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The extraordinary Hall effect(EHE) in ferromagnetic samples is generally attributed to scatterings of iterant
electrons in the presence of spin-orbit interactions. In this work, our study of the thickness dependence of the
EHE in thesNi80Fe20dxsSiO2d1−x system showed the spontaneous Hall resistivity,rxy

S to be quite independent of
the film thickness while the Hall coefficient,RS (;rxy

S /MS, whereMS is the saturated magnetization), increased
monotonically owing to a depression inMS. We point out that the independence ofrxy

S with reducing thickness
could arise if the morphological structure of the sample becomes two dimensional with decreasing film
thickness, which is expected from classical percolation theory. We also find in thesNi80Fe20dxsSiO2d1−x system
(with varying x) that rxy

S ~rxx
g whereg=0.53, which disagrees with the value of 2 frequently attributed to the

side jump effect, but which can be explained in terms of the more general formrxy
S =rxxDye/LSO, whereDye is

the side jump displacement andLSO is the spin-orbit mean free path.
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I. INTRODUCTION

Extensive studies have been carried out on heterogeneous
magnetic multilayers and granular systems for their potential
application as giant magnetoresistance materials. It is well
documented that surface and interface scatterings could have
strong effects on the magnetotransport properties of these
systems.1–6 In typical approaches to studying the effect of
surface scatterings, the sample thickness is usually
decreased1,2,4,6 or the average magnetic domain size1–3 and
the resultant changes in the magnetotransport properties are
determined. Magnetic granular samples require special atten-
tion, however. As their average grain size and film roughness
usually undergo distinctive changes as the sample thickness
is reduced towards the average grain size in bulk(which is
typically 1 to ,10 nm), additional electron scatterings
caused by reducing the sample thickness could come from
changes in the metal grain size and the surface roughness of
the sample, if any, with decreasing film thickness. We would
thus call the additional scatterings from reducing the sample
thickness “effective surface scatterings”(as opposed to sim-
ply “surface scatterings,” which has been more generally re-
ferred to).

Our original goal in this study was to analyze the effective
surface scatterings in Ni80Fe20 and granular
sNi80Fe20dxsSiO2d1−xsx=0.7d sputtered films(both covered by
SiO2) by measuring the changes in their extraordinary Hall
signals with decreasing film thickness from 30 to 2 nm. The
extraordinary Hall effect(EHE) is especially suited for use
as a monitor of effective surface scattering because it is the
most sensitive to electron scatterings amongst all magnetic
properties.3,7 Our results reveal that the Hall coefficient,RS,
of both Ni80Fe20 and sNi80Fe20d0.7sSiO2d0.3 increased by 3–4
times with this thickness reduction, but the spontaneous Hall
resistivity, rxy

S changed relatively little. We determined that
the increase inRS has little to do with the increase in the
effective surface scatterings, but is due, instead, to a fourfold
depression in the saturated magnetization,MS of both

Ni80Fe20 and sNi80Fe20d0.7sSiO2d0.3 with decreasing thick-
ness. The significantly smaller change inrxy

S is understand-
able from the results of classical percolation theory that the
rxy

S of a metal-insulator composite should become constant as
the sample structure becomes two-dimensional(2D).8–11 We
confirm this 2D phenomenon insNi80Fe20dxsSiO2d1−x by
showing that a plateau inrxy

S indeed occurs as thin films of
sNi80Fe20dxsSiO2d1−x (with fixed thickness of 30 nm) ap-
proach the percolation threshold(through reduction of the
metal volume fraction,x) at which the percolation correlation
length diverges.8 Finally, we discuss issues concerning the
interpretation of Berger’s result for side-jump effects,12

which is commonly used to analyze EHE data from resistive
ferromagnets.

II. EXPERIMENT

Ni80Fe20 and granularsNi80Fe20dxsSiO2d1−x films were pre-
pared using a magnetron dc sputtering system as described
elsewhere.13–15A 100-nm-thick SiO2 capping layer was sput-
tered on top of all films to protect them from further oxida-
tion. The thickness of the films was controlled by a crystal
balance monitor mounted near the sample surface inside the
sputtering chamber. The samples were lithographically pat-
terned into 1 mm36 mm rectangles with six terminals: two
for carrying the current, two for measuring the longitudinal
voltage, and two for measuring the transverse voltage. To
eliminate spurious signals due to the Seebeck effect, the lon-
gitudinal voltage was measured twice with the dc current
reversed between the measurements. Then, the difference be-
tween the two voltages was divided by 2 to obtain the resis-
tive potential difference across the sample. The Hall signal
was deduced from the asymmetric component of the trans-
verse voltageVxy,asyversus the magnetic fieldH between25
and 5 T. The Hall resistivity,rxy, was calculated from
Vxy,asyh/ I, whereh is the sample thickness andI is the ap-
plied dc current.

