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The temperature-dependent electron-spin-resonance linewidth AN(T) may be used to investigate 
the effect of the geometry and interlayer material on the magnetic pioperties of multilayered 
systems. We compare AH(T) in CuMn/Al,@, muitilayers with previous measurements of CuMn/Cu 
samples. CuMn/ALZ03 samples with CuMn thicknesses, gTso, from 40 8, to 20 000 A obey the same 
form as the CuMn/Cu system, but show quantitative differences in the fitting parameters. The 
linewidths of the CuMn/Al,O, samples, even in the bulk, are systematically larger than the 
linewidths for the CuMn/Cu samples, suggesting that the ESR linewidth is sensitive to differences 
in sample growth and structure. The value of the minimum linewidth decreases with decreasing W,, 
in the CuMn/AlzO, series, but remains constant in the CUM&U series. Although SusceptibiIity 
measurements of th!e freezing temperature Tf do not differentiate between sampIes with W,,%5000 
A, the ESR linewidth is sensitive to changes at larger length scales. This experiment emphasizes the 
importance of considering both the total sample thickness, as defined by the range of the conduction 
electrons, and the spin-glass layer thickness in analyzing the ESR linewidth in multilayers. 

INTRODUCTION 

Finite-size and dimensionality effects in multilayered 
spin glasses have been shown to depend on the interlayer 
material, especially when the spin-glass layer thickness Wso 
becomes small,‘“” We have previously demonstrated that the 
temperature-dependent electron-spin-resonance linewidth in 
multilayered CuMniCu systemsb5 provides detdIed informa- 
tion about spin relaxation rates. In this article, we compare 
the temperature dependence, of the electron-spin-resonance 
linewidth AH(q in Cu0.9:zMna,0s/AlZO~ multilayers with 
previous measurements of the CQ.93Mn0,0,/Cu system. 

DATA AND ANALYSIS 

CU,,~$~~~~~~~A.I~O~ samples, with 40 ftGVsoG20 000 
& were-fabricated at the Johns Hopkins University using dc 
and rf sputtering. Cu,,,,,Mno,&Cu samples were fabricated 
by dc sputteriug at Michigan State University. In both cases, 
the interlayer thicknesses are held constant at values large 
enough (75 A for Al,O, and 300 8, for Cu) to prevent cou- 
pling between the CuMn layers. 

The depression of the spin-glass freezing temperature, 
T-, with decreasing Cri;, is described in terms of e, with 

E= 
Tf(pq - Tf( w.& 

i Tf(02j i -- ’ (1) 

r,(m) is the freezing temperature of the bulk. Finite-size 
scaling predicts” EK I%‘$‘*. A crossover from three- 
dimensional (3D) to two-dimensional (2D) behavior has 
been demonstrated by frequency dependent7 and nonlinear 
susceptibility measurements.3’R Figure 1 compares the de- 
pression of T&W&)/T~~~)= I - E for insulating and conduct- 

ak?urre~~t address: N~tition~l Instituta of Standard3 and Technology, Room 
BIJltS, Building 220, Gaithcrsburg, MD 20899. 

ing interlayers. Solid lines show fits to Eq. (1) with v=1.3 
for CuMn/Cu samples” and v=‘l.6 for CuMn/Al,O, 
samples.3 The depression of Tf in CuMn/Ai,O, multilayers 
is similar to that observed in CuMn/X9 

Above Tf, AH(T) in spin glasses is described by a su- 
perposition of two behaviors-a linear temperature depen- 
dence and a critical divergence as T/ is approached. 

T-Tf -K 
AH(T)=A+BT+C - 

f i ,Tf * 
(21 

In Eq. (21, A is the residual linewidth, B the thermal broad- 
ening coefficient, C the divergence strength, and K a critical 
exponent. The A +BT behavior reflects the relative magni- 
tudes of relaxation rates between the localized moments, 
conduction ele.ctrons, and lattice.‘“‘” In particular, the ther- 
mal broadening coefficient B can be modeled to include ef- 
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FIG. 1. The depression of the freezing temperature, Tf(WSG), normalized to 
the buIk value, Tf{mj as a function of loglO(Wsti) for CuMniA120, (tri- 
angles] and CuMn/Cu (circles). Solid lines are fits to finite-size scaIing. 
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FIG. 2. Dependence of the ESR linewidth in CuMn/@+03 on temperature 
for CuMn layer thicknesses of 20 000 A (circles), 115 A &mares), and 40 A 
(triangles). Solid lines represent fits to Eq. (2). 

FIG. 3. Comparison of the ESR linewidth as a function of temperature for 
the Xl 000-A film from the CuMn/AlaO, series (solid circles), and 20 OOO-A 
topen circles) and 10 000-8, (open triangles) films from the CuMnlCu series. 
Solid lines are fits to EQ. 12). 

fects due to interfaces and surfaces.’ The linewidth diverges 
as Tf is approached, with ~e1.5 in the bulk? 

