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Effect of surface scattering on the extraordinary Hall coefficient in ferromagnetic films
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The effect of surface scattering on the extraordinary Hall coefficient has been studied in thin films of nickel
and granular Ni-Si@ mixtures. The surface scattering contributions to the Hall coefficient and longitudinal
resistivity have been extracted from the respective total values. The temperature-independent linear relation
between the two parameters has been found. Different scattering mechanisms need to be separated, and the
applicability of the existing models for heterogeneous systems with spatially extended scattering centers should
be reexamined.
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INTRODUCTION the side jump mechanism was claimed to be dominant. It is
important to mention that in bulk ferromagnets the resistivity
The effects of surfaces and interfaces on magnetic andias varied either by temperature or by modest doping, low
transport properties of heterogeneous and nanoscale magrough to avoid significant changes in the band structure of
netic systems are dramatically enhanced as compared to htite material.
mogeneous bulk magnets. Giant magnetoresista@64R), Remarkably different results have been reported recently
a good example of “nonbulk” phenomena, is intimately as-in heterogeneous ferromagnetic systems, multilayers, and
sociated with spin-dependent scattering in the presence @franular mixturesn=2 was reported for molecular-beam-
interfaces separating magnetic and nonmagnetic regionspitaxy-grown Co/Cu superlatticesy=2.6 was found for
Relatively to magnetoresistance in multilayers and granulaglectron-beam-evaporated Fe/Cr multilay®esdn as high
heterogeneous ferromagnets, quite modest attention has beg# 3.7 was reported for heterogeneous giant magnetoresis-
paid so far to another electric transport property: the Halkance films of Co-Ad. Roughness of the interfaces has been
effect. Data reported are scarce and significantly differenfound® to modify the relationship between the extraordinary
from those known in bulk homogeneous magnets. Hall coefficient and longitudinal resistivity of Fe/Cr multi-
The Hall effect in magnetic materials is commonly de- layers. Polarity of the extraordinary Hall coefficient in granu-
scribed by the phenomenological equatiopy=RyB  lar Co-Ag mixtures has been fouhth change from negative
+ReuoM, wherepy is the Hall resistivity,B the magnetic  in thick (200 nm to positive in thin(10 nm films. The latter
induction, andM the magnetizationR, is the ordinary Hall was interpreted as evidence for competition between the bulk
coefficient and is related to the Lorentz force acting on mov-and surface scattering contributions. A nonmonotonic field
ing charge carrierR,, the extraordinary Hall coefficient, is dependence oR, has been found in several GMR systems
associated with a break of right-left symmetry during spin-like Fe/Cr (Ref. 10 multilayers and Co-Ag granular
orbit scattering in magnetic materials and can be much largemixtures’**
thanR,. In these cases the Hall voltage can serve as a direct The theory of the extraordinary Hall effect in systems
measurement of magnetization. In bulk magnets it has beeaffected by geometrical constrains is far from being com-
established, both experimentally and theoretically, that therplete. Kogan and Ustind% were probably the first to con-
is a direct correlation between the extraordinary Hall coeffi-sider the surface scattering in calculations of the effect in
cient and longitudinal resistivity in the forRe>p", wheren  ferromagnetic films. Their model is analogous to the “bulk”
depends on the predominant scattering mechanism immodel of Luttinget:® The surface scattering is presented by
volved: n=1 for skew scattering anch=2 for side impurities localized on the film boundaries, their surface
jumps??® Superposition of two effects is usually presented asoncentration is different from that of the bulk. The final
R.=ap-+bp?, wherea andb are coefficients corresponding formulas are obtained in the effective mass limit. The calcu-
to the skew scattering and side jump, respectively. Skeviated surface Hall contribution is qualitatively similar to the
scattering is assumed to be dominant in low-resistivity sysgeneralized bulk expressioR.s= a(p—pp)p/p,, Where
tems, and the only bulk materials whate-1 has been ob- R,.is the surface contribution to the extraordinary Hall co-
served are low-resistivity dilute alloys at low temperatiftes. efficient, andp,, and p are the bulk and effective thin-film
The rest of the previously studied homogeneous ferromagesistivities, respectively. More work has been done since the
nets with relatively high resistivity demonstratee2, and  discovery of the giant magnetoresistance phenomenon.
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Zhand* used the side jump mechanism as a basis for the

extraordinary Hall effect in magnetic multilayers. The prin- 400+ i 130 nm thick o VP Ly
cipal conclusion of this work was that the commonly used I S e
scaling relation between the extraordinary Hall resistivity T=77K 2 — 14

and longitudinal resistivity is not valid. Skew scattering has 2% °

been treated within the quantdtrand quasiclassicdl size
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effects. Skew scattering in granular GMR alloys involving § ~
not one, but a few grains has been calculated by Vedyae\ & or 1° g,
et all” Unusual scaling power values, includirysp®%, st N 1,&
have been found for a suitable selection of model parameters | o ]