For ferromagnetic conductors,
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rxy = R0fH + 4pMs1 − Ddg + 4pRSM , s1d

whereR0 is the ordinary Hall coefficient,M the magnetiza-
tion, D the demagnetization factor, andRS the extraordinary
Hall coefficient. Since the applied magnetic field is perpen-
dicular to the film surface in all field dependent measure-
ments,D is close to 1. In Eq.(1), the first term comes from
the classical Lorentz force, whereas the second term is gen-
erally attributed to the EHE, believed to be due to spin-orbit
scatterings.12,16,17To determineRS, the extrapolated value of
rxy at zero magnetic field(denoted byrxy

S ) from the region
where the magnetization saturates is divided by the saturated
magnetization,MS, i.e.,

RS= rxy
S /MS. s2d

The magnetization was measured with a Quantum Design
superconducting quantum interference device magnetometer.
Samples for transmission electron microscopy(TEM) and
atomic force microscopy(AFM) imaging were prepared as
described above for electrical measurements but without the
SiO2 capping layer. These samples were deposited on
carbon-coated TEM grids and glass, respectively. Bright-
field TEM micrographs were obtained by a Philips C-M20
model TEM. Atomic force microscopic topographical images
of the samples were obtained by a Seiko Instruments(Chiba,
Japan) SPA-300HV model AFM operated in the dynamic
force mode.

III. RESULTS AND DISCUSSIONS

Shown in Figs. 1(a) and 1(b) are plots of the extraordinary
Hall (EH) coefficientRS versus the film thicknessh for the
Ni80Fe20 and sNi80Fe20d0.7sSiO2d0.3 films, respectively, at a
temperature ofT=5 K. For both materials, theRS acquires its
bulk value for hù30 nm with the value for
sNi80Fe20d0.7sSiO2d0.3 a factor of 6 larger than that for
Ni80Fe20. This enhancement ofRS in sNi80Fe20dxsSiO2d1−x

with respect to that in pure Ni80Fe20 is associated with the
giant Hall effect (GHE) demonstrated in ferromagnetic
metal-insulator composites13–15,18,19in which the EH effect
demonstrates a 103–104-fold enhancement near the percola-
tion threshold of the composites. While the origin of
the GHE is so far not fully understood,13–15,18,19an order-of-
magnitude estimate14 showed that the magnitude of enhance-
ment is too large to come from a divergence of the
Hall resistivity at the 3D percolation threshold.8 Most
probably, the GHE has to do with additional electron scatter-
ings caused by the ferromagnetic metal-insulator interfaces
and the higher degree of disorder inside the metal grains
in approaching the percolation limit, in keeping with the
spin-orbit nature of the EHE.12,16,17 This view is in good
accord with previous findings that the GHE was significantly
reduced by annealing the granular sample at high
temperatures14 whereupon the average size of the metal
grains increased and the degree of disorder in the metal
likely improved as well.

Shown in Figs. 2(a) and 2(b) are plots of the longitudinal
resistivity,rxx, normalized to the resistivity at 5 K versus the
logarithm of temperatureT for the Ni80Fe20 and the

sNi80Fe20d0.7sSiO2d0.3 films, respectively, with different
thicknesses. In both types of films, the evolution of the
rxx−T curves with decreasing thickness is similar, resem-
bling the generic metal-to-insulator transition found in
sNi80Fe20dxsSiO2d1−x with decreasing metal fraction
x.13,19 In metallic samples, the temperature coefficient of
resistivity (TCR) is positive from 5 to 300 K; in insulating
samples, tunneling conduction20,21 prevails and the TCR
is negative; but in the intermediacy between these two
extremes, the TCR may change from negative, exhibiting
a −logT dependence at low temperatures, to positive at high
temperatures. This temperature dependence has been
postulated19 to arise from the nanometer-sized metal grains
(that have electronic energy quantizations close to the
thermal energy at room temperature) reaching such an
abundance as to be able to block enough of the conduction
paths inside the sample to cause a negative TCR at low
temperatures but not at high temperatures. From the results
of Figs. 2(a) and 2(b), it is apparent that both types of
films become less conducting with decreasing film thickness.
The metal-to-insulator transition does not occur until
h< 3 nm, however, which is notably less than the thickness
whereRS begins to increase with decreasing thickness(i.e.,
15 nm, Fig. 1).

