Mnp o4/Cu (7-nm/30-nm) MS with a calculation
(dashed curve) for a single bilayer having a square-wave
concentration profile (i.e., %so layers of the SG with lat-
tice parameter as&, and N,„layers of the interlayer with
lattice parameter a,i ). In the solid curve, the bilayer os-

TABLE III. Intended SG layer thicknesses 8's(-, intended bilayer thicknesses d; Dektak, SAXD,
and LAXD measured bilayer thicknesses dD, k, dsA», and dLAXD and SG layer thicknesses 8 sG', and
x-ray measured crystallite sizes g~, M„and gc„, for the separate constituents of the Agp 9,Mnp p9/Cu
MS's. The units are nm and the uncertainties are several percent.

Ago 9&Mnp p9/Cu

500
200
100
50
25
12.5
7
5
4
3.5
2
1

530
230
130
80
55
42.5
37
35
34
33.5
32
31

571
228
134
80
54.9
41.3
34.5
36
36.2
32.9
31.8
31.4

dSAXD

42.2

34.5

d LAXD

40.2
38.7
33.2

37.6
30.1

30.8

~soM

26.2
11.3

Ag-Mn

49
41
32
30
22
12
6.9
5.1

4.0
3.6

CU

26
11
25
26
27
23
25
24

32
36
20
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FIG. 2. The SAXD pattern for a AgQ 9]MnQ Q9/Cu (2-nm/30-
nrn) MS. The separation between the SAXD satellites deter-
mines d.

FIG. 5. LAXD patterns for a series of AgQ 96MnQ Q4/Cu
(8'sG/30-nm) MS's, showing how the "diffraction" pattern
varies as 8's~ increases. The separation between the diffraction
peaks determines 8'zz.

5xiO

10

& 5x10

cillations are nearly washed out, so that the region be-
tween the large Ag-Mn and Cu peaks is dominated by the
two broad "diffraction" maxima due to 8'so. Figure 5

shows how the separation between these maxima grows
as 8'sz decreases.

103

5xiO
III. EXPERIMENTAL DATA AND ANALYSIS

A. y(T)

40 42
P. 8 (deg )

44

FIG. 3. The LAXD pattern for a AgQ 9I MnQ Q9/Cu (1-
nm/30-nm) MS. The separation between the LAXD satellites
determines d. The inset is an expanded view of the region from
41'—43' using the same units as the main figure.
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FIG. 4. The LAXD pattern for a AgQ 96MnQ Q4/Cu (7-
nm/30-nm) MS compared with the calculated pattern for a rec-
tangular model with (7.1 nm)/(28. 6 nm). The short coherence
length nearly washed out the 1/d oscillations [from Cowen
et al. (Ref. 19)].

Measurements of y vs T were made on a Quantum
Design MP MS superconducting quantum interference
device (SQUID) magnetometer. This apparatus is cap-
able of measuring sample magnetic moments over a wide
range of temperatures and magnetic fields with a resolu-
tion of =1X10 emu.

To measure g for our layered samples, the sample plus
substrate was cut into 0.5-cm X 1-cm strips to fit into the
measuring coils. The magnetic field was set to zero and
the sample was cooled from well above the expected Tf
down to 5 K. The magnetic field was then raised to the
measuring value of H =100 G, and y=M/H measure-
ments were taken at a series of increasing temperatures,
with measuring time —5 minutes per data point. The re-
sulting data are called the zero-field-cooled (ZFC) data.
With the field held at 100 G, measurements were then
taken either at a series of decreasing temperatures back
down to 5 K, or the sample was again cooled to 5 K and
then warmed again. Such data are called field-cooled
(FC) data; little or no differences were found between
data taken with the two different FC procedures. Oc-
casional checks showed that Tf was independent of H for
H ~100 G.

Figure 6 shows ZFC data for a series of
Agp 96Mnpp4/Ag MS's along with one example of FC
data. These curves are representative of the susceptibility
data of all of the Ag-Mn/Cu or Ag-Mn/Ag MS's, partic-
ularly in showing that the characteristic features of spin-
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Agp 9pMIlp pg/Ag