Our attempt to clarify the picture starts by a simple as- . e 1.4
sumption that scattering by phonons, magnons, impurities, o .
boundaries, and surfaces can affect resistivity and the ex -400 s « = wa, oo, #or e00 © -1-6

traordinary Hall effect differently. It is not evident, therefore, L L
that the total resistivity is a good parameter to characterize 08 06 04 02 00 02 04 06 08

the effect. Instead, the contribution of each scattering proces: By (T)

should be isolated and determined. This work is focused on FIG. 1. Hall resistancésolid circles, right-hand axisand mag-
the surface scattering contribution to the extraordinary Halleization (open circles, left-hand axisof 130-nm-thick Ni film

coefficient. measured at 77 K with magnetic fiek}, perpendicular to the film
plane.

SAMPLES

. . RESULTS AND DISCUSSION
Two types of systems have been chosen. The first are thin

films of nickel with electronic mean free path of the order of  The transverséHall) and longitudinal resistance of all the
or shorter than their thickness. Following the original Fuchsstudied samples were measured between room and liquid-
size-effect theory? external surfaces impose a boundary helium temperatures up to fields much exceeding the field of
condition on the electron-distribution function, which en- magnetic saturation. A magnetic field was applied perpen-
hances the thickness-independent bulk or intrinsic resistivitylicular to the plane of films. Every field-dependent measure-
pp., to the thickness-dependent total resistiyityThe differ-  ment included upward and downward sweeps for both field
ence between the two can be considered as the surface scpblarities. The typical magnetic field dependence of the Hall
tering resistivity pss. The samples used in this study were resistanceRy = Vyy/l4) of 130-nm-thick Ni films is plotted
prepared by conventional high-vacuum deposition techin Fig. 1, together with its magnetization measured by a su-
niques in conjunction with standard lithographic proceduresperconducting quantum interference devi@QUID). The
Quartz substrates were ultrasonically cleaned in a sequensgales are normalized for the clarity of presentation. Both
of diluted HCI and ethanol to ensure the removal of organiccurves are practically identical, which points out an intimate
and inorganic surface contamination. After calibration of thecorrelation between the extraordinary Hall effect and magne-
thickness monitor of the deposition chamber, Ni films in thetization. For the following discussion, the extraordinary Hall
nominal thickness range 5-100 nm were deposited at roomesistanceR,,; and resistivityp,,; are defined by extrapolat-
temperature in a vacuum of 18 Pa using a multisource ing the high-field linear slope of the measured sigRa(B)
e-beam evaporator at an electronically controlled depositiono zero field: pys=Ryst, wWheret is thickness of the film.
rate of 4—5 nm/s. Subsequently, Sifilms of thickness 200 The longitudinal resistivityp is defined as the zero-field re-
nm were deposited to prevent contamination and degradatiasistivity in virgin state. Specification of the state here is of
of the Ni films. The Ni/SiQ stack was patterned into Hall limited importance since the magnetoresistance of the stud-
bars of 3x0.4 mm length and the appropriate three pairs ofied films is less than 1%.
contacts~1 mm apart. To deposit standard Cr/Au pads for The Curie temperature and saturation magnetization of Ni
wire attachment, contact windows were etched into the, SiOfilms with thickness down to 2 nm was fouifdto be the
using wet chemical etching with buffered HF. same as in bulk Ni. Deviations of magnetic behavior, occa-
The second group of samples consists of relatively thicksionally reported for very thin films, are rather related to the
Ni-SiO, granular films with a variable content of SiOThe  superparamagnetic character of weakly coupled grains and
total thickness of the series was about 200 nm. Due to thaot to the intragranular magnetic changes. Correlation be-
mutual immiscibility of the components, silica is distributed tweenp,,s and the extraordinary Hall coefficieR, is based,
within the nickel matrix in the form of small nanoscale is- therefore, on the assumption that magnetization of all films
lands. By gradually increasing the Si©ontent, the percola- in the saturated state is thickness independent. We also limit
tion threshold can be reached. This is the limit studied rethe present study to films thicker than 5 nm.
cently in a number of granular systefis?In our case we The resistivity of several Ni films is plotted in Fig. 2 as a
have limited the range of samples to relatively low silicafunction of their thickness for three temperatures: 294, 77,
volume concentrationgelow 25% to avoid complications and 4.2 K. As expected for films with a mean free path of the
of the fractal structure in the vicinity of the percolation order of the thickness, the resistivity is strongly enhanced in
threshold. the thin-film limit, following the Fuchs-Sondheimer mod&l.
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294, 77, and 4.2 K.

