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Connection between giant magnetoresistance and structure in molecular-beam epitaxy
and sputtered Fe/Cr superlattices
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We have performed a comparison of magnetoresistance and structure of epitaxial and textured Fe/Cr super-
lattices grown by molecular-beam epita®yiBE) and magnetron sputtering with eith€rl0) and (100 ori-
entations on a variety of substrates. MBE samples grown alongl €@ orientation, exhibit narrower rocking
curves(mosaic spregdand lower saturation resistivities than sputtered samples. On the other( hA®dyIBE
and sputtered samples have comparable saturation resistivities. The magnetoregistarafeMBE and
sputtered samples are comparable. Epitaxial MBE samples, with small rocking curves, show a clear correlation
between the magnetoresistance and rocking curve width. In sputtered samples, roughness, controlled by the
deposition pressure, plays an important role although the general trends depend on orientation and mosaic
spread of the samples.

INTRODUCTION SrF,(111) substrates. Further deposition details have been
published elsewher®> Structural characterization was per-
Since the discovery of giant magnetoresistaf@®IR) in  formedex situusing high- and low-angle x-ray diffraction on
Fe/Cr superlatticésmany groups have investigated the de-a Rigaku rotating anode x-ray diffractometer with €y-ra-
tails of this interesting phenomenbfi although the actual diation. The magnetization was obtained from superconduct-
values of GMR Qp/p.; Ap=p[H=0]—p,) are scattered ing quantum interference devi¢g€QUID) magnetometry at
from lab to lab and depend on deposition method, substratd0 K. Four lead magnetotransport measurements were per-
crystalline orientation, texture, interface properties, etcformed at liquid helium temperatures and magnetic fields
GMR’s range typically from 1-2 % in trilayefsup to  well-above saturation on as-growkfan der Pauw method
~220% in molecular-beam epitax¢yMBE) grown (100 or lithographically patterned samples. The magnetic field
[Fe(5 A)/Cr(12 A)lg,.> Also, their structural properties was in the film plane and perpendicular to the dc electrical
strongly depend on the growth method, substrate, crystallosurrent.
graphic orientation, number of bilayers, growth temperature,
thickness of each element, etc. C_Iearly, structural parameters RESULTS AND DISCUSSION
control the value ofAp/p and it is therefore desirable to
perform controlled experiments in which the effect of struc- Figure Xa) shows the saturation resistivity ¢E00) Fe/Cr
ture on the GMR is investigated. We have performed a desuperlattice sputtered at different pressures and grown by
tailed magnetotransport and structural study of Fe/Cr supeMBE with and without Cr seed layer as a function(@0D0
lattices grown by MBE and sputtering as a function of rocking curve width(A¢). Despite the variation of Cr thick-
crystalline orientation, roughness, and texture. Several gemesses and other above-mentioned growth parametdid;
eral common trends are observed, such as systematiows a clear trend increasing withe for all the samples.
changes of saturation resistivitpd) and magnetoresistance This implies that grain boundary scattering is an important
(Ap) with the mosaicity in(100 samples. Other properties mechanism contributing to the resistivity for all tti&00)
drastically change with growth conditions and do not exhibitsamples. Singl€100 layers of Fe and Cr of thickness 20—
a general trend. These data show that GMR phenomena atd00 A prepared under identical condition by MBE have
controlled in subtle ways by structural parameters and therdewer bulk resistivities(0.2—0.35uf) cm) (Ref. 5 than the
fore detailed structural studies must play a crucial role in allresistivity of the superlattice extrapolated top=0 (~8
these studies. u€) cm). This implies that about-8 u{) cm is due to inter-
face scattering, sinc&¢=0 implies the probable absence to
EXPERIMENTAL grain boundaries. Other authors have reported single-layer
resistivities comparable to the superlattice values for sput-
Sputtered superlattices §F&(30 A)/Cr(t)],o(110 were di-  tered epitaxial samplésFigure Xb) shows the dependence
rectly grown on room temperature Si wafemnd [Fe(30  of the saturation resistivity on rocking curve widthy for
R)/Cr(t)];5(100 on single crystal MgQL00) substrates at the (110 samples. Note that in this case the resistivity is
~180 °C. Fe/Cr superlattices were prepared by MBE at andependent of\¢, ps=24=5 p) cm. These facts suggest
rate of 1 A/s with or without a 50 A Cr seed layer on that for the(110 samples grain boundary scattering plays a
MgO(100, MgO(110, GaAg110, GaA<100, and lesser role in th€100 samples. However, Fig.() shows