15—

10—
SIP3 a

0 I 0
~chk Q YQ Q

0 ~~ 0 n 0

~+

0 2/30/200
a a 3.5/30/||5

O 5/30/80
~& 7/30/58+ 12.5/30/32
+ 25/30/16
Q 50/30/8

I I I I I I I I I I I I0
0 5 10 15 20 25

FIG. 6. ZFC yd, versus T for a series of AgQ96Mnpp4/Ag
( Wsz/30-nm) MS's, showing how the data continue to display
the characteristic form of a SG down to the thinnest values of
Wsz studied, and that Tf (the location of the maximum in each
curve) decreases monotonically with decreasing Wz~. The filled

circles show the FC curve for the 3.5-nm/30-nm sample. The
numbers at the right of the graph represent Wz~ {in nm),

W;i =30 nm, and the total number of layers in the MS.

creases slightly as T is reduced below Tf, and thereafter
remains nearly constant. ' In our Ag-Mn —based MS's,
and FC g also typically decreases slightly as T is reduced
below Tf, but then increases as T~O K. Similar behav-
ior was previously seen in Cu-Mn/Cu MS's.

For the Ag-Mn/Ag MS's, the susceptibilities for
T) Tf all appear to follow generally similar Curie-like
behavior, with magnitudes corresponding to approxi-
mately the same number of paramagnetic moments. This
is what we would expect, since we have attempted to
keep the total amount of SG material about the same in
all of the samples. Part of the residual di6'erences in g
can be attributed to differences in the (nearly temperature
independent) susceptibilities of the diamagnetic Si sub-
strates backing the samples, for which no correction has
been made. But it is not clear that this is the complete
explanation, since remeasurements of Cu-Mn —based
MS's after several months have shown that, while Tf
for a given sample remains constant, the magnitudes of
both the ZFC and FC g's, as well as the separations be-
tween them, can change.

From Fig. 6, we see that Tf decreases systematically
with decreasing 8'sz. By fitting a smooth curve to the
data in the vicinity of each peak, the uncertainty in Tf
could be reduced to +0.5 K.

glasses persist right down to the thinnest layers we have
studied.

Starting from T =5 K, the ZFC susceptibility increases
with increasing temperature up to a maximum, the tem-
perature of which is designated as Tf. Above Tf, the
ZFC y exhibits Curie-like behavior.

The FC g is also Curie-like above Tf, but typically
slightly larger than the ZFC g at the same temperature.
In bulk spin-glass materials, the FC g typically first de-

B. Magnetic decoupling of SG layers

To determine what interlayer thicknesses 8';& of Cu or
Ag were large enough to magnetically decouple the SG
layers from each other, Cu-Mn —and Ag-Mn —based MS's
with fixed WsG =4 nm were prepared with 8';& up to 120
or 60 nm, respectively. For both types of MS, Tf was
found to become independent of 8';&—to within experi-
mental uncertainty —for 8';& 30 nm. ' ' Figure 7 il-
lustrates this behavior for the Agp»Mnp p9/Cu MS.

TABLE IV. Values of Tf for the Agp 96Mnp Q4/Ag, Agp 96Mnp Q4/Cu, and Agp 9]Mnp Q9/Cu MS's with
500) Wsz ) 1 nm, along with the values obtained for target shavings. The uncertainty in the deter-
mination of Tf for a given sample or for the shavings is +0.5 K. The values listed for WzG =500 nm
are averages over samples made on different runs, and their uncertainties indicate the variations ob-
served.

Agp 96Mnp p4/Cu
(a) (b)

Agp 96M np Q4/Ag
(a) {b)

Agp 9|Mnp Q9/Cu

(a) (b)

Shavings
400—1000 films

500
200
100
50
25
12.5
7

4
3.5
2
1

17.3
17.5
15.9
14.2
12.2
10.0

8.35
5.35

17.7
16.9
16.7
14.5
12.1

11.1

8.1

5.5

27.5
16.5+1

19.3
16.3
16.7
13.5
11.5
10.6

7.8
6.0

18.5
17.2
16.6
13.9
11.8
10.5

7.9
6.3

22.7
24. 1

25.7
22.8
22.8
17.2
15.5
12.6

10.7
6.8
4.5

13.1

19.0
17.1
14.4

12.3
7.8
5.0

45.0
26.0+ 1
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FIG. 7. Tf versus W;~ for a series of AgQ9]MnQQ9/Cu (4-

nm/W;&) MS's, showing that Tf becomes independent of W;~

beyond W-, =30 nm. The error bars represent uncertainties of
+0.5 K.

FIG. 8. log Tf /Tf versus log Ws& for a variety of WsG/30-
nm MS's and a few thick AgQ 96MnQ « films, showing that the
data for the Ag-Mn —based MS's fall closely around those for
the Cu-Mn —based MS's. The plotted values of Tf for the Ag-
Mn MS's are averages of those listed in Table IV. The dashed
line indicates the behavior predicted by Eq. {1) with v=1.2.
The solid line indicates behavior compatible with Eq. (4) for
a =0.65.

