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Large magnetic moment enhancement and extraordinary Hall effect in C°t superlattices
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High quality (112) and(100) oriented Co/Pt superlattices have been prepared using the magnetron sputtering
technique. The extraordinary Hall effect and magnetic properties in a series of these Co/Pt superlattices have
been studied. We have established the existence of a large enhanced moment at the Co/Pt interfaces. Tensile
strain in the magnetic layers is found to dominate the perpendicular magnetic anisotropy (bt therien-
tation. From a systematic variation of the Co layer thickness we have determined that the extraordinary Hall
resistivity is dominated by interface scattering. Further, large deviations from the commonly used scaling
relations linking the extraordinary Hall resistivity and the ordinary resistivity are observed. These are discussed
within a model proposed by Zhang.

[. INTRODUCTION In this paper, we report on a systematic study of the struc-

ture, magnetic properties, and EHE in Co/Pt superlattices.

Artificially layered magnetic structures have receivedx-ray-diffraction analysis has revealed the high quality lay-

much attention both for their potential device applicationsered structure of botli111) and (100 Co/Pt superlattices

and for their wealth of interesting physitfndeed, they have grown by the sputtering technique. Magnetic measurements
been shown to exhibit a wide range of exciting phenonfena,have shown a large PMA at a certain layer thickness range.

such as perpendicular magnetic anisotrd®MA), giant This property is particglarly u.sefullfor any applications.
magnetoresistance, and oscillatory exchange coupling. Maé)_ased on EHE. We assign strain anisotropy as the essential

netic studies performed on transition-metal magnetic supedndredient. We have obtained a giant Co magnetic moment at
lattices, e.g., ColAg, Co/Cu? Fe/Ag,5 Co/Pt® and Co/Pd, the Co/Pt interface, which is 155% larger than that of the

have revealed that at small magnetic layer thickness, i.e., Ie%ﬂk Co moment. We have systematically investigated the

than a few monolayeréVIL's), the easy axis of magnetiza- E in _Co/Pt superlafmces over a large thickness range.
. ) . Conventional EHE scaling laws cannot account for the thick-
tion rotates out of the plane of the film. This allows for the

. o . . .~ ness dependence of EHE in our systems. We have found that
attractive pQSS|b|I|ty_of magneto—opt!cgl recording meQ|a Alihe prediction of a different model of EHE for superlattices
high recording density. The PMA originates from the inter- roposed by Zhang is in qualitative agreement with our re-

faces in superlattice systems. However, a clear understandingiis Fyrther, interface scattering is shown to dominate EHE
is lacking and in particular its dependence on interface sharigy, these Co/Pt superlattices.
ness, crystal texture, and lattice strain is not well understood.
Another exciting subject in these superlattice systems is
their magnetotransport properties. Giant magnetoresistance
(GMR) has been extensively studied in metallic Magnetic Co/Pt superlattices were prepared using the
superlattice§. Another magnetotransport property, which hasmagnetron-sputtering technique. A particular superlattice is
received relatively little attention, is the extraordinary Hall specified by Cg, /Pty,, whereN; andN, are the number of

effect (EHE). Typically, EHE is much larger than the ordi- atomic planes of Co and Pt, respectively, in each bilayer.
nary Hall effect and has potential applications in data storag&ypically a 10-20-nm seed layer of Pt was deposited on
and magnetic sensirigt remains unclear whether the simple heated ~600 °C) magnesium oxidé100) or sapphirg0001)
scaling laws, correlating the extraordinary Hall coefficientsubstrates to promote epitaxial growth. The superlattices
with the longitudinal resistivity in ferromagnet8are appli-  were deposited at about 100—200 °C using a computer moni-
cable to these superlattice systems. The scaling laws wetered sputtering system. The sputtering rate is less than 0.5
derived from homogeneous systems such as magnetic alloyA/s. Before deposition, the background pressure was better
whereas superlattices are heterogeneous systems. Indegtan 7x 10 8 Torr. All samples were capped with 40—-50-A
there have been some experimental and theoretical evidencBsto avoid oxidation. The layer structure of each sample was
which point to a more complicated dependence inthen determined using é&-26 Philips APD 3720 x-ray dif-
superlattices!~°So far, there is a lack of systematic studiesfractometer. We have also measured rocking curves on some
on EHE in superlattice systems. The EHE arises from thesamples using a Siemens D5000 high-resolution x-ray dif-
spin-orhit interaction and is directly proportional to the mac-fractometer. Standard photolithography and physical etching
roscopic magnetizatiolf. Thus a system such as Co/Pt, were used to pattern the samples into Hall bars for transport
which is known to have both a perpendicular magnetic anmeasurements performed in a cryostat equipped with an 8-T
isotropy and a substantial Kerr rotatfdmiue to a large spin- superconducting magnet. In addition, our samples were mag-
orbit coupling via the Pt atoms, would seem to be a goocdhetically characterized using a Quantum Design supercon-
candidate for understanding the EHE in layered structures.ducting quantum interference device magnetometer.