0163-1829/96/5@)/766(4)/$06.00 53 766 © 1996 The American Physical Society



53 CONNECTION BETWEEN GIANT MAGNETORESISTANCE AN . .. 767

15 [
(a) . . » (100) (a)
A | g2 ¢ 1
0 O g o
G - G 9r 7?” ~ g i
=2 | = 6L ¢ i
U) Q Ou A —
< 1 g 3t ° amrtR |
0 t t } t t } } } } t 0 t } } } } t } } } }
50 - (110) (b) - ,EJS' (110) (b)
= 12+ 1
g 40 R . é}) .
% 30 _A"-‘u? o :A a_ 6 a R o
[2] 20+ ° 50 ° A ° ° B o r u/O/ b
< 0t ] <L 8p e RS
o 1 i i3 1 i 1 1 L 1 i 0 08:\ 1 1 1 1 1 1 1 1 1
012345¢67 8910 012345¢86 78910
A (deg) A¢ (deg)

FIG. 1. (a) Saturation resistivity versus the rocking curve width  FIG. 2. (a) Magnetoresistance as a function of the high-angle
(FWHM) of all (100 Fe/Cr multilayers on Mg@.00 substrates rocking curve width for al(100) samples at the first AF pediCr
grown under different conditiong[J) by MBE without a Cr seed =13-15 A); (0) by MBE without a Cr seed layefQ) by MBE
layer, (O) by MBE with a 20 A Cr seed laye(®) by sputtering at ~ with a 50 A Cr seed laye(@) by sputtering at an argon pressure of
an argon pressure of 4 mTo(M) by sputtering at 7 mTorr, andh) 4 mTorr, (W) by sputtering at 7 mTorr angA) by sputtering at 11
by sputtering at 11 mTorr. The straight line is a least-square®fit. mTorr. The lines are least-squares fits. Same magnitudes for all
Saturation resistivity versus rocking curve width for &ll10 the (110 Fe/Cr samples( ) sputtered on SiiA) MBE on GaAs,
samples on different substraté# ) sputtered on Si(A) MBE on (¢) MBE on Srk, (O) MBE on MgQ(110) with a Cr seed, and
GaAs, (<) MBE on Srk, (O) MBE on MgO(110 with a Cr seed, (OJ) MBE on MgQ(110) without a Cr seed.
and ((0) MBE on MgQ(110 without a Cr seed. Dashed line is a
least-squares fit. the magnetoresistance of epitaxial MBE samples varies rap-

idly at low A¢ (dashed ling An inspection of Fig. 2 shows
greater resistivities of epitaxial MBEL10) samples than the that, certainly for thg100) and perhaps for th€l10) orien-
MBE (100 samples formosaic spread width§Ap) below  tation, there is an optimum value of the rocking curve width
~1°. These differences between i®0 and (110 samples (~1.2-1.69 which maximizes the magnetoresistance. This
suggest an influence on the resistivity of the crystalline oriimplies therefore that there are two competing mechanisms
entation perhaps through the electronic strucfumad/or dif-  contributing to the magnetoresistance: interfacial scattering
ferences in growth mechanism due to changes in surface difvhich increases the magnetoresistance and grain boundary
fusion with orientation. In fact100 Fe/Cr growth seems to scattering which decreases it because it reduces the contribu-
be epitaxially driven on MgQ.00), especially with a Cr seed tion from the interface. For smallg, a large fraction of the
layer, whereag110 Fe/Cr on a variety of strongly mis- resistivity comes from interfacial scattering. Increasihg
matched substrates is a result of surface energy minimizatioincreases the interfacial faceting thereby enhandpg At
on closed packed planes. These differences could account ftarge values ofA¢, the strong grain boundary scattering
different roles of the mosaic spread in the leading scatteringlominates the scattering and makes the magnetoresistance
mechanism. constant. A larger GMR with increased grain size has been