C. Tg and Tf /Tf for magnetically isolated SG layers

Table IV contains the values of Tf for all of our Ag-
Mn MS's, along with values measured from shavings
from each of the two targets. As noted above, the values
of Tf for 400—1000-nm-thick films are chosen as Tf.

For simplicity, we plot only the averaged values of Tf
for MS's prepared together. Figure 8 shows these aver-
aged values in the form logTf/Tf vs log8 C„M„ for the

Ago 96Mno o4/Ag (inverted triangles), Ago 96Mno 04/Cu
(erect triangles), and Ago 9i Mno p9 (squares) MS's, along
with a few values for Ago 96MIlo04 single films (open
crosses) and data for a Cuo 93Mno o7/Cu MS's (filled cir-
cles) from Ref. 4. the logarithmic scale for WC„M„per-
mits display on a single graph of data for 8'c„M„ranging
from 1000-nm down to 1 nm. The logarithmic scale for
Tf/Tf permits direct visual determination of whether
the data for thin samples are compatible with Eq. (4).
The data for all four sample sets are the same to within
experimental uncertainties, which are usually dominated
by the uncertainties in Tf.

The dashed curve in Fig. 8 corresponds to the fit to Eq.
(1) previously obtained with Cu-Mn —based MS's. The
substantial uncertainties in Tf for the present samples
preclude an independent fit to this equation, but we see
that the Ag-Mn —based data cluster around the previous
fit. The solid line in Fig. 8 corresponds to Eq. (4). The
slope of this line, a =0.65+0. 1, is slightly larger than the
value a =0.5+0. 1 previously reported for Cu-Mn/Cu
MS's but still compatible with the rough estimates of a
given in Sec. I. We noted in Sec. I that the Cu-Mn/Cu
MS data extended down to only Tf/Tf =0.3, and thus
that only the thinnest SCz layers were beginning to satisfy
the validity condition of Eq. (4): Tf/Tf ((1. The Ag-
Mn data of Fig. 8 extend down to Tf/Tf =0.2, further
into the expected region of validity of Eq. (4), and this ex-
tension accounts for their larger value of a.

IV. SUMMARY AND CONCLUSIONS

(1) From comparison of values of Tf for 400—1000-
nm-thick sputtered film's with those for shavings from
the Ag-Mn targets, we infer that the Mn concentration in
the Ag-Mn —based MS's is only about 60% of that in tar-
get. We attribute this smaller Mn concentration in the
MS's primarily to greater scattering of the lighter Mn
atoms by the sputtering gas. The reproducibility of our
data for very different samples indicates that this Mn
concentration must be nearly the same for all of our MS.

(2) Typical SG characteristics (i.e., a peak in ZFC g
and irreversability below Tf ) persist to SG layer
thicknesses down to at least 8'sz = 1 nm.

(3) To within experimental uncertainties, Tf /Tf is the
same for a given value of 8'so for both Ag-Mn/Ag and
Ag-Mn/Cu MS's over the range of 8'sz studied. The SG
properties of these MS are thus not significantly affected
by the different grain sizes and interface structures aris-
ing from the different lattice parameters of Ag and Cu.

(4) In agreement with the behavior previously found
for Cu& „Mn„/Cu MS's, to within experimental uncer-
tainties, Tf/Tf is independent of Mn concentration for
Ago 96Mno O4 and Ago 9)Mno O9 MS's.

(5) Tf /Tf is also the same to within experimental un-
certainties for Cu-Mn and Ag-Mn —based MS's. Finite
size effects are thus very much the same in these two
similar SG's.

(6) The data for both thick and thin SG layers are com-
patible with the Fisher-Huse model, with the thin sample
data yielding an exponent in Eq. (4) of a =0.65+0. 1.
This value is at the upper end of the range derived from
independent estimates of the coefficients in Eq. (3), but
well below the rigorous upper bound of 2. However, not
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all of the data used to determine this value lie within the
range of expected validity of Eq. (4).

(7) We show that, under certain circumstances, LAXD
measurements on MS can directly yield the thickness of
the thinner layer in an MS.

We conclude that our data for magnetically decoupled
Ag-Mn —based MS's behave very similarly to those previ-
ously reported for Cu-Mn —based MS's.
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