Previous measurements”’ of AH(T) in the CuMn/Cu 
system shows that the behavior described by Eq. (2) is 
obeyed for 10 A<IVso-- <lo 000 A, with systematic changes 
in the parameters as a function of IVsti. Samples with 
IV’,so<about 50 w fit prefe.re.ntially to a two-dimensional 
form (Tf+O) of Eq. (2j. The data may be parametrized4 in 
terms of 4 with both A and R increasing linearly with E. The 
crossover of the critical behavior from the 3D to 2D limit can 
be described by a continuous function of E. The detailed 
information obtained from this study indicates that ESR is 
useful for studying the dependence of AH(T) on interlayer 
material. 

Figure 2 shows AH{ T) for a 20 000-A CuMn $lm, and 
multilayered CuMn/A1203 samples with ‘CVSG= 115 A and 40 
A. The solid lines represent fits to Eq. (2j, with the fitting 
parameters shown in Table 1. The sample with lVsti=40 A 
fits preferentially to the Tf=O form, with the exponent from 
this fit shown in parenthesis in Table I1a 

With the exception of the residual linewidth A, which 
remains approximately constant, all parameters obey the 
same general trends with decreasing IVso as those from the 
CuMn/Cu series. The magnitudes of the thermal broadening 
coefficients B are comparable to those observed in the 

TABLE 1. Parameters obtained by fitting to Eq. i 1). 

rvs, (ii) Tf W) A iGj B (G/W c roj K 

C~.&n(,,u&zO~ 
20 000 35 296 3.31 561 1.4 

115 25 285 3.32 594 2.6 
40 12.5 306 3.38 3601 2.9 (3.8) 

Cuu&nu.w’~u 
20 000 37 -133 3.31 241 1.40 
10 000 37 -43 3.23 184 1.35 

Wre value in parenthesis for the 40-A sample represents the exponent ob- 
tained bv fitting to the 2D tTf=Oj form of Eq. (1). In this fit. the values of 
.4 and j remain the same and the prefactor of the divergence does not 
correspond directly to C. See Ref. 4 for details and the CuMn/Cu data. 

CuMn/Cu samples. The values of K, while comparable in the 
bulk, are larger in the CuMniA120s multilayers, as are the 
divergence. strengths. Extension of these measurements to a 
greater range of lVso is necessary to dete.rmine if the param- 
eters follow the same dependence on E as CuMniCu.‘” 

Distinct differences between the two sets of samples are 
observed. Figure 3 compares the temperature dependence of 
AH(T) for 20 000-A films from the CuMn/Cu (Ref. 14) and 
the CuMn/A1203 series. The values of the parameters from 
fitting the CuMn/Cu sample to Eq. (1) are also shown in 
Table I. The linewidths for the CuMn/A120a series are ap- 
proximately 500-G larger than those of the corresponding 
CuMn/Cu data. The magnitude of the difference in the 
linewidths cannot be explained by the concentration differ- 
ence, which is less than 1 at. %. Table I shows that the ther- 
mal broadening coefficients and values of K are the same for 
both 20 000-A samples, but that the residual linewidths and 
divergence strengths are different. Comparison of sample- 
growth paramemrs indicates no obvious differences that 
might explain these results. 

The second significant difference between AlaO and Cu 
interlayers is that the CuMnlAlaOa series shows a decrease in 
the magnitude of the minimum line.width with decreasing 
Wso. The minimum linewidth of the CuMn/Cu series was 
approximately constant for all WSG.4*5 In the CuMni’Cu sys- 
tem, scattering from CuMn/Cu boundaries is negligible com- 
pared to CuMn/air boundaries and we expect surface effects 
due to the total sample thickness to dominate. In samples 
with insulating interlaye.rs, the electrons are restricted to the 
CuMn layers and Wso should be the dominant length. The 
constant values of the minimum linewidth in the CuMn/Cu 
series may be the result of all samples having approximately 
the same total thickness. This illustrates the need to consider 
both the total sample thickness and the spin-glass layer thick- 
ness, as the type of interlayer material will determine which 
length scale is dominant. Detailed conclusions are prohibited 
by the complicated dependence of the value of the minimum 
lmewidth on the parameters of Eq. (2). 

The dependence of AH(T) on the total sample thickness 
was studied by Nagashima and AbeIs in Cur -XMnX (x=0.01 
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and 0.055 at. 5%) films of thicknesses from 1000 A to 50 000 
A. They found an increase in both the minimum value of the 
linewidth and in A, the r&dual linewidth, with decreasing 
lFso. This is attributed to the increased importance of sur- 
face scattering relative to bulk scattering as the film thick- 
ness decreases. Nagashima and Abe did not investigate the 
divergence of the line.width, so extracting reliable values for 
A and B for comparison to the present data is difficult. 

