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Effects of annealing on the magnetoresistance and structure of Fe/Ck10 superlattices
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We have performed magnetotransport, magnetization, and structural experiments on sputtered
Fe(30 A)y/Cr(12 A) (110 superlattices that were annealed at temperatures up to 400 °C. Interestingly, their
giant magnetoresistancé\ p) is enhanced at intermediate temperatures, and strongly decreased at higher
temperatures. If normalized to the antiferromagnetic coupling fraction of sample, the magnetoresistance in-
creases over the entire annealing range. From low-angle x-ray-diffraction measurements, the enhancement of
Ap arises from an interface redistribution because of either a slight interdiffusion, less correlated interfaces, or
both. Further annealing causes extreme interdiffusion that is detrimental for the magnetoresistance because of
a loss of antiferromagnetic coupling50163-18206)01642-4

Giant magnetoresistanc€sMR) in artificial magnetic/ show a significant enhancement of GMR at intermediate
normal multilayers has attracted much recent atteritigg: temperatures 150 °C, 12 h and 300 °, 30 miand at all
perimental and theoretical work have revealed many of basitemperatures if normalized to the antiferromagnetic coupling
ingredients of the GMR, including the interplay of interlayer fraction of the samples. The x-ray diffraction indicates
antiferromagneti¢AF) coupling with spin-dependent elec- changes in the interface structure at the annealing tempera-
tron scattering,the role of the type of elements in the layers, tures for greatest GMR.
the crystalline structurg? etc. However, a satisfactory over- [Fe(30 A)/Cr(12 A)], (110 multilayers were grown at
all model connecting physical and electronic structure withroom temperature on @i00) wafers by dc magnetron sput-
GMR has not yet emerged. For instance, the role of the spagering in a 4 mTorr argon atmosphere. Further deposition
ers’ electronic structure is strongly debafeflAnother criti-  getails have been reported elsewHeftne samples's struc-
cal issue is the coupling between magnetic layers. The impre was characterized by high- and low-angle x-ray diffrac-
portance of the Ruderman-Kittel-Kasuya-Yosida interaction;q, using a Rigaku rotating anode diffractometer with Cu
compared to others such as the classical dipolar interdctio « radiation, in specular and off-specular scanscking
caused by interface roughness, is still unclear. In this regar%urves_ Four iead magnetotransport measurements were per-

the roughness and interface structure has been shown to Smed at 4.2 and 77 K and magnetic fields up to 5 T. The
. - . 10 _ . .
important factors for increasing the GMR." To date sev agnetic field was in the film plane and perpendicular to the

eral approaches have been successfully used to enhance fhe ; L
GMR (=Ap/p) or Ap to some extent. Interface roughnessdc electrical current. The absolute value of the resistivity was

