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We systematically study the magnetic properties, electron transport, and the anomalous Hall effect
(AHE) in Fe,Pt;oo.x solids over a wide composition range. These solids are characterized by strong
spin-orbit interaction and enhanced magnetic moments from both elements. In our study, we vary
the thickness and the composition of the thin films, the temperature of measurement, and the mag-
nitude of the magnetic field in various directions. We have determined the Hall angle, the spin dif-
fusion length, and the electron mean free path in this alloy system. The AHE is more than 3 orders
of magnitude larger than the normal Hall effect, making Fe,Pt;oo.x a good candidate for spintronic
applications. The Hall angle determined in the Fe Pt (o« solids is comparable to that in pure Pt.
From the analysis on the correlation between the AHE and electron transport, we find that the AHE
is dominated by both the intrinsic Karplus-Luttinger (Berry phase) mechanism and the extrinsic
side-jump mechanism. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994010]

I. INTRODUCTION

In solids with high atomic numbers, spin-orbit interac-
tions (SOIs) can play an important role in electron transport
phenomena such as the Hall effect.' A magnetic metal often
exhibits an anomalous Hall effect (AHE)' with a strength
exceeding the normal Hall effect due to the Lorentz force.
Recently, the giant spin Hall effect (GSHE)*® was discov-
ered in certain non-magnetic metals, in which a charge cur-
rent is converted into a spin current with a large efficiency.
The mechanism for the AHE could be either intrinsic, if cre-
ated by the Berry phase curvature,"”*® or extrinsic, if due to
skew scattering or side jumping off SOI disorder sites.! On
the other hand, the mechanism for GSHE is not well under-
stood, although the extrinsic mechanism certainly plays a
role. It is not clear if there is a dominant intrinsic mechanism
behind the GSHE. The physics of the AHE and the GSHE
significantly overlaps'®? except that the AHE creates a spin
imbalance in the electrons, while the GSHE creates a posi-
tional bias of spin states but retains the overall equal ratio of
spin up and down states. In the study of the GSHE, one often
uses the AHE to sense the conversion of charge current to
spin current.*® Both the AHE and the GSHE can be used as
a source of spin current.*%” There has been growing interest
in both effects fundamentally and in spintronics applications
such as magnetic sensors, magnetic random access memo-
ries, and spin logic devices.'~ 71

The search for a very large AHE has been going on for a
long time.'®™"> Magnetic sensors based on the AHE have
many advantages in sensing linearity, broad frequency
response, and ease of fabrication.'®™'*'> Solids with a large
AHE offer a good platform to study the intrinsic mechanism
in addition to the extrinsic mechanism of the side jump.'®
Among all the materials exhibiting the AHE, Fe,Pt oo« has
received much attention'®'"!? for the greater strength of the
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effect in the system. The alloy system offers a wide range of
material tunability in composition which aids the study of
the correlation between the transverse and longitudinal resis-
tivities. However, there is a lack of a systematic study on the
magnetic properties, transport, and the AHE versus composi-
tion, temperature, and material parameters such as thin film
thickness. Fe,Pt;go.x alloys are ferromagnetic with strong
magnetic anisotropy and corrosion resistance.'®!” In their
equilibrium phases,18 Fe,sPt;s and Fe;sPt,s have the face-
centered-cubic (fcc) L1, super—structures,17 and FesyPts has
the face-centered-tetragonal (fct) L1, super-structure (mag-
netization 1140 emu/cm?®).!” Due to these properties, these
atomically ordered solids have been extensively studied for
potential use in high density magnetic recording media'® and
shape-memory applications.”” In thin film preparation, high
substrate temperatures are required to obtain these super-
structures. If deposited under ambient conditions, Fe,Pt;gg_x
thin films form the fcc Al-type solid solution?' in which the
atomic sites are randomly occupied by Fe and Pt with a lat-
tice constant of 0.386nm for Fe,sPt;s and 0.381nm for
FesoPtso,'”