o o _ o FIG. 4. Extraordinary Hall resistivity of Ni samples as a func-
FIG. 2. Resistivity of Ni films as a function of their thickness at tion of their total resistivity. Three data points per sample corre-

spond to three temperatures 294, 77, and 4.2 K. Straight lines are
guides for the eyes.

The resistivity of our thinnest 5-nm film is about an order of
magnitude higher than that of the 100-nm-thick film. Thej, earlier studies was based on the following relation be-
dlﬁerence of the resistivity values between the room andyeen the longitudinal and transverse resistivitiegi,
helium temperatures is almost the same for all samples of the ap+bp?, wherea andb are coefficients corresponding to

series, which indicates their similar_ bulk properties. Theiha skew scattering and side jump. A similar analysis can be
same can be concluded from comparison of the normal Hallieq in this case when the resistivity is varied either by the

coefficients[high-field linear slope of thér,;(By) curveg,
which is constant within an accuracy af10% for the entire

temperature or by the thickness of the samppgs.of all Ni
films measured at three temperatu(@84, 77, and 4.2 Kis

series. Nonepitaxial films, like those discussed here, depogyatied in Fig. 4 as a function of the respective longitudinal
ited and measured at the same temperature are usually free @kisivity. Quite limited information can be extracted from
strain and its influence. We can, therefore, safely assume thgi;q plot, but a surprising observation thag. of the 6-nm

the observed variation of resistivity with thickness is due togj|,, seems to be independent of its temperature-dependent

the enhanced surface scattering.

The extraordinary Hall resistivitpys is shown in Fig. 3
as a function of thickness. The qualitative behavior is simila
to that of the longitudinal resistivity: constant in thick films separately:

and strongly enhanced in the thin-film limit.

The standard analysis of the extraordinary Hall coefficien

resistivity. The coefficienta and b can be determined by
plotting py /p as a function ofp. Figures 5 and 6 present the
'same data, but analyzed following two different parameters
temperature and thickness. Figure 5 shows
ns/p as a function ofp, where each symbol represents an
sothermal measurement of different samples:
room temperature, open circles for 77 K, and solid circles for
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FIG. 3. Extraordinary Hall resistivity of Ni films as a function of

their thickness.

symbol corresponds to a different temperature.
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FIG. 5. The same data as in Fig. 4 plottedpag/p vs p. Each
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FIG. 6. The same data as in Fig. 4 plottedpag/p vs p. Each Ni, 6 nm, 4.2 K ~
symbol corresponds to a different sample. H f
. . C e . 0.5+ :' <4 113.92
4.2 K. Linear variation can be assumed for the low-resistivity
(thick film) part of the plot, givinga=0 and a temperature-
dependenb. Following the previous discussion, that would ~ ool "
mean that the side jump is the dominant mechanism of thez g
extraordinary Hall effect. Coren and JuretscRkeichard 18
et al,>* and Schackt al?® have drawn this conclusion from
. . . . . 0.5 -
similar experimental results on thin Ni and Fe films. How-
ever, the high-resistivitythin) samples deviate strongly from §
the linear variation and do not support this scenario. o = 4 113.84
Another presentation of the same data is shown in Fig. 6. T T S ST
where each symbol corresponds to a given sample measure By (T)
0

at different temperatures. The same analysis would iniply
a strong(dominanj influence of the side jump in thickLOO
and 50 nm films with a~0 and positiveb, (ii) dominant

=4.2 K.

ApHg (}LQ cm)
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FIG. 8. Hall resistancésolid circles, left-hand axjsand longi-
tudinal resistancésolid line, right-hand axisas a function of ap-
plied magnetic field ofl@ 8-nm- and(b) 6-nm-thick Ni films. T

skew scatteringl{~0) in 10-nm-thick films andiii) com-
bination of both skew scattering and side jump in thin films
(t<10 nm) with negative coefficiert. We fail to propose
any solid arguments to justify these conclusions, in particular
the change of polarity of the coefficiehtwith thickness.