can be induced during growth by changing the depositiorﬁje,termme‘j g|ther by _the Van der Pauw method or dwectly
parameters, for instance by increasing Ar sputteringl‘s'ng photolithographically patterned sqmples. The magnetl—
pressure&!! This way, the GMR of F&0 A)/Cr(18 A) zation was measured by superconducting quantum interfer-
(110 at 10 K was increased from 6 to ~13 %2 The in-  €Nnce device magnetometry at 10 K.
terface structure can also be altered during growth and the Two different thermal treatments were performed. In the
GMR dramatically increased by addition of thin Co interfacefirst one, the sample is annealed at 100 °C for 30 min, then
layers in Nig;Fe;f/Cu multilayers? Post-deposition Xé cooled to low temperatures and the magnetic and transport
ion irradiation of Fe/Qrl10 changes the GMR in a con- properties measured. Then the sample is annealed at 150 °C
trolled fashion'® A reproducible method, which may be of for 30 min, after which magnetic and transport properties are
technological importance, is simple annealing in vacuum omeasured again. This procedure is repeated several times,
inert gases. Petrott al. reported GMR increases from 14 to increasing the annealing temperature by 50 °C at every step,
27.3 % at helium temperature by annealing an FRa/@) up to an annealing temperature of 450 °C. Heating and cool-
sample at 300 °C for 1 h, and speculated that this was causélg rates were greater than 40 °C/min. In the second method,
by changes in the interface roughness and scattétiiger-  the as-prepared film was cut into several samples. Each
mal treatments produce structural changes both at interfacesample was annealed once at a single temperature in the
and in the bulk of multilayers, including chemical range 100-400 °C for 12 kheating/cooling rates10 °C/
interdiffusion* changes in crystallinity, etc., which can be min). Structural and magnetotransport measurements fol-
studied with x-ray diffractiort® lowed the annealings. The first method is well suited for
In this paper, we present a systematic study of structuréollowing the process in one sample, although the effect is
and GMR in Fe/C{110) annealed at an inert gas atmospherecumulative, and the second is useful to study temperature
(Ar, He) for 30 min or 12 h. Magnetotransport experimentsdependences.
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5 FIG. 2. Full width at half maximum(FWHM) of the 6-26
(b) * 160 (110 peak of the 12h annealed samples(26)]. The lines are
~4r . guides to the eye.
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2 2| o (1—Mg/Mg), where the giant spin-dependent scattering is
2— ?’, localized, and plotted the magnetoresistance normalized to
. 1 O__Q__O—T——.—’Q——m 1 40 such a fraction. Figure(t) shows a steady increase of nor-
£ —= malized GMR over all the temperature range tested for
& 13 o — o " e . 108 samples annealed for 30 min. This shows that the enhance-
3’_\ i (C) @‘*9_@\@\ e - ment is even more important at higher temperatures and that
b o | 8, 06 = the decrease akp [Figs. Xa) and 1b)] is caused by a pro-
gn: SR A gressive loss of antiferromagnetic order due to magnetic
s 4 _*__.,./of' \—= .03 f shorts. Since the chemical interdiffusion in Fe(Ct0) mul-
1 - ~ tilayers is significant at 350 °C for 3 #1,interdiffusion is a
20 0.0 likely explanation for our results above 300 {@2 h).
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High- and low-angle specular and nonspeculacking
curves x-ray-diffraction measurements were carried out for
the 12 h annealed samples. As-prepared and annealed
samples showed one first-order superlattice peak in the high-
angle spectra about th#10 Bragg reflection. Full widths at
half maximum(FWHM) of the (110) reflection are plotted in

FIG. 1. Ap and p versus annealing temperature f@ 12 h
annealed pieces of a single sample &@ndone sample annealed in
30 min steps. The two data at room temperati@eare measure- Fig. 2 versus annealing temperature. Above 200 °C, there is
ments on different pieces to check the reproducibilig).Magne-  a remarkable decrease of the specular peak vieith 3(b)]
toresistance normalized to the AF coupling fraction of sample forthat, according to Scherrer’s formula, corresponds to an en-
the multilayer annealed in 30 min steps, and the AF coupling fraciargement of the average crystallite sizeZ40 A) by a fac-
tion of sample (Mg/Mg). Saturation magnetizationMs) is  tor of ~1.6 over that of the as-grown sample- {50 A),
typically 1200 emu/cc, about 70% of the bulks value. The lines  perhaps resulting from bulk defect annihilation, decrease of
are guides to the eye. atomic strain, etc. Nearly constant rocking curve widths,

about the(110) reflection(15°-179, imply minimal changes
in crystalline orientation during annealing.

Figures 1a) and Xb) show the magnetoresistance at 4.2 K Figure 3 shows low-angle x-ray diffractioLAXRD)

(Ap) and the saturation resistivityp) as a function of an- specular spectra for the 12 h annealed samples. Up to third-
nealing temperature for the two types of heat treatments desrder superlattice Bragg peaks confirm the multilayer peri-
scribed above. Whereas the resistivity exhibits a sigbho-  odicity of 42 A repeated 10 times. An important result is
tonic increase in the 20-420°C rangép shows an that, even up to 350 °C, these low-angle spectra exhibit finite
interestingnonmonotonidehavior; it rises to a maximum at size and well developed Bragg peaks similar to those of the
intermediate temperatureg@round 300 °C, 30 min and as-prepared samples.