In this work, we systematically study the magnetic prop-
erties, electron transport, and the AHE of the solid solution
phase of Fe,Ptigo.x thin films with high resistivities and
strong SOIL. These characteristics lead to a very large AHE
with a large Hall angle. Another advantage of this system is
that the Fe concentration can be varied continuously from 0
to 100 at. % without any phase separation.'® In this work, we
focus on the Fe concentration range from 29 to 47%, thin-
film thickness from 1.8 to 30 nm, and measurement tempera-
ture range from 2K to 300 K. These variables have allowed
us to investigate the Hall angle and correlation between the
AHE and resistivities, providing elucidation on the mecha-
nism for the large AHE observed in this system. We will pre-
sent magnetic properties and key parameters such as electron
mean-free path and spin diffusions length in this alloy sys-
tem, as a result of thickness dependence studies.

Published by AIP Publishing.
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Il. EXPERIMENT

We use a homemade high vacuum magnetron sputtering
system to fabricate the Fe,Pt;oo.x alloys. The base pressure
of the vacuum chamber is about 1 x 107 Torr, and the Ar
sputtering pressure is ~2 mTorr. Two 5 cm-diameter magne-
tron guns are loaded individually with Fe (purity 99.9%) and
Pt (purity 99.9%) targets. The guns use NdFeB permanent
magnet rings to generate a magnetic field near the surfaces
of the targets. The target-substrate distance is 9cm. The
face-down substrate is a thermally oxidized single crystal Si
wafer with a diameter of 5cm. During deposition, which
occurs under an ambient condition, we maintain constant
sputtering rates of Fe and Pt and alternate the position of a
substrate rapidly across the Fe and Pt beams until the
intended film thickness is reached. By controlling the rela-
tive sputtering rates between the two targets, we can obtain
any particular composition of Fe,Ptjgg_x alloy.22 Prior to
deposition, the Si wafer is patterned with photoresist to
define multiple standard Hall bars (20 x 55 umz in area)
using photolithography. After deposition, we use a lift-off
process to obtain patterned Fe,Pt;oo.x Hall bars for electron
transport, magnetotransport, and magnetization measure-
ments, which are carried out using the Quantum Design®
Physical Property Measurement System (PPMS) over a tem-
perature range of 2 to 300 K.

lll. RESULTS AND DISCUSSION

The X-ray Diffraction (XRD) results of Fe,Pt;g.x thin
films in the composition range of 29% to 47% are shown in
Fig. 1. Only the (111) and (222) peaks of the face-centered-
cubic (fcc) structure are observed in a representative 30 nm-
thick Fe,oPty; film. All the other listed Fe,Pt;go_« films with
different compositions show the same fcc Al-type structure
without secondary phase as in Fig. 1(a). The XRD pattern
details are shown in Figs. 1(b) and 1(c). Therefore, the
observed XRD pattern can verify the Al-type Fe Ptjpo.x
structure.”?

We study the magnetic properties and magnetotransport
of the Fe,Pt;go.x thin films within the composition range of
x =29-47 at. %, where the system exhibits a very large
AHE. Additionally, we vary the thickness from 3 to 30 nm,
which is found to have a strong impact on the magnetotran-
sport. All our samples are ferromagnetic at room tempera-
ture. The study of magnetic properties is necessary to
investigate the AHE which is discussed later. Figure 2 shows
magnetization (M) curves as functions of an in-plane mag-
netic field for a representative 30 nm-thick Fe,gPt;; film in
the temperature range of 2 to 300 K. All other samples show
similar behavior as shown in Fig. 2. M is easily saturated
with a low field as the magnetically A1l soft phase, due to the
in-plane magnetic shape anisotropy. By extrapolating M in
the saturation region to the zero field, we obtain the sponta-
neous magnetization M(T) at a particular temperature.