Figure 2a) is a plot of the magnetoresistant&p) as a  found by Modak, Smith, and Parkifrom transmission elec-
function of the mosaic spredd ) for all the (100) samples tron microscopy investigations in two epitaxial Co/Cu
grown with Cr thicknesses at the first antifertdF) peak. samples, and attributed it to an increased mean free path
Only these are shown becausg depends strongly, i.e., os- leading to a sampling of more antiferromagnetically coupled
cillates, with the Cr thicknessThe rocking curve widths layers. The existence of an optimum roughness for maximum
vary with substrate, seed layer, deposition rates or perhag8MR was already suggested by Petreffal®
some uncontrolled deposition parameters. While the sput- An important issue is the role of the crystallographic ori-
tered samples exhibit a constant magnetoresistance for eveeytation on the absolute value of GMR. Recently Parkin,
deposition pressure, the epitaxial and textured MBE sampleRabedeau, and ModHdkreported identical value at the first
show a rapid variation for the samples with smalp. It GMR peak for Co/Cu multilayers with three different orien-
should be stressed that the highest magnetoresistance of ttagions: (100), (110), and (111). Fullerton et al.*! on the
MBE (12-13 £ cm) and “4-mTorr” sputtered samples other hand, found significant differences between the magne-
(~8-9 ) cm) are comparable. Therefore the considerablytoresistance of100 and (211) Fe/Cr samples with similar
higher GMVR, Apl/p, in MBE samples is mostly due to smaller resistivities and mosaic spread. The present data for Fe/Cr,
resistivities, e.g., spin-independent scattering. Figufl® 2 Fig. 2, shows consistently an overall greatgs for (100
shows an overall loweAp for both epitaxial and textured than(110 samples, which implies that Fermi surface nesting
(110 samples compared to that @f00) superlattices. Again, of the Cr spacer plays an important role on the GMR value.
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Finally an important open issue is the influence of the —_—
interfacial roughness on the giant magnetoresistance. It is ST (100) (a) 1
known that the bulk and/or interface structure of sputtered o [ 1
multilayers can be altered by varying the deposition pressure. = L 4mTorr -
Fullertonet al. showed an increase on the interfacial rough- Zr
ness of(110 sputtered[Fe(30 A)/Cr(18 A)];, with an in- (T) - 7mTorr 7
creasing Ar pressure and achieved an increased GMR, from O ]
6% to ~13% in the rougher samplédhis is consistent with =L ey 11 mTorr
earlier measurements by Petreffal® Rensing, Payne, and 1 2 3 4 5 6 7 8 9 10

Clemens made a similar study (h10) F&(30 A)/Cr(t) trilay- 29 (deg)
ers as a function of Cr thickness and did not observe such an 9
increased GMR with roughness at the first AF peak, rather T T (

for Cr thicknesses between the first and second paks. i 110) (b) 1
- VK/\“mTo"

should be pointed out that in this latter case, the structural
12 mTorr |

and magnetotransport measurements were performed on dif-
ferent sets of samples. Nevertheless, in both cases it was
found that for multilayers the interface becomes more disor-
dered with increasing sputtering pressure. This manifests it-
self as increased superlattice linewidths and disappearance of
finite size peaks in the low angle x-ray specttas shown in 1
Fig. 3b) for Fe/Cr samples grown on Si or sapphire sub-

strates.

LOG INT. (a.u.)

Figure 3 shows the low angle x-ray diffraction frqd@00) 10
samples(a) and (1100 samples(b) grown by sputtering at
different argon pressures. Qualitatively, the presence of low ’E‘ 81
angle peaks up to 7°—8° is an indication of smooth layered & 6
growth and can be used to determine the average thickness of 3
the layers. Moreover, these plots indicate a higher degree of = 47
short-range roughness in thEL0) samples. Unfortunately, a < ot
quantitative analysté of the interface structure is hampered 0
by the low contrast in electron density between Fe and Cr. 15 -10 -5 0 5 10 15

Ap (n€em)
QO == N W ~ O

-
o

Similar results are obtained for the best samples with either
growth method. However, the correlation of low-angle H (kOe)
specular data with transport properties is complicated by the :
dependence on other structural parameters. Large, qualitative | (110) (d)
changes may be induced in these spectra by varying the sput-
tering pressure. <—12mTorr 1

To investigate the influence of roughness on samples with
different crystalline orientation, we have growh00) Fe/Cr I |
on MgO(100) substrates by sputter deposition at different . 4mTorr |
pressures4, 7, and 11 mTopr[see Fig. 8a) for their low- . . -
angle XRD spectrh Unlike in the(110) sample$,no drastic 10 5 0 5 10 15
changes are observed in the LAXRD. The finite size peaks
(in between the Bragg superlattice pealtee clearly visible H (kOe)
for the 11 mTorr sample, and the Bragg peaks remain sharp
unlike in the (110 sample$’ The immediate conclusion is FIG. 3. Log plot of the low-angle x-ray diffraction scans for
that an increased sputtering pressure does not disorder tk&E0 samplega) and(110 samplegb) at different sputtering pres-
interfaces of(100) Fe/Cr samples to the same degree as isures. These curves are offset for clarity. Spin-dependent magne-
does on(110 samples. The mechanism by which this hap-toresistance as a function of in-plane transverse magnetic field for
pens is not clear at this time, however for the purposes of thihe (100 samples grown at different pressures and the same Cr
work it only matters that there is a controllable growth pa-thickness(~15 A) (c), and for sputtered110 samples(d).
rameter which changes the structure in a reproducible way.
The only structural effect we noticed {f00) with high pres-  of the applied magnetic fields. In this case the dependence of
sures is an increase of the high-angle rocking curve width foAp is nonmonotoniavith sputter pressures which is different
the 11 mTorr samples. FWHM'’s of 4 and 7 mTorr samplesfrom observations on thél10) samples. Although we have
are typically 1.5°-3°, whereas in the 11 mTorr samples it isnot made a systematic study of such effect as a function of
3°-5°. It thus seems that the increased deposition pressufe thickness, we did grow samples with Cr thicknesses
disorders the bulk structure ¢£00) samples rather than the around the optimum~15 A and found the same behavior.
interfaces. Due to the fact that the 11 mTorr samples have an overall