We examined the morphological changes, if any,
occurring to the two films with decreasing film thickness.
Shown in Figs. 3(a) and 3(b) are bright-field TEM
micrographs of the Ni80Fe20 and sNi80Fe20d0.7sSiO2d0.3

films, respectively, with different thicknesses from,30 to

FIG. 1. The extraordinary Hall coefficient,RS vs film thickness
h for (a) the Ni80Fe20 and (b) the sNi80Fe20d0.7sSiO2d0.3 films
at 5 K.
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,3 nm. As seen, with decreasing film thickness, the average
metal grain size decreases with the granules clumping to-
gether to form increasingly sharpened islands that are about
,10 nm laterally in size. To confirm the formation of is-
lands, we examined the topography of the films by AFM.
Shown in Fig. 4 are the AFM topographical images of
Ni80Fe20 films with thicknesses from 33 nm to 1.7 nm. Be-
neath each image is the cross-sectional profile along an arbi-
trary line drawn in the image as shown. With decreasing film
thickness, the film roughens with the obvious formation of
islands. In the films with thickness below 15 nm, the average
height of the islands is taller than the nominal film thickness.
At h,6.6 nm, the islands become clearly isolated. The

sNi80Fe20d0.7sSiO2d0.3 films demonstrated similar topographi-
cal variations with decreasing thickness as did the Ni80Fe20
films.

Magnetic properties of nanostructures are known to
vary strongly with local structures including feature size,3,7,22

interfacial condition,1,5,23,24 and disorder.25,26 Table I
gives the measured values ofMS at 5 K of the same Ni80Fe20
and sNi80Fe20d0.7sSiO2d0.3 films studied in Fig. 1. As seen,
MS decreases systematically with decreasing film thickness
in both types of films. It is noteworthy that theMS of
the 30-nm sNi80Fe20d0.7sSiO2d0.3 film is only 53% of that
of the Ni80Fe20 film with similar thickness, which cannot
be accounted for by the difference in their volume fraction in
the ferromagnetic component Ni80Fe20.

27 By correlating
this result with the TEM and AFM images shown in Figs. 3
and 4, we suggest that the smaller values ofMS in our
films are from the smaller average metal grain sizes and
perhaps also from the greater surface roughness. Reduction
of MS with decreasing sample size has been found in spheri-
cal Fe3O4 nanoparticles28 and (111)-oriented Y3Fe5O12
thin films.29 On the other hand,MS was reportedly constant
with variations of the Co domain size in Co20Ag80 (Ref. 3)
and with thickness reduction in Ni films,30 both to the
nanometer range. Apparently, variations inMS with sample
size depend on numerous factors as stipulated
previously1,3,5,7,22–26 and cannot be easily generalized.
We also measured theMS in a series ofsNi80Fe20dxsSiO2d1−x

films with different metal fractionsx but fixed h<30 nm
(data not shown). We found thatMS decreased by an order of
magnitude asx decreased from 1 to,0.4, with large fluc-
tuations in MS (between 50 and 209 emu/cm3) occurring
aroundx=0.5±0.1, in the vicinity of the percolation thresh-
old. This order of magnitude decrease inMS with x decreas-
ing from 1 through the percolation threshold is consistent
with the decrease found in the Ni80Fe20 and
sNi80Fe20dxsSiO2d1−x films upon reducing their thickness
from 30 to 3 nm(Table I), where theirrxx−T curves(Fig. 2)
demonstrate the metal-to-insulator transition. This result sup-
ports the argument that the variations inMS shown in Table I
of sNi80Fe20dxsSiO2d1−x films reflect structural changes inside
the films.