Il. EXPERIMENT
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z _
g T e s s wheren is the order of the reflection and-15; is the real
E 10000 part of the average index of reflection of the superlattice.
determined from our fitting using Eg€l) and(2), is within
5% of our designed value. Figure 2 shows a typical rocking
curve for the(200) peak whose width reflects the angular
0

distribution of crystallites in the superlattiééThe width at
half maximum is about 0.5°. This width compares favorably
with other metallic superlatticeg.

FIG. 1. High angle and low angle x-ray-diffraction patterns for We .have_ also perfor_med quantitative ar_1aIySIS on the
(@) (100 orientated Co/Pt, superlattice deposited on Mg@01) ?<-ray—_d|ffract|on patterns in order to evaluate mte'rface'qual-
and (b) (111) orientated Cg/Pts superlattice deposited on /s ity, thickness fI_uctuat|0ns, and the degre_e of S'Fl’aln. Thl_s was
(0001). done for a series ofL11) Co/Pt superlattices with a variety

of layer thicknesses. In Fig. 3 we compare the actual x-ray
IIl. STRUCTURAL ANALYSIS patterns and simulated patterns based on a refined step model
incorporating strain and layer thickness variatfit is seen

Successful growth of Co/Pt superlattices using a highthat the simulated patterns accurately reproduce our superlat-
energy deposition process such as sputtering depends critice spectra. Peak positions, relative intensities, and line-
cally on fabrication parameters. Indeed, the quality of thewidths are all accounted for by adjusting an interface lattice
superlattice can be greatly affected by deposition rate, sputonstant and a thickness distribution width for both the Co
tering gas, type of substrate, and deposition temperdfuxe. and Pt layers. As expected, the interface lattice parameter is
judicious choice of these processing conditions is necessagpproximately given by the weighted average of Co and Pt
to obtain superlattices with optimized magnetic propertiedattice constants. The broadening of the superlattice peaks
and structural characteristics. In Fig. 1 we show representawas accurately modeled using a Gaussian distribution width
tive x-ray-diffraction patterns fof100) and(111) orientated of less than 5% of the layer thickness. Finally, the large
Co/Pt superlattices. Satellite peaks due to superlattice struesymmetry in the intensities of the satellite peaks can be
ture are observédwith positions determined by attributed to the 10% lattice mismatch between Co and Pt.

Taken together these results verify the excellent layered

2 sing/N = 1/d=n/A (1) growth of these Co/Pt superlattices with well-definéd1)
- ' and (100 orientation.

wheren is the order of the satellite around the main Bragg

20 (degrees)

peak andd=A/(N;+N,), with A as the bilayer thickness. IV. MAGNETIC CHARACTERIZATION
In addition, the positions of the peaks in the low angle spec- |; is well known that EHE is very sensitive to the mag-
trum are given bs$P

netic state of a material. Indeed, it is in direct proportion to
the macroscopic magnetization. With this in mind we have

sir? O(n\/2A)%+ 246, (2 measured magnetic hysteresis loops for many of our samples
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First, we present the results fbtg in Fig. 5 for series Il.
Shown are perpendiculd vs H curves taken at 5 and 300