150 °C, 12 h, increasing over initial values of as-prepared Figure 4a) shows the ratio of intensity of second-order
samples by 50%&) and 28%(b), respectively, and thereafter (n=2) superlattice peaks over the background intensity,
drops to very small values. Actual values dfp/p are from 6-26 scans(Fig. 3), as a function of annealing tem-
~8% (a) and ~10% (b) for as-prepared samples, and uponperature. We chose the second-order peaks since the finite-
annealing they reach-11.2% (a) and ~12.2% (b) at the size peaks around it are small and thus allow a more precise
maximum. This increase oAp is the main focus of this determination of the background level. The decrease in

paper. Bragg peak intensities without broadening, for annealing
To distinguish the effects of changing coupling behaviortemperatures ?bove 100°C, implies an increased
15,1

from more intrinsic effects, we have estimated the fractioninterdiffusion:
of sample which is antiferromagnetically coupled Further insight from LAXRD can be gained by studying
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FIG. 3. Low-angle specular spectra of the as-prepared and an- ; : ; ;
nealed sampleffor 12 h). The spectra are offset for clarity. Note 0 100 200 0300 400
the well developed finite-size peaks up~+350 °C. T anneal ( C)
off-specular diffractionrocking curveg at low-angle super- FIG. 4. (a) Intensity of the second-order superlattice Bragg peak
g g p

lattice reflections. This diffusion scattering results from in-over the background intensity for the 12 h annealed samgigs.
plane structural inhomogeneities associated with the indiRatio of the specular to diffuse intensit@J in the second-order
vidual interfaces or Iayerg.'lsln principle, diffuse scattering superlattice peak for the 12 h annealed samples. Lines are guides to
arises from vertically correlated and uncorrelated roughnes#e eye. The inset shows a rocking curve about a second-order
Correlated roughness, i.e., interfacial roughness replicate@w-angle Bragg peak as an example from which the facfoveere
from layer to layer, originates from defects in the substrate of@lculated.

is due to growth front effect which give correlations in film

morphology. Uncorrelated roughness is random from layebetween interdiffusion and correlated or uncorrelated rough-
to layer. The inset of Fig.@) shows the specular and diffuse ness. However, since interdiffusion may occur at atomic
intensities in a low-angle rocking curve, their ratio denotedlength scales, interdiffusion is expected to be uncorrelated
as Q. Studies of Fe/Cr multilayers grown at different sub-from layer to layer.

strate temperatures claimed a correlation @fwith the At moderate temperatures, for whidtp reaches a maxi-
GMR.!® Several models were developed for the x-ray scatmum, the correlated roughness decredseg. 4(b)], while
tering from rough multilayers which exhibit the two kinds of the interdiffusion increasdgig. 4@)]. The optimumAp is
roughness mentioned abot##° In all these models, despite the result of a competition between two mechanisms; an in-
the different functional expressions fQx, a largerQ implies  crease inAp due to a less correlated interface roughness
a smaller rms correlated roughness;. Here, theQ’s for  and/or a moderate interdiffusion, and a decreasegrdue to
every Bragg peak increase with annealing temperatures up tnagnetic shorts which drastically lower the AF coupling
300-350°C and particularly that of the second-order Bragdraction of the sample. The fact hat the spin-dependent scat-
peak[Fig. 4(b)]. According to the models mentioned above, tering at the interface is especially important in the Fe/Cr
this implies a decrease of the vertically correlated roughnessysten?® further strengthens the arguments presented above.
with annealing(offset #—260 scans proved the existence of A similar, although smaller, overall dependence\gf on
correlated roughness to some extent since there is still Braggn dosage was observed in Xdrradiated Fe/Cr(110)
peaks with the same periodicity as the specular reflegtionsmultilayers?® (from ~7% to a maximum~8% at 77 K. Cr
Therefore, due to annealing up to 300-350°C the interfacealloying of the Fe layer in Fe/Ct10 can also increase the
becomdess correlated verticallyand at the same tinraore  GMR, from ~6.9 to~ 12.2%21?? Further comparison is un-
interdiffused Interdiffusion may increase spin-dependentwarranted since the number of bilaydiumulative disor-
scattering since chromium alloying in the Fe layers is knownder, crystallinity, etc., are different.

to enhance GMR?? However interdiffusion is an atomic  In summary, annealing can enhance the GMR in
scale “roughness,” therefore on a scale much shorter thafre/Cf110 multilayers, although the annealing temperature
the x-ray coherence length. In the absence of detailed strucange is narrow. Large interdiffusion and bulk crystallinity
tural refinemerif (which was not possible heré is hard to  improvement are generally observed after high-temperature
make a definite statement regarding the quantitative relatiorsnneals and lead to magnetic shorts, which is detrimental for
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