A theorem was well established in 2D conductor-insulator
binary networks that the Hall resistivity of any one such

FIG. 2. Semilogarithmic plots of longitudinal resistivity normal-
ized to the values at 5 K vs temperature for(a) the Ni80Fe20 and(b)
the sNi80Fe20d0.7sSiO2d0.3 films with different thicknesses.

FIG. 3. Transmission electron micrographs of
the (a) Ni80Fe20 films and (b)
sNi80Fe20d0.7sSiO2d0.3 films with different thick-
nessesh as indicated.
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network is constant(independent of the conductor fraction),
equal to the Hall resistivity of the conductor composing the
network when in bulk.8–11 Our results may imply that our
films become 2D with decreasing film thickness(Fig. 4) such
that the;fourfold increase inRS s;rxy

S /MSd displayed in

Fig. 1 could arise from the decrease inMS shown in Table I.
In Fig. 5,rxy

S versus the film thickness is plotted for the same
films studied in Fig. 1. Therxy

S of the Ni80Fe20 films is es-
sentially constant fromh=30 to 1.7 nm, consistent with ex-
pectations from the 2D theorem.8–11 A previous study of

FIG. 4. AFM topographical micrographs of Ni80Fe20 films with different thicknesseses from 33 to 1.7 nm. Immediately underneath each
micrograph is the cross-sectional profile along an arbitrary line drawn on the micrograph as shown.
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evaporated Ni films also showedrxy
S as constant when the

film thickness was reduced to 5–6 nm,6 which could also be
a result of the 2D theorem. In thesNi80Fe20d0.7sSiO2d0.3 films,
rxy

S is constant only untilh=17.4 nm. Therxy
S of the 8.7- and

3-nm films deviate by 22% and 50%, respectively, from that
of the thicker films. In thesesNi80Fe20d0.7sSiO2d0.3 films,
where discrete islands are formed with heights greater than
or comparable to the film thickness(Fig. 4), we believe the
2D theorem8–11 could break down as these films may no
longer be treated as binary conductor-insulator networks
(meaning that all the conducting regions of the network have
the same transport properties), which is a prerequisite of the
2D theorem.11 Due to the thickness variations, the conduct-
ing regions of these films, assNi80Fe20d−sSiO2d networks,
could vary quite significantly from region to region in micro-
scopic structure and/or even the composition of Ni80Fe20 in-
side the conducting region, causing large variations in the
transport properties of different conducting regions and vio-
lation of the prerequisite of the 2D theorem. In the following
we show how the 2D theorem may be demonstrated in
sNi80Fe20dxsSiO2d1−x.

In granular metal-insulator composite films, a crossover
from 3D to 2D behaviors always takes place as the percola-
tion threshold is approached31,32 whereupon the percolation
correlation length diverges8 and becomes larger than the film
thickness. This provides a convenient way to study the 2D
theorem insNi80Fe20dxsSiO2d1−x by reducing the metal frac-
tion x. Shown in Fig. 6 is the measuredrxy

S of
sNi80Fe20dxsSiO2d1−x films with h fixed at ,30 nm [where
the film roughness is,10% of the film thickness(Fig. 4)],
and different metal fractionsx, are plotted againstMS. A
plateau of rxy

S is clearly evident around 50øMS
ø209 emu/cm3, which is where the percolation threshold is.
It is also interesting to note that therxy

S of our films never
rises above 102 times the value of the pure metal film, al-
though a GHE enhancement of more than 103 times has been
reported for this system nearx=0.56.13,15,18The discrepancy
can be understood from the thickness of the films employed
in this experiments,30 nmd being thinner than in the earlier
studiess<1 mmd,13,15,18so that our films become 2D sooner,
forcing rxy

S to level off due to the 2D theorem before the
GHE develops to its full strength.

In passing, we discuss why the 2D theorem should
only apply to rxy

S (i.e., the extraordinary Hall resistivity at
saturated magnetization), but not the extraordinary Hal
resistivity at a fixed magnetic field in ferromagnetic granular
materials or the extraordinary Hall coefficientRS. As
mentioned above, the 2D theorem only applies to metal-
insulator networks that are binary.11 With the Hall resistivity
of these substances coming from the EHE, which in turn
comes from scatterings of the iterant electrons in the pres-
ence of spin-orbit interactions, the Hall resistivities of indi-
vidual domains depend on the spin orientations of each do-
main with respect to the direction of the applied dc current.
As a result, before the spins of all domains are aligned, the
Hall resistivities of different domains could be very different,
invalidating the precondition of the 2D theorem. Further-
more, since the sample magnetization generally contains
contributions from magnetic moments of both free and
bound charges, a proper normalization of the spontaneous

TABLE I. Measured values of saturated magnetization,MS of
Ni80Fe20 and sNi80Fe20sSiO2d0.3 films with different thicknesses,h
at 5 K.