T PR ST SIS K. Parallel curves are shown when available. All samples
35 40 45 within this series are saturated more easily with the field in
20 (degrees) the perpendicular configuratioM is obtained by extrapo-

lating M (H) curves from high field to zero field. The error in

FIG. 3. High angle x-ray-diffraction patterns for a series of Mg is within 10%. We have plotted the valuesMf; at 5 K,
(111 Coy, /Pty, superlattices along with fittings generated using aobtained for all samples in both series, in Fig. 6 as a function
refined step model software package. Note that the intensity iof inverse Co layer thickness @did,). Very interestinglyM ¢
shown in log scale. increases by as much as 55% over the bulk value vidagis

small. The enhancement Mg is similar to the giant moment

with the field either perpendicular or parallel to the plane ofphenomenon observed in many magnetic alloy systems, in-
the film. We have found that for samples deposited@xis  cluding concentrated CoPt alloys where the effective Co mo-
oriented ALOs, i.e., (111) Co/Pt superlattices, the magneti- Mentuq can reach as much as 49, as compared to the
zation acquires a perpendicular anisotropy as the thickness bfilk moment of 1.72 . This large effective moment is due
the Co layer is decreased. On the other hand, samples depde-the Co-induced spin polarization on the neighboring Pt
ited on (100 MgO, i.e.,(100) Co/Pt superlattices, have only atoms?®
in-plane magnetization. This is consistent with previous re- It is apparent thaM in Fig. 6 depends linearly on dé,
ports on Co/Pt superlattic$?* Figure 4 shows the hyster- for Co layer thickness between 2 and 15 A, according to
esis loops of a representatiy&ll) Co,/Pt; sample at 5 and
300 K. As is evident this sample has a large perpendicular Ms=Mo(1+C/dco), ©)
anisotropy and a nearly 100% remanent magnetization evefhereM is the bulk magnetization of 0d446 emu/cri) at
at 300 K. 5 K and C~1.99A is a constant obtained from the least-

The EHE study presented later in this paper will concensquare fitting. The i, (surface to volume ratjodepen-
trate specifically on two series ¢111) orientated samples. dence ofM suggests that the induced polarization occurs in
For series |, the Pt layer thicknedg; was held constant at 4 the interfacial regions. With this in mind we can construct a
ML's and Co layer thicknessc, varied from 1 to 6 ML's.  simple model of the magnetization characteristics in these
For series Ildpwas held constant at 9 ML's artit, varied  superlattices. We assume that all Co atomic layers retain
from 2 to 7 ML's. We have studied the saturation magneti-their bulk moment value of., except for those located at the
zationM and magnetic surface anisotropy of these two seinterfaces. In other words, any enhancemenMigis con-
ries as a function oflc,. The variation ofdc, will establish  fined to the first interfacial Co atomic layer. We assign these
the dependence of both the magnetic properties and EHE QRterfacial layers an effective momept., designed to in-
the thickness of the magnetic layer. Further, we expect thatorporate the large magnetic susceptibility of the Pt neigh-
not only will dp, affect the magnetic interlayer coupling and pors. Based on this simple model we fiMy, to follow the
the strain in the magnetic layers and hence the anisotrophear variation presented above with
characteristics, but also the scaling of EHE, in light of a
theory proposed by Zhahjand to be discussed later. C=2t(per/ puo—1), 4
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FIG. 6. The saturation magnetizatidhg vs 1d., for series I,
(111 Cay, /Pt (N1=1, 2, 3, 4, §, and series Il plotted along with FIG. 7. Anisotropy fieldH, vs 1k, for series | and Il aff
the bulk Co moment of 1446 emu/cnA least-square fit to the data  —300K. A linear dependence both above and below a transition
givesM¢=Mg(1+C/dgy) with C=1.99A. thickness of 5.3 A suggests an interface anisotropy term may be at
play.
wheret is the (111) interplanar distance for fcc Co and
equals to 2.05 A. Using the fitte@ of 1.99 A, we find an nomenologically, we have the following equation which re-
we=2.56ug Or an effective magnetizatioM; of 2150  lates the various anisotropiés:
emu/cni. This compares well with 2250 emu/crobtained
for our thinnest sampledg,=2.3 A), which is about 1 ML Ky dco=2Ks+ K, dco- (5
thick. The enhancement of Co in superlattices is smaller than . o N
that in CoPt alloys fr=4.0ug). We believe this is due to The sign convention is s_uch that positive valuekgffavor
the dimensional effect. For superlattices, polarization occur§ut-of-plane magnetization. o .
only in the two-dimensional interfacial region, whereas al- Using Eq.(5) we will be able to quantitatively determine
loys offer a quasi-three-dimensional environment for the Cdhe magnitude of the magnetic anisotropy in our superlat-
atoms. This allows for a more efficient giant moment forma-tices. However, one must pay particular attention to the ef-
tion for Co. fect of (tensilg lattice straino. Excessive stresses encoun-
Next, we present our analysis of the magnetic surfacdered during coherent epitaxial growth may dominate both
anisotropy at 300 K. From Fig. 5 we have obtained the effh€ in-plane and perpendicular anisotropies. To address this
fective anisotropy fielH,, which is the extrapolated inter- iSsue we define a critical layer thicknegs®” Below tc,
section of theH, magnetization curve with the apparent satu_grovyth is coherent and Iatt|ce.m'|sf|t is absorbed by' elastic
ration value of theH, curve. In Fig. 7 we plot, vs 1Hc,. strain v_vher_ea_s a_bovl% growth is |n(_:oherent and strain re-
A linear dependence ¢, on 14, is evident. Note that the Ia>§es via misfit d|§locat|ons. Followmg Ref. 26, we can then
linear relationship is valid only over the thickness rangeWrite down equations foKs and K, in each region. For
5-15 A. Below 5 A H, falls off from the straight line. This dco<tc, it is found that
may be due either to weaker ferromagnetism at 300 Kaer