The transverse spin-dependent magnetoresistance at ligreater resistivity than the 4 and 7 mTorr samples). 1),
uid helium temperatures is plotted in FigicBas a function the magnetoresistance ratip/p steadly decreases over all
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. ———7 Therefore the decrease in the GMR can at least in part be
0.9 _wo.s ' ' . assigned to this observed loss in AF coupling. The low
= 04r /o/’o 1 squareness of these hysteresis loops can be related to the
0.6 ‘g 02 g 1 1 in-plane crystallografic and magnetic structure. From in-
03l 0.00 ; 1'0 | plane x-ray scans, we know that in our samples the Fe/Cr
é’) ) P (mTorr) {100 directions are aligned tf10; MgO axis in a fourfold
< 00F E symmetry. Therefore, some shearing of the magnetization
= probably arises from the 45° deviation of the Fe/CT0G
03t ] easy axis with the measuring magnetic field directi0G
06 L | MgO). At this point, we have not found any further correla-
) tion of in-plane crystalline structure with magnetotransport
09} 1 properties.
-8000 -4000 O 4000 8000 CONCLUSIONS
H (Oe) In closing, we have found that growth optimization and

low saturation resistivities are desirable to obtain very large

FIG. 4. Magnetization curves at 10 K for two samples with the values of GMR(Ap/p). Mosaicity plays an important role in
same Cr thicknes€l5 A) and different deposition pressuré®) 4  the saturation resistivity dfL00) samples with rocking curve
mTorr and(M) 11 mTorr. The applied magnetic field is in the film width (A¢), whereas is constant ifi10) samples. The spin-
plane and parallel to a substrdfi®0 direction. The inset shows the dependent magnetoresistance val(gs) of MBE and sput-
remanence to saturation ratio for samples grown at different presered samples can be comparable, but its dependence on the
sures and Gr15 A. The three points at 4 mTorr are from samples structural parameters is quite different. Increasing the sput-
that came out with different rocking curve widt.9°-3.75. tering pressure ofL00) Fe/Cr samples does not disorder the

N interface structure as it does {410 sputtered multilayers.

the deposition pressure range tested. These results can tengggther, it increases the mosaic spread of the crystallites and,

tively be explained by a damage of the bulk crystallinity with a5 a consequence, the magnetoresistance changes nonmono-
increased sputter pressures, although the 7 mTorr samples gghically with pressures.

not exhibit a clearly broader rocking curve width than the 4
mTorr samples but do have a smallgs.

This is in agreement with the magnetization hysteresis
loops. 11 mTor100) samples have a remarkably larger rem-  This work was supported by the U.S. Department of En-
anent magnetization than 4 mTorr samples as it shows in Figergy under Grant No. DE-FG03-87ER45332 and by the
4. More specifically, the inset shows that the ratio of theFlemish Concerted ActiofGOA) and Belgian Interuniver-
remanent magnetization to the saturation magnetizatiorsity Atraction PolegIUAP) programs. R.S., C.D.P., and G.V.
Mg/Mg, i.e., a measure of the ferro coupling, increases withwere supported by the European CommuriifCM), the K.
sputter pressure; from 0.1-0.&2 mTorn to ~0.45 (11  U. Leuven, and The Belgian Science Foundation, respec-
mTorr), indicating a loss of antiferromagnetic coupling. tively. We thank D. Kelly for early work on thg100
Moreover, measurements on three 4 mTorr samples showeshmples. J.M.C. acknowledged support by the Spanish Sec-
no dependence oMg/Mg on the rocking curve width. retara de Estado de Universidades e Investigacio
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