The open triangles in Fig. 3 represent &I(T) for a 
10 OOCL& CuMn film from the CuMn/Cu series and are con- 
sistent with the behavior o.bserved by Nagashima and Abe. 
Parameters from fitting to Eq. (2) are included in Table I. The 
values of K are comparable for the two films, but the diver- 
gence strengths C are different. A detailed study of the de- 
pendence of these parameters on film thickness is required to 
determine the origin of these variances, whether the behavior 
is due to finite size or surface effects, and if the approach to 
the freezing transition is affected even on this larger length 
SCCllC 

CONCLUSION 

We have reported measurements of the ESR linewidth as 
a function of temperature in multila 
samples with 20 000 ~>IVzs$40 1 

ered Cuo.92Mno.08/A1203 
. We find that these data 

are qualitatively consistent with measurements from 
CuMniCu multilayers, but quantitatively differ. Differences 
between the magnitudes of the linewidths in samples fabri- 
cated at different locations >;uggest that this technique is sen- 
sitive to details of sample fabrication, which may indude 
homogeneity, structure, and purity. The comparison of insu- 
lating versus conducting i@erlayers emphasizes the presence 
of two significant length sc:ales-the total sample thickness 
as determined by the range of the conduction electrons and 
the spin-glass Iayer thickness. Our preliminary examination 
of CuMn Alms confirms iihat the electron-spin-resonance 
linewidth is sensitive to changes in the total thickness in 
samples showing no de.pression in Tf. We. believe that study 
of these parameters as a function of interlayer material can 
provide a convenient framework within which to understand 
the importance of the different length scales. 

Although interpretation of the temperature-dependent 
ESR linewidth is complicabed, this technique has the pote.n- 

tial to provide detailed information cm relaxation processes 
not available from other types of measurements. Further ef- 
fort must be given to extending the theory of electron-spin 
resonance in multilayered structures to fully utilize this tech- 
nique. 

ACKNOWLEDGMENTS 

The work presented in this paper was funded by grants 
from the National Science Foundation and the Center for 
Fundamental Materials Research at Michigan State Univer- 
sity, and the Office of Naval Research at Johns Hopkins Uni- 
versity. F.V.W. thanks the CNRS for financial support. 

‘J. A. Cowen, G. G. Kenning, and J. M, Slaughter, J. Appl. Phys. 61,408O 
(1987); G. G. Kenning, J. M. Slaughter, and 3. A. Cowen, Phys. Rev. t&t. 
59, 2596 (1988). 

‘C. G. Kenning, Jack Bass, W. l? Pratt, Jr.. D. Leslie-Pelecky, Lilian 
Hoines, W. Leach, M. L. Wilson, R. Stubi, and J. A. Cowen, Phys. Rev. B 
42, 2393 (1990). 

3A. Gavrin. J. R. Childress, C. L. Chicn, B. Martinez, and M. B. Salamon, 
Phys. Rev. I&. 64, 2438 (1990). 

‘D. L. Leslie-Pelecky and J. A. Cowen, Phys. Rev. B 36, 9254 (19923. 
‘D. L. Leslie-Pelecky and J. k Cowen, Phys. Rev. B 48, 7158 (1993j. 
‘The range of is’% over which Eq. (1) is applicable has been debated in the 

literature. See Refs. 2 and 3 for details. 
‘P. Granberg, P. NordbIad, P. Svdlindh, L. Lundgren, R Stubi, G. G. Ken- 
ning, D. L. Leslie-Pelecky, J. Bass, and J. Cowen, J. Appl. Phys. 67, $252 
(199Oj; L. Sandlund, P. @a&erg, L. Lundgren, P. Nordblad, P. Svedlindh, 
J. A. Cowen, and G, G, Kenning, Phys. Rev. B 40, 869 (1989). 

s J. Mattson, P. Granberg, L. Lundgren, P. Nordblad, G. Kenning, and J. A, 
Cowen, J. Magn. Magn. Mater. 104-107, 1621 (1992). 

9J. Bass and J. A. Cowen, in Recent Progress in Random Magnets, edited 
by D. H. Ryan (World Scientific. Singapore, ‘IUUS], 

‘“S. E. Barnes, Adv. Phys. 30,801 (1981). 
“R. H. Taylor, Adv. Phys. 24, 681 (1975). 
I2 For the T-0 fit, the values of A and E are unchanged and the prefactor for 

the divergence is not directly comparable with C, 
‘3k Gavtin {unpublished). The values of K in the CuMn/Al& increase 

faster with ul,, than the corresponding CuMn/Cu samples. One explana- 
tion may be that the AizO, interlayered samples approach 2D behavior at 
larger values of WsG than CuMn/Cu samples. 

lJA minor difference between the samples is that the film from the 
CuMn/Cu series shown in Pig. 3 is capped with 100 A of Cu on the top 
and bottom of the film to protect the sample from oxidation and diffusion 
of silicon from the substrate. Measurements of films without the protective 
layer show linewidths that are slightly lower than in the sample with the 
protective layers. 

“H, Nagashima and H. Ahe, J. Phys. Sot. Jpn. 32, I.507 (1972). 

J. Appl. Phys., Vol. 75, No. 10, 15 May 1994 Leslie-Pete&y et a/. 6491 