will be discussed latéra coherent to incoherent lattice tran- Ks=Kn; (6)
sition.
Using the magnetization curves in Fig. 5, the magnetic K,=—=27MZ+ Kt Kpe, (7)

surface anisotropy constaris can be deduced. The net

uniaxial magnetic anisotropy,,, in these superlattices has whereK is an interface anisotropy of the Betype andK
contributions fromK and the volume anisotrogy, , which  is the magnetoelastic anisotropy. Fy,>t., it is found that
includes the magnetocrystalline anisotrogy,., the shape

anisotropy (2-rM§), and strain related anisotropies. Phe- Ks=KytK,y, (8
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Referring the reader to Table 1 and Fig. 8, we make the
12 T=300K following observations. First, what is clear is that stress in-
duced anisotropies play a large role in determining PMA.
Series Il which has a largel; and an associated appreciable
o in the Co has greater values of bdth,. andK, . Further,
t. occurs at a value negrP A thicker. Most noticeable  is
dominated byK, abovet., Ky being both small and nega-
tive, andK,, is very large, comparable t§,,.. These ob-
servations confirm that PMA is stress induced in our Co/Pt
superlattices.

1.0 f

&8:

e
o

V. EXTRAORDINARY HALL EFFECT

The Hall effect of a magnetic material depends not only
on its electronic structure, but also on the magnetic state.
Empirically, the Hall resistivityp,, is the sum of an ordinary
Hall effect component and an extraordinary Hall effect com-
ponent,

KudCO(erglcmz)
[=]
Y

e
[N}

uo:

0.2 _ —=— Series Il Pxy=Ro[H+47M(1-N)]+R47M, (10
—=o— Series | ) . . ] )
whereH is the applied fieldM the macroscopic magnetiza-

04l et e tion, N the demagnetization factoR, the ordinary Hall co-
0 2 4 6 8 10 12 14 16 efficient, andRg the extraordinary Hall coefficient. Two
d., (A) mechanisms, skew scatterii§S and quantum side jump

(QSJ, are responsible for EHE®.Both mechanisms are due
FIG. 8. Linear fits toK d¢, Vs dg, both above and below,  to spin-orbit coupling. The SS can be described within a
allow the estimation of the anisotropy terms. These are collected iglassical Boltzmann approach and is caused by the broken

Table 1. Series | and Il are shown &t=300 K. left-right symmetry in scattering. The QSJ is a quantum-
mechanical effect and is due to a finite lateral displacement,
K,= —27-rM§+ Kmes (9 Ay~0.1-1 A, of the electron upon scattering. Theoretical

descriptions of the electron scattering in these magnetic sys-
tems have borne out a simple relation betwé&gnand the
ordinary resistivityp,,, namely'°

where K, is the misfit interface anisotropy. We surmise
therefore that for samples differing only in the degree arf
the Co, controlled perhaps by varyirdp; the anisotropy
characteristics can be very different. Indeed, we will discover
this to be the case for our two series.