Figure 3(a) shows the relationship between Mg(T) and
%7 (2 < T < 300K) for a series of 30 nm-thick Fe,Pt;n0.«
thin films (x =29, 35, 41, and 47). As can be seen, all sam-
ples follow Bloch’s law of thermal spin-wave excitation®~*
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FIG. 1. (a) X-ray diffraction patterns of Fe,oPt; film. (b) and (c) The details
of XRD pattern (111) and (222) peaks for all the listed samples.
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FIG. 2. Magnetization versus field curves of the 30 nm-thick Fe,oPt;; film at
various temperatures (2-300K). The magnetic field is applied in the plane
of the film.

M(T) = Ms(0)(1 — AT?). (1

Figure 3(b) shows the Fe concentration dependence of My at
2 and 300 K. My increases steadily with the Fe concentration
and reaches a plateau of about 930 emu/cm® at 2K around
x =41 to 45. Based on the data of M, we calculate the Fe
effective magnetic moment py,, which is also shown in Fig.
3(b). The value of uy, assumes that both the Fe moment and
the induced Pt moment reside on the Fe sites. For Fe,gPt;q,
U, 18 3.5 pg. This value is consistent with the idea that the
total magnetic moment is a mixture of yr, =2.75 ug and pp,
=0.3 up, as proposed for the Fe-Pt random alloys.>> For Al
Fe,sPt;5, moment mixing would lead to the prediction of
Up,=3.7 pg. As a comparison, the magnetic structure of the
L1, super-structure of Fe,sPt;s is unclear.”® The theory pre-
dicts that pgz, = 3.25 ug and up, = 0.38 ug for L1, Fe,sPt;s,?°
ie., pp, =439 pp, assuming ferromagnetic ordering.
Therefore, the moment values of Al and L1, Fe,sPt;s are
comparable, with the latter about 18% larger. We note that
bce a-Fe has a magnetic moment of 2.27 ug. The high sensi-
tivity of pg, to the structure is due to the weak ferromagne-
tism nature of Fe,?”® in which the interatomic spacing plays
an important role in the moment formation. Furthermore, our
A1l FeyoPty; thin film is ferromagnetic at room temperature,
whereas the L1, Fe,sPt;s is likely ferrimagnetic, if not
antiferromagnetic.

As the Fe concentration increases, [z, reaches a peak
value of 3.6 up for Fe;sPtgs. A simple moment mixing argu-
ment would yield p, of 3.3 ug and a monotonically decreas-
ing uy, with the Fe concentration. Most likely, the observed
enhancement of the moment is due to the changing hybridi-
zation between the Fe 3d and the Pt 54 orbitals and between
the d and sp orbitals.”” The minority 3d band of Fe is nearly
empty, while the majority of 3d of Fe and both 54 bands of
Pt are filled. The maximum Fe moment could reach 4 ug,
assuming little hybridization between the d and sp orbi-
tals.'”? Including the pp, =0.3 pig, the maximum Up, 1s 4.6
up at x =35. The observed pi, = 3.6 ug in our Al FessPtgs
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FIG. 3. (a) Spontaneous magnetization M(T) versus 777 to show the tempera-
ture dependence for Fe,Pt; oo« with the same thickness of 30 nm. (b) Fe concen-
tration dependence of M(2K), Ms(300K) and Fe effective magnetic moment
Uy, for the same series of the sample. The calculation of uj;, is based on the
assumption that both the Fe and the induced Pt moment reside on Fe only. (c)
Spin-wave stiffness constant D versus Fe concentration obtained from (a).

indicates that this alloy has not reached the unique situation
of the fully occupied majority 3d state.