As mentioned earlier, the goal of this work is to extract
the surface scattering contribution to the extraordinary Hall
effect. Assuming that the 100-nm-thick film represents the
properties of bulk Ni, the effect of surface scattering can be
found by a simple subtraction of the bulk parameters from
that of thinner films. The surface scattering contribution to
the extraordinary Hall effect at a given temperature can be
defined asA pys=pus— Pusb, Wherepygy, IS the extraordi-
nary Hall resistivity of the 100-nm-thick film. Respectively,
the surface scattering contribution to the longitudinal resis-
tivity is defined asA p=p— p;,, wherepy, is the resistivity of

FIG. 7. Surface scattering component of the extraordinary Halthe 100-nm-thick film. The results are shown in Fig. 7 for all

resistivity as a function of the respective resistivity terfp

the films of the series; different symbols relate to different

= pus— Prsh, Wherepyqy is the extraordinary Hall resistivity of the temperatures. Evidently, all results collapse onto a single

100-nm-thick film. The surface scattering contribution to the longi-Straight line.
tudinal resistivity is defined a&p=p—py,, Wherep, is resistivity

Notably, the magnetic anisotropy of films and details of

of the 100-nm-thick film. The results are shown for all films of the their magnetization reversal do not affect the variation of the

series; different symbols indicate different temperatures.
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tion of applied magnetic field. Ni volume concentration is 80%.

Thickness is about 200 nm. FIG. 10. Surface scattering component of the extraordinary Hall
resistivity as a function of the respective resistivity term far

Hall resistance and magnetoresistance of two films: 6 and Bigh-quality thin Ni films, (b) “low"-quality Ni films, and (c)

nm thick. The magnetic properties and, respectively, magneNi-SiO; mixtures. Group(a) is shown for three temperatures: 294,

totransport characteristics are dramatically different;”7» @nd 4.2 K. Groupgb) and (c) are shown for 294 and 77 K.

mostly reversible magnetoresistance with a characteristigt@ight lines are guides for the eyes.

low-field pattern and reversible Hall signal in the 8-nm film gjstive one in all the studied cases. The slopes are different
as Compared with two profound peakS n magnetores|3tanq%r each System, but the tendency is generaL
and a strong, almost rectangular hysteresis of the Hall signal

in the 6-nm one. The difference between these two films can CONCLUSIONS
be related to the different orientation of the magnetic anisot-
ropy: in plane in the 8-nm film and normal to the plane in
the 6-nm one; the latter subject is out of the scope of thi
paper.

Two more sets of samples have also been studied. One
the series of Ni films prepared by electron beam depositiony; giterent scatterers. Here the surface scattering term has
with “inferior” quality as compared with the first one. The peen separated from the total resistivity and a linear ratio
longitudinal resistivity of this series is about 3 times higher:petween the extraordinary Hall and longitudinal resistivities
the room-temperature resistivity of the 100-nm-thick film of ha5 peen found. A similar linear dependence has been pre-
this series is 3u() cm. The second is a series of codepositedgicted for the skew scattering mechanism in bulk homoge-
Ni-SiO, granular samples of about 200 nm thick. Typical neous ferromagnets. The latter is expected to dominate over
curves of the Hall resistance in Ni-Si@neasured as a func- the side jump in samples with very low resistivity and has
tion of applied field are shown in Fig. 9 for a sample with abeen observed in clean alloys at low temperatures. The resis-
20% volume of SiQ. The enhancement of the resistivity of tivity of ultrathin and granular films discussed here is in the
these films with increasing Syrontent is mainly related to range of tens to hundreds pf) cm and falls far away from
the scattering on interfaces of the insulating inclusions. Thehe “clean” limit. The domination of the linear term in this
interface contribution to the extraordinary Hall effect andlimit contradicts, therefore, existing models developed both
longitudinal resistivity can be extracted following the samefor bulk homogeneous materials with point scattering centers
procedure as for chemically uniform thin Ni films. We sum- and for thin films and granular mixtures. The applicability of
marize the results for all three systems—high-quality thin Niexisting models for heterogeneous systems with spatially ex-
films, “low” quality Ni films, and Ni-SiO, mixtures—in Fig.  tended scattering centers, like surfaces and interfaces, should
10. The surface scattering Hall term follows linearly the re-be reexamined.

The description of the extraordinary Hall effect in systems
é/vith multiple-scattering mechanisms requires the selection
of proper macroscopic parameters. The traditionally used
%Iobal resistivity seems not to be the best choice. Meaningful
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