Experimentally K, is obtained from the area between the Further, it is predicted that SS obligates an exponesqual
parallel and perpendicular magnetization curves shown io 1 whereas QSJ requires that 2. SS should then vary
Fig. 5. In Fig. 8 we ploK d¢, vsdc, for series | and 1. Our  linearly with inverse mean free pattMFP) whereas QSJ
estimations of the various contributing anisotropies alongshould depend quadratically on inverse MFP. Hence the scat-
with values fort, appear in Table I. The proximity afc,to  tering will be dominated by SS at loWvand QSJ at higheF.
te in many of our samples requires that our results be conThese results have been confirmed by many experimental
sidered only approximate. It is difficult to compare with studies performed on diluted and concentrated magnetic
other investigatof®?8 due to the extreme sensitivity of the alloys?®

R pl,. (12)

anisotropy constants upan However,K, abovet, andKy Superlattices offer a much different magnetic environ-
should be independent of Typically, we find a discrepancy ment for the EHE. The early work has focused primarily on
of approximately 50% foK, and no reported values &y . three-dimensional homogeneous alloys. It remains to be seen

This discrepancy could in principle be attributed to manywhether or not the quasi-two-dimensional heterogeneous
sources. For instance, a variety of different deposition techsituation of the superlattice will require a different treatment.
nigues were used, magnetron sputtering in our case areéreliminary evidence suggests modification of the early theo-
molecular-beam epitaxy or electron-beam evaporation in theies is necessary}. ® However, a lack of systematics has
other reports. prevented a clear interpretation of these results. We address

TABLE |. Magnetic anisotropy parameters for series | and II.

Series te (A) K belowt, K abovet, Stress anisotropy
| (4-ML PY) 5.86 Kn=—0.13 erg/crf Ks=0.28 erg/cri K,=0.41 erg/crf

Ky=9.3x10erglcm?  Ky=—4.7x10Ferglcm?  Kye=1.4X 10" erg/cn?
Il (9-ML Py 7.78 Kn=—0.33 erg/crA K<=0.59 erg/cri K,=0.72 erg/crf

Ky=1.4x10"erglcmd  Ky=—4.7x10Ferglcm?  Kye=1.8x10" erg/cn®
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TABLE Il. Transport and magnetic properties for series | and II.

PRB 62

ML b (QSJ a (S  pyx (300 K) puy (300 K/ Rs (300 K) Ry (300 K) Ms (5 K)

Sample ID# co v [10%uQcm™ T [103T73 [uQcm]l pu G K [1072uQcm/T] [107° nQ cm/T] [emu/cni]
Series 11(9-ML Pt)
s2020 2 2.67 0.17 —-1.12 26.86 2.75 9.59 15 2040
s203 3 2.28 0.25 —-1.04 28.93 2.47 18.15 0.15 1866
s204b 4 221 0.30 -0.99 30.13 2.60 24.50 0.55 1658
s206b 6 213 0.34 —-0.76 29.78 2.02 28.02 2.15 1638
s207 7 2.08 0.35 -0.33 29.76 2.57 30.15 1.45 1594