As shown in Fig. 3(b), beyond Fe;sPtgs, the effective Fe
moment decreases to uy, =3.0 up for Fey;Pts;, consistent
with the simple moment mixing which predicts py, = 3.1 ug.
Following the trend line, we estimate that uy, ~ 2.8 ug for
Al FesoPtsg, which is about 14% smaller than uy, =3.24 ug
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(tty,=2.83 pp and pp,=0.41 ug) for the L1y FesoPtso.” The
intrinsic magnetic properties of the L1, FesoPtsy phase are
T =750K, MS(BOOK):114Oemu/cm3 and magnetic
anisotropy constant K; = 6.6 x 107 erg/cm3.l7’19 L1y FesoPtsg
is a strong magnet,'”'” whereas its A1 counterpart is a soft
magnet. Overall, the magnetic moment formation in the Al
and super-structures of Fe-Pt is similar. However, the ran-
dom and ordered structures differ significantly in magnetic
ordering and anisotropy.

We study the temperature dependence of spontaneous
magnetization by fitting Eq. (1) to the data in Fig. 3(a).
According to the mean-field theory of ferromagnetism, the
constant A which depends on the strength of the exchange
interaction is given by

B V\ (ks \?
A= 2.612<§> (m) , @)

where D is the spin-wave stiffness constant, V is the volume
per magnetic (Fe) atom which has a spin S, and kg is the
Boltzmann constant.>> Based on Eq. (2), we calculate D
which is shown in Fig. 3(c) as a function of Fe concentration.
D steadily increases from 74 to 126 meV A? as the Fe con-
centration increases from 29% to 47%, indicating the intensi-
fying exchange interaction. In comparison, D =307 meV A2
for bee o-Fe. ™

Next, we focus on the electron transport. We measure
the resistivities p,,. of our Fe Pt oo« samples with different
thicknesses over the temperature range of 2-300K. The
results are shown in Fig. 4(a). All samples share similar ther-
mal p,, behavior, i.e., decreasing p.. as T is lowered.
Fe,Pt;po.x solid solutions are characterized by high resistivi-
ties (~100uQ cm and above) at room temperature.
Disordered electron scatterings dominate the electron trans-
port as measured by the large residual resistivities. On aver-
age, the thermally induced p,, caused by electron inelastic
scatterings is about 25% of the residual p,(0K). Therefore,
in the Fe,Pt;oo_« alloy system, p,, is dominated by the elastic
electron scatterings which can be caused by the disordered
scatterings or spin-orbit scatterings.

Figure 4(b) shows the thickness dependence (1/f) of
0.:(300K) for FeyoPt7; from 1.4 to 30nm. It is evident that
P, scales linearly with 1/¢, as expected from the finite-size
effect of electron transport. In a metallic thin film, when ¢ is
larger than the effective electron mean free path /. the
thin-film resistance can be expressed as’'

3
p(t) = pp + gpsi»eff/ t, (3)

where pp is the bulk resistivity. The solid straight line in
Fig. 4(b) is the fit of Eq. (3) to the resistivity data, yielding
two fitting parameters pz(300K) =98+1uQ-cm and
eff(300K) = 3.4+0.1 nm. The bulk resistivity for Fe,oPt7,
is large comparing with that of a typical metal at 300K, e.g.,
ps(Fe)=10.0 uQ cm (Ref. 32) and pg(Pt)=10.6 uQ cm,** an
indication that the Fe,gPt;; is a random alloy rich in disorder.
The moderate value /.4 allows us to vary the p,.(f) by nearly
a factor 2 within our thickness range, which is beneficial to
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FIG. 4. (a) Temperature dependence of resistivity p,, for Fe,Pt;gox from 2
to 300K. (b) Linear inverse thickness (1/f) dependence of resistivity
p(300K) for FeyoPt;, as a result of the finite-size effect of thin film
resistivity.

us in studying the correlation between the AHE and p,, to be
presented later.