Sample h snmd MS semu/cm3d

Ni80Fe20 33 560±7

16.5 494±9

3.3 152±5

1.7 122±8

sNi80Fe20d0.7sSiO2d0.3 30 290±4

17.4 237±4

8.7 147±5

3 66±6

FIG. 5. Plots ofrxy
S vs film thickness of Ni80Fe20 films (open

circles) andsNi80Fe20d0.7sSiO2d0.3 films (solid circles). Therxy
S data

are obtained by multiplying theRS data of Fig. 1 by the measured
MS of the respective film.

FIG. 6. A plot of rxy
S vs MS of sNi80Fe20d0.7sSiO2d0.3 films with

different x but fixed thickness equal 30 nm.
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Hall signal should entail division ofrxy
S by the component of

magnetization coming solely from the free charges. Hence,
the EH coefficientRS obtained by dividingrxy

S by the total
magnetization may thus not always provide the proper nor-
malization for the spontaneous Hall signal. It should there-
fore be emphasized thatrxy

S not RS, should be used as the
measure of EHE.

The effect of electron scatterings on the EHE of hetero-
geneous magnetic systems is often analyzed by examining
the rxy~rxx

g scaling relation(where g is the scaling expo-
nent). Prevalent theories12,16,15suggest that spontaneous Hall
signals arise from spin-orbit scatterings of the iterant elec-
trons by the positive ions resulting in asymmetric deflections
(i.e., the so-called skew scatterings17) and/or discontinuous
sideways displacements of the iterant electrons(i.e., the so-
called side-jump effect).12 It is generally believed that skew
scatterings lead torxy

S ~rxx while the side-jump effect leads
to rxy

S ~rxx
2 , with the side-jump effect dominating whenrxx is

large. Among the various heterogeneous magnetic systems
studied recently, however, serious disagreement has been
found in these theoretical predictions.33 For the samples
studied here [which are granular networks of
Ni80Fe20—notably a heavily(Fe-) doped alloy of Ni—and
hence are resistive], we expect the side-jump effect to domi-
nate. We foundrxy

S ~rxx
0.53 at 5 K beforerxy

S comes to a pla-
teau (Fig. 7; rxx was varied by varyingx), which also dis-
agrees with theoretical predictions.

In the original derivation by Berger,12 the expression for
the Hall resistivity due to the side-jump effect for a single
band of carriers is

rxy
S =

rxxDye

LSO
, s3d

whereDye is the sideway displacement of the electrons due
to spin-orbit scatterings andLSO is the electron spin-orbit

scattering meanfreepath. By assuming thatrxx~LSO−1,
Berger deduced the well-known result,rxy

S ~rxx
2 . However,

the presumption thatrxx~LSO−1 is equivalent to assuming
that the number of spin-orbit scattering events is proportional
to the number of electron collisions, which is generally not
valid except when the spin-orbit scatterings and electron col-
lisions are predominantly caused by the same scatterers.
With dirty systems like ours, further addition of scatteres to
the system(including impurities, disorders and phonons)
would generally change the electron collision rate and the
spin-orbit scattering rate differently, depending on the quan-
tity and nature of the preexisting scatterers. Table II com-
pares the values ofrxy

S and rxx found in Ni, Ni80Fe20 and
sNi80Fe20d0.7sSiO2d0.3. It is apparent that the Fe additions are
much more effective in enhancingrxy

S than are the SiO2 in-
clusions whereas the SiO2 inclusions are a little more effec-
tive in increasingrxx. This observation together with the
vastly smaller values ofrxx

S and rxx in Ni than in Ni80Fe20
may explain why bothrxy

S andrxx of our samples were little
affected by thickness reduction betweenh<30 nm and 15
nm prior to discrete island formation, whereas an approxi-
mately quadratic rise inrxy

S with rxx was apparent in pure Ni
(Ref. 6) as the film thickness was decreased over a similar
range. Evidently, additional effective surface scatterings due
to morphological changes in the films by thickness reduction
readily dominated the preexisting scatterers in pure Ni films
(for both spin-orbit scatterings and electron collisions) but
not in sNi80Fe20dxsSiO2d1−x (x=1 or 0.7) films in which the
existing scatterers from the Fe and/or SiO2 inclusions are
quite strong(according to Table II).