Series [(4-ML Pt)
s232a 1 231 0.11 -0.31 29.18 5.6 8.37 1.88 2262
s22% 2 2.09 0.23 —-0.26 29.15 5.65 18.77 1.57 1865
s226a 3 207 0.33 -0.29 3241 4.86 33.79 1.61 1671
s230a 5 1.99 0.30 0.05 30.79 5.00 29.02 0.86 1537
s23la 6 1.97 0.33 0.19 30.54 4.64 31.10 1.45 1644

this issue by preparing a series with a systematic variation dield, representing a magnetoresistafiék) on the order of
dco, @ parameter which affects the magnetic dimensionalityonly 1% at fields of nearly 1 T. Room-temperature resistiv-
of the system. Additionally, the Pt thickness, which influ- ities for the two series of samples range from 29 to 31
ences not only the lattice structure of the magnetic layers byz{) cm with resistance ratioRR), p, (300 K)/p (4.2K),
also their magnetic properties, is varied to determine its conranging from 2.5 for series Il to 5 for series I. Table Il pro-
tributions to EHE. vides a summary of these results and some other relevant
We have measured the Hall resistivity, and the ordi- coefficients. These numbers are indicative of good superlat-
nary resistivity simultaneously as a function of field and tem-tices where disorder induced resistivities are small. However,
perature.p,, was found to change very little with applied it should be noted that there does not appear to be any strik-
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ing variation of p,, with dc, at either 5 or 300 K. Upon teretic behavior belowid =0.4 T and then increases linearly

closer inspection thought & K for series I, we do indeed With field thereafter, showing no signs of saturation even at

observe a nearly linear decreasepi with increasingd,,  the highest field of 1 T. Fof111) Co, /Pt; the Hall resistivity

though the effect is smal~15% changg For series Il the remains 100% remnant at zero field with a saturation field of

smaller RR indicates the relatively larger influence of impu-H=0.19T. Both orientations followed their magnetization

rity and disorder scattering om,,, masking any systematic 100ps closely and could be described using the empirical

variation withdc,. In either case, it appears that interfacial formula

scattering is not contributing significantly tq, especially at

300 K. This is to be contrasted with results presented later Pxy=RoH+Re47M, (12

which clearly demonstrate the dramatic effect of the interfawhere we have set the demagnetization fabterl for thin-

cial scattering on the scaling laws. Presumably, the spinfilm geometry and assumeRl, to be independent of field so

dependent scattering mechanisms are much more strongiliat p,, is given simply as a linear combination of an ordi-

dependent on the interfaces in the system. The relative insenary component proportional té and an extraordinary com-

sitivity of p, ondc, is then consistent with the observed low ponent proportional tt. Note that for samplél11) Co, /Pt

MR value. the negative slope after saturation due to the normal Hall
In Fig. 9 we show two representative Hall loops @00  effect. For most of our samples this effect was small, ranging

Co;/Pt; and (111 Co,/Pt. The measurement was done at 5from —0.5x10°2Qcm/G & 5 K to near 3x10 %2

K. For (100 Cos/Pt; the Hall resistivity shows slightly hys- ) cm/G at room temperature.
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From the Hall resistivity data we were able to extractwe have further analyzed our data according to Fig$a)11l
Rs(T) for series | and Il at 5-6 different temperatures andand(b). Here we present log-log plots BE(T) vs p,,(T) for
explore its scaling relationship with,,(T) obtained at the series | and Il, respectively. The slope is then given simply
same temperatures. To begin, we fR{T)/Rs (300 K) vs by » and the intercept by the log of a proportionality constant
[px(T)/ pyxx (300K)]? for series | and lI[Figs. 1Ga) and A in Eq. (11). Our data fit very well to Eq(11) for both
(b)]. Both series reflect similar behavior. For samples withseries over a large temperature rafg2—300 K. As dc, is
thick dc, (more bulk like, the exponenw is nearly 2. Here varied there is a systematic change of bpthnd A. Figures
QSJ is the dominant mechanism. However,dgg is de-  11(c) and (d) highlight this variation. Over the entire thick-
creased(quasi-two-dimensional limjt there arises a large ness range depends linearly on d{,. This is an indication
deviation from the quadratic scaling law, a possible indicathat interfacial scattering may be dominating the Hall effect,
tion of the invalidity of the theory in this regime. Further, and indeed for this thickness regime we would expect such
there do appear several discrepancies of note in the chara be the case. Further, in series | the intersection with the
teristics of the two series. First, the curves of series | collaps@orizontal linev=2 (QSJ occurs atdc,~9.5A, with two
onto theRs= p2, line much more quickly. And second, series samples actually having an exponent slightly less than 2.
Il supports curves with much larger deviations from the qua-This is in contrast to series Il which extrapolates to an inter-
dratic scaling. As we will see later, this may be due to asection withv=2 atdc,~20A. Interestingly, both intersec-
larger relative difference betweely, anddp,. However, for  tion points occur whewc,~dp;. Equally fascinatingA de-
both series the curves are reminiscent of Zhang’s theoreticgdends on log{:,) in a linear fashion for both series. As a
work .1t consequence, the scaling relationship in our Co/Pt superlat-