Figure 5 shows the Hall resistivity p,, as a function of
magnetic field (up to £2T) for 5-nm Fe,oPt;; and 30-nm
Fe4;Pts; within the temperature range of 2 to 300 K. The
field is applied perpendicularly to the plane of the Hall bars.
In a ferromagnetic metal, p,, consists of two contributions,1
the normal Hall effect and the AHE

pr = pOH + 47'CRst, (4)

where p, is the normal Hall coefficient, R, is the AHE coeffi-
cient, and M, is the magnetization. In all our samples, the field
dependent p,, curves resemble the magnetic hysteresis curves
closely. p,, is dominated by the AHE and is proportional to
M.. As shown in Fig. 5, p,, increases with the field linearly up
to a saturation field (B*), beyond which p,, reaches a saturated
value. This is because Fe,Pt;oox alloys have in-plane (x-y)
magnetic anisotropy, and the z-axis is the magnetic hard-axis.
The largest saturated p*xy value that we obtain is 6.02 uQ - cm
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for the 30-nm thick Fe,;Ptsq film at 300K. As a comparison,
the normal Hall coefficients for Pt and Fe are —0.24 x 102
and 0.25 x 1072 uQ cm/T, respectively.” In other words, at
1T (approximately B"), the normal Hall resistivities are -
0.24 x 102 for Pt and 0.25 x 10~% uQ cm for Fe. Therefore,
the AHE in Fe,Pt (.« alloys is more than 3 orders of magni-
tude larger than their normal Hall effect. The large AHE in
this system makes it an excellent candidate for use in solid
state magnetic field sensors which are metal-based and nearly
hysteresis-free.

Using the p,(T) and p*xy(T) data, we calculate the satu-
rated Hall angle ©(T) :p*xy(T)/pM(T), which is shown in
Fig. 6 as a function of temperature for the Fe, Pt alloy sys-
tem within the temperature range of 2 to 300 K. The maxi-
mum O is 0.059 at 2K and 0.053 at 300K for the 30 nm-thick
Fe,oPt;; and Fe;sPtgs film, respectively. As a comparison, the
recently discovered GSHE has shown that the spin Hall angle
for pure Pt is 0.08.%3% Our O values for the Fe,Pt;00.x alloy
system are lower, but comparable to that in pure Pt, due to a
significant Fe concentration in Fe,Pt;o.x which may weaken
the average spin-orbit coupling strength in the solids. We note
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FIG. 6. Hall angle versus temperature from 2 to 300K for a series of
Fe, Pt go.x films.

that f-Ta* and f-W>**7 have ®=0.15 and 0.40, respectively.
Another interesting observation in Fig. 6 is that ® for the
Fe,oPts; films decreases with the increasing temperature, but
for films with higher Fe concentrations (Fe;sPtgs, FeyqPtso,
and Fe4;Pts3) © increases with temperature. The reason is that
O(T) depends on three parameters p,(T), Rs(T), and Mg(T).
For different Fe concentrations, these three parameters change
with temperature differently, hence, a different 7T-dependent
O(T). It is anticipated that a film with concentration between
Fe,9Pts; and FessPtgs will yield a nearly T-independent ©, a
desirable property in applications. It is possible that the tem-
perature dependent O(T) at different Fe concentrations may
offer important clues in the theoretical investigation on the
intrinsic mechanism of AHE.'

We also characterize the Hall angle for Fe,Pt;go.x films
with different thicknesses. Figure 7 shows the thickness
dependence of ® at 300K. Such a dependence can be
explained by the finite spin diffusion length 4 in the films,’
according to

o)

where ©(c0) is the Hall angle in the bulk limit. Due to the
fluctuation of the data, the fitting quality is marginal. The
extracted Ay is 3.9%0.2nm. It is worth noting that Ay in the
Fe,Ptjpo.x system is larger than but comparable to the elec-
tron mean free path /.= 3.4+0.1nm determined earlier.
Therefore, the electron scattering rate seems to be on the
order of the spin flipping rate. As a comparison, in f-W films
that are also characterized by strong SOI, /iy (f-
W) =3.5nm°® is about one order of magnitude larger than
(B-W)=0.5nm.*” The bulk f-W sports a large spin Hall
angle of nearly 0.4, which may be benefited from the large
ratio of Ay//.p=17.