With g=0.53s,1d as shown in Fig. 7, Eq.(3) implies
that Dye/DSO decreases with the addition of SiO2 to
sNi80Fe20dxsSiO2d1−x which may seem counterintuitive if one
assumes, as Berger did,12 that Dye is a constant. Neverthe-
less, one might foresee subsidiary effects that could make
Dye variable and/orDSO increase with addition of SiO2 in
sNi80Fe20dxsSiO2d1−x. For example, the added heterogeneity
and disorder from SiO2 addition could change the velocity
and density of electrons, which might in turn change the
spin-orbit scattering rate.(The former could affect the scat-
tering rate through its possible effect on the scattering cross-
section.) In samples exhibiting tunneling conduction, there
could be localization effects on the electron scatterings. The
increased magnetic disorder implied by the reduction ofMS
with increasing SiO2 concentration and decreasing sample
thickness may add new dimensions to the scattering problem.
Conventional wisdom assumes that temperature affects EHE
through its effect on the density of phonons, which are usu-
ally regarded as a kind of scatterer. Thus the samerxy

S −rxx
relation is expected to hold whetherrxx is varied throught the

TABLE II. Comparison between values ofrxy
S and rxx for bulk

Ni, Ni80Fe20 and sNi80Fe20d0.7sSiO2d0.3

Sample rxy
S smV cmd rxx smV cmd

Ni (from Ref. 6) 0.025 6.5

Ni80Fe20 0.5 100

sNi80Fe20d0.7sSiO2d0.3 3 2000

FIG. 7. The spontaneous Hall resistivityrxy
S of

sNi80Fe20d0.7sSiO2d1−x films with different x plotted againstrxx on
the log-log scale. The data were obtained at 5 K. The value ofx was
varied across the percolation threshold. The solid line is the best
linear fit to the data forrxx below 0.02V cm. Its slope was found to
be 0.53.
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temperature or the concentration of the foreign substance
added. But for the subsidiary effects discussed above,
changes in the temperature should affect electron scatterings
in vastly different ways than changes in the concentration of
the added insulating material. In general, therxy

S −rxx rela-
tions obtained by varying the temperature and by changing
the amount of extrinsic inclusions(or the sample thickness)
may differ by a great deal. We believe this difference could
be the reason behind the unusual value ofg s=0.53d pres-
ently found insNi80Fe20dxsSiO2d1−x and the wide range ofg
reported in the literature.33

IV. CONCLUSION

We have investigated the extraordinary Hall effect in
sNi80Fe20dxsSiO2d1−x thin films and have concentrated on sev-
eral rarely discussed issues. First,rxy

S not RS is the fundamen-
tal quantity that should be used for the measure of extraor-
dinary Hall effect. In thickness dependence studies,
additional scatterings arising from reducing the sample
thickness should include not only scatterings from the
film boundaries but also those due to changes in the graini-
ness and roughness of the films, which we call the effective
surface scatterings throughout this paper. In general, the
significance of the effects from effective surface scatterings
is dependent on both the density and the nature of the
scatterers preexisting in the system, and it can be different
for rxy

S andrxx. Should the system change from 3D to a 2D

granular network either from discrete island formation or
from the percolation correlation length becoming larger than
the sample thickness, the spontaneous Hall resistivity should
come to a plateau value equal to the spontaneous Hall resis-
tivity of the conducting regions. We also discussed the much-
cited rxy~rxx

2 from Berger’s result for side-jump effects. We
emphasize the importance of preserving the original form
derived by Berger, i.e.,rxy=rxxDye/LSO, in separating the
electron mean-free-path from the spin-orbit mean-free-path,
which seems to have been largely neglected. Experimentally,
therxy versusrxx relation is often investigated by varying the
temperature. If variations in the temperature do more than
just adding phonons to the system, prospects of its effects on
the electron and spin-orbit mean free paths must be assessed
before a realistic interpretation of the relation betweenrxy
andrxx can be made.
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