To ascertain whether a different scaling relation is at playtices is parametrized by the sole variablg,.
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The smooth variation of the fitting parameters across the R, =p, (H) / 4nM(H) = ap,_ + bp,*
thickness range measured may seem inconsistent in light of 0.8
the behavior observed in the anisotropy characteristics. In ro° :I'::‘;Le; L
. . . . [ ution
particular, we see no discrepancies owing to the coherent to 0.6 [.---- side-ump contribution
fitted Pry e, e

incoherent transition. One might expect such a structural g
transition to strongly influence any interface scattering. I
However, the spin-dependent scattering is affected by the 04f
local magnetic environment, whereas the magnetic anisot- [
ropy depends on long-range inhomogendigyg., disloca- [
tions). Assuming the dislocations are well separated from 0.2 |
each other, the local magnetic environment does not change
significantly as a result of this transition and so we observe §
smooth variation in the fitting parameters. Z
To elucidate the physics behind these correlations we will
need to first summarize the findings of Zhaief. 11). Up 02 [
until this time there had been no previous attempts to model [
the spatial and spin inhomogeneities associated with super- i
lattices within the context of EHE. Zhang, by using the Kubo -0.4
formalism, is able to show that the commonly used scaling .
relation is not valid for superlattices. In particular, he focuses
on QSJ, which should be the main source for EHE because 06 [

0.0

>
3

Q

of the higher resistivities associated with multilayered struc- [ .(|_1 111)5%‘:(4/”7
tures. The derived Hall conductivity,, is found to depend P T T T T R TV T O T
on the strength and range of the scattering potentials in the "41.0 0.8 06 0.4 0.2 0.0 02 0.4 06 08 1.0

system(in direct contrast to homogeneous systerdfiang’s H(T)

explanation is that the relevant parameters, such as MFP,

have become spatially varying. The electron sees an inhomo- FIG. 13. The result of the fittingy,(H) = (apx.+bpZ,) M(H)

geneous scattering environment. If, however, MFP is muclusing the measureg,,(H) and M(H) curves for Cq/Pty at T

less than the layer thickness, i.e., the local limit, the situation=150 K. The individual contributions from S$ap,,M(H)], and

reduces to the homogeneous case because the electrons @&J,[bp2,M(H)], are superimposed upon the fitting.

never made aware of the inhomogeneities in the system and

the scaling law is re-established. Whereas when the MFP ithe exponent deviates from 2 once again but this time it

much larger than the layer thickness, i.e., long MFP limit, thebecomes smaller. We suspect thatlas or dp; increase fur-

electron samples many layers before scattering. In this cagher other scattering mechanisms will become important and

Zhang finds thatrxy(szy/pix) depends on the ratio of the deviation from the X, dependence o# will arise. A cor-

relaxation times in the magnetic layers and nonmagnetic layrect theoretical treatment of the problem will need to include

ers. This can be compared to the earlier re%‘hmhereoxy the effect of interface scattering, which seems to be the cru-

is found to be proportional tAy which is independent of the cial mechanism controlling MFP of the electrons.

scattering potential or the relaxation time. Numerical analy- Thus far, we have been working under the assumption

sis reveals that the exponent in the scaling law can bghat QSJ was dominating the scattering in our superlattices.