The AHE is caused by the SOI in a ferromagnetic metal
through intrinsic and extrinsic mechanisms.! The intrinsic
Karplus-Luttinger mechanism is related to the Berry phase
curvature,’® whereas the extrinsic mechanisms are due to
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FIG. 7. Hall angle versus thickness for a series of Fe,Ptg.x films. The line
represents theoretical fitting to the data assuming a finite spin diffusion
length in the films. The extracted Ay is 3.9+0.2 nm.

skew scattering or side jump at disorders' such as random
sites, impurities, and grain boundaries. Typically, the rela-
tionship between AHE and longitudinal resistivity can be
expressed as'

Rs =B pl, (6)

where B is a constant and the exponent n is 1 due to skew
scattering or 2 due to side jump or the intrinsic mechanism."
Separating the extrinsic side jump mechanism from the
intrinsic mechanism 1is challenging. We calculate R based
on Eq. (4) as follows:

Py

R¢ = 7
S = Ay (7N

where py, is the saturated AHE resistivity and Mg is the
spontaneous magnetization which we measured earlier [see
Fig. 3(a)]. Figure 8 shows a log-log plot of R, versus p,, for
the Fe,Ptigo.x alloy system with different film thicknesses
and compositions. Each straight line represents a particular
composition with a given thickness. The hidden parameter
behind each line is temperature which changes both R, and
P The slope of each line yields the exponent n in Eq. (6).
Based on the data from all of our samples, we obtain
n=1.93 = 0.14. Therefore, the skew scattering is not domi-
nant in the Fe,Pt;oo.«x system which is characterized by large
resistivities (85-130 uQ cm). Side jump should be dominant
in this type of system; however, it is uncertain how much the
intrinsic mechanism is at play.

Theoretical studies on the Fe Pt;po.x system would be
highly beneficial at this stage. The continuous variation in
the Fe concentration will change the band structure gradually
and consequently the intrinsic mechanism of the AHE.
Furthermore, the temperature dependence of the Hall angle
and magnetic properties provide important information for a
comprehensive theoretical understanding of this large SOI
alloy system.
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FIG. 8. Correlation between the anomalous Hall coefficient Ry and longitu-
dinal resistivity p,, in log-log scale for a series of Fe,Pt;oo.« films. Straight
lines represent the correlation of Rg ~ p% ., with the exponent n being the
slope of a line. The fitted n values for different samples are listed in the
figure.

IV. CONCLUSIONS

In summary, we study magnetic properties, electron
transport, and AHE of the Al Fe.Ptigo.x thin films with
different Fe concentrations (29 <x <47at. %), thicknesses
(1.8<t<30nm), and temperatures (2<T <300K). The
spontaneous magnetization of these ferromagnetic alloys
is well described by Bloch’s law of spin-wave excitation
over the whole temperature range. The spin-wave stiffness
constant increases monotonically with the Fe concentra-
tion as a result of the increasing magnitude of the
exchange interaction. The Fe effective magnetic moment
is enhanced with a peak value of 3.6 ug at x =35. Due to
the inherently strong spin-orbit interaction in the
Fe,Ptigo.x system, the AHE is very large, more than 3
orders of magnitude stronger than the normal Hall effect.
The maximum Hall angle is determined to be 0.06 at 2K,
and spin diffusion length is about 3.9+0.2nm at 300K.
In comparison, the electron mean free path is determined
to be 3.4%0.1nm at 300K. The correlation between the
AHE and longitudinal resistivity reveals the dominance of
the extrinsic side-jump mechanism and the intrinsic
Karplus-Luttinger mechanism. However, we cannot distin-
guish the relative extrinsic and intrinsic contributions.
This systematic study of the Fe,Pt|oo.x system may eluci-
date theoretical understanding of the AHE in highly resis-
tive metals and benefit applications in spintronics.
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