smaller, greater or equal to 2, depending on the relativd hough this may well be the case, we wish to further analyze

variations in the MFP for the magnetic and nonmagneticour results by adding a contribution from SS and resorting to

layers. the old scaling relations. Within the context of the original
In much of Zhang’s analysis interface scattering is netheories on EHE developed by Luttinger and Betgeve

glected for simplicity. However, our results suggest it is thewould expect the two terms to add linearly to give the fol-

dominant scattering mechanism for samples wdth, be-  lowing relation:

tween 2 and 15 A andp, from 9 to 20 A. This prohibits any

quantitative comparison with Zhang’s model. However, Rs=ap,x+bp2,, (13

gualitatively our results are very similar. If we assume that

the interfaces dominate the scattering, which is reasonableyherea is the SS constant anl is the QSJ constant. As-

then the MFP in the superlattice will be determined primarilysuming the parameters b are independent of temperature

by the Co/Pt interfaces. We can then argue that the MFPwe expect a linear variation dRs(T)/py(T) with p,(T).

will scale as the layer thicknesses so long as the linear varigFhe results of such an analysis are presented in Fig),12

tion of 1/d¢, with » holds. The MFP will then systematically where we showRg(T)/p,(T) Vs py(T) curves for series |.

change withd¢, for each series. In our samples with very Our data fit very well to Eq(13) and show a systematic

small dc, the MFP will be very different in the cobalt and variation asdg, is increased. From least-square fits we have

the platinum layers. And we expect deviation from the scal-determineda, b independently and plotted their dependence

ing law, as explained by Zhang. As we increakg, we  on d¢, [Figs. 12Zb) and (c)]. The QSJ parametds varies

approach the quadratic scaling law linearly witlldJ. And  linearly with 1ds, and isindependenif series. We then

as we noted above whelt,~dp; i.e., when the MFP’s are conclude that QSJ is dominated by interface scattering and is

almost equal, them=2. Onced., becomes greater thalp;  insensitive to the nonmagnetic layer thickness. The SS pa-
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rametera varies approximately linearly witld, and does enhancement of the Co moment in the interfacial region by
depend on series. For series Il, SS contribution is alwaysoughly 55% over the bulk value. In addition, an interface
negative whereas in seriesd,reaches zero at roughly 9 A anisotropy of strain related origins was observed. Series |I,
and then becomes positive for largis,. with a larger tensile strain, had a larger and more robust
To get a better idea of the relative contributions of the twoPMA. The EHE characteristics of the two series were also
mechanism we have plotted in Fig. 13 a fitdg, using the different. If we assumed that only QSJ contributed to EHE
experimentally determineM (H) and p,,(H) curves and a then our analysis revealed a deviation from the normal scal-
knowledge of the field independent coefficieatandb (note  ing relations reminiscent of Zhang’s theory. However, inter-
that we have ignored the normal Hall component due to itacial scattering was recognized as the dominant scattering
very small effect The relative contributions from the SS mechanism so any qualitative comparison with Zhang, who
component and the QSJ component are superimposed up@nored this term for simplicity, would be erroneous. Further,
the fitting. The M(H) curve is well reproduced by this it was noticed that both series intersected with the quadratic
method both above and below the saturation field. Apparscaling law whendc,~dp;, and we argued that this was
ently then, once a knowledge afandb is acquired there is because of an equilibration of MFP in the Co and Pt layers.
no need to measur® and p,, independently. Note that a If SS was also assumed to be at play in our Co/Pt superlat-
small negative SS contribution combines with a large QSJices then the old scaling laws became an accurate represen-
component to generate the tofgl,. The measurement was tation of our data. Interface scattering was also prevalent in

done at 150 K for samplél11) Co,/Pt,. the QSJ term. We suspect that the inhomogeneous environ-
ment of the superlattice does require an additional treatment
VI. CONCLUSIONS and that the agreement with the scaling relations derived for

) _ _ homogeneous systems is fortuitous. What is clear though, is

Well-orientated and highly crystallin€l1l) and (1000 that any theory which attempts to model EHE in superlattices
Co/Pt Superlattices have been fabricated. Those Samples WI\W]” have to take into account the |arge role p|ayed by the
(100 orientation were found to have in-plane magnetizationipterfaces.
to which the EHE closely corresponddd11) orientated su-
perlattices were seen to exhibit a large PMA in a certain
thickness range which was determined by the degree of ten-
sile strain present in the Co layers. A systematic investiga-
tion of two series of(111) orientated samples with similar This work was funded by NSF Grant Nos. DMR9414160
dc, variations but rather different values df, revealed an and DMR9701578.
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