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Tb,(Nig.gFeg2)1—x films with x < 0.14 are fabricated and the anomalous Hall effect is studied. The intrinsic anoma-
lous Hall conductivity and the extrinsic one from the impurity and phonon induced scattering both increase with increasing
x. The enhancement of the intrinsic anomalous Hall conductivity is ascribed to both the weak spin—orbit coupling enhance-
ment and the Fermi level shift. The enhancement of the extrinsic term comes from the changes of both Fermi level and
impurity distribution. In contrast, the in-plane and the out-of-plane uniaxial anisotropies in the TbNiFe films change little
with x. The enhancement of the Hall angle by Tb doping is helpful for practical applications of the Hall devices.

Keywords: anomalous Hall effect, magnetic transition alloys, heavy rare earth element, spin—orbit coupling

PACS: 71.70.Ej, 73.50.Jt, 75.47.Np, 75.50.Bb

1. Introduction

Since the anomalous Hall effect (AHE) was discovered
in 1880, it has been studied extensively in magnetic alloys
both experimentally and theoretically.!'*! For most magnetic
alloys, the anomalous Hall resistivity obeys the conventional
scaling law pap = apxx + bpfx, where p,, is the longitudinal
resistivity. The linear term comes from the skew scattering
contribution and the second quadratic term arises from the
side-jump and intrinsic contributions. Very recently, a mod-
ified scaling law was proposed!”! and the residual resistivity
Pxx0 and the phonon induced resistivity p,r were assumed to
have different skew parameters, i.e., PaH = @' Prxo + @ Prxr +
bpfx. Since pay is often much smaller than p,,, the anoma-
lous Hall conductivity (AHC) can be expressed as oayg ~
—(d' pxxo + @ pxxr ) 02 — b. Karplus and Luttinger pointed out
that the intrinsic AHC comes from the interplay between the
exchange splitting and the spin—orbit coupling (SOC).[*! Tt is
now interpreted in terms of the Berry phase and expressed as
an integral of the Berry curvature over the Bloch states in the
k space.[®!

It is essential to address the dependence of the AHE on
the physical parameter of magnetic alloys. Although the in-
trinsic AHC is well known to strongly depend on the SOC
strength,[>68] very few experiments have been carried out to

[°-111 Heavy rare-earth (RE) elements such as

study this issue.
Tb and Gd are known to have strong SOC,'?! which manifests

itself as a strong perpendicular magnetic anisotropy in TbFeCo
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and GdFeCo alloy films.[!3!%l The SOC effect on the mag-
netic damping parameter has also been demonstrated.!!>-18]
Studies of the AHE in heavier RE doped 3d transition alloys
might be helpful to deeply understand the effect of the SOC
on the AHE. Moreover, many attempts have been made to en-

e.[19211 For example, the Co/Pt multilay-

hance the Hall angl
ers sandwiched by ultrathin MgO layers have been shown to
have ultrahigh AHE due to the surface modification.!'”) Ultra-
high sensitive AHE has also been observed in SiO,/FePt/SiO;
sandwiches due to the interface scattering.””) In Tb-doped
NiFe alloys, the magnetic damping parameter is found to be
enhanced, in comparison with NiFe alloys, suggesting the en-
hancement of the magnetic anisotropy. Accordingly, the Hall
angle in the TbNiFe alloys is expected to be enhanced com-
pared with that of the NiFe alloys. In this work, the Hall angle
is enhanced in Tb,(Nig gFe2)1—x by Tb doping in NiFe films.
It is found that the p,, independent term b, and the ' and a”
increase with increasing x. The enhancement of b is caused by
the changes of the intrinsic AHC and the side-jump terms in
the Kubo formalism.[*?! In particular, the ¢” and @’ enhance-
ment is possibly due to the interplay among the elastic scat-
tering, the inelastic scattering, and the SOC. In contrast, the
in-plane and the out-of-plane magnetic anisotropic constants

are found to change little with x.
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2. Experiments

A series of 20 nm thick Tb,(NiggFep2);_x (TbNiFe)
films were fabricated on glass substrates at ambient temper-
ature by DC magnetron sputtering. Small pieces of Tb were
put on the Nig gFep, alloy target to form the TbNiFe target.
The Tb concentration was controlled by changing the num-
bers of Tb pieces. The base pressure of the fabrication system
was 1.0 x 107> Pa and the Ar pressure was 0.35 Pa during de-
position. The deposition rate of the TbNiFe film was about
1.0 nm/s. The film thickness was controlled by the deposition
time and was finally determined by the X-ray diffraction re-
flectivity (XRR) at small angles. The microstructure was mea-
sured by X-ray diffraction (XRD). The alloy composition was
determined by energy dispersive X-ray (EDX) spectroscopy
in combination with scanning electronic microscopy (SEM).
Hysteresis loops were measured by a vibrating sample mag-
netometer (Lake Shore 7407-VSM) at room temperature. The
angular dependent ferromagnetic resonance (FMR) spectra at
9.78 GHz were measured at room temperature with the ex-
ternal magnetic field H parallel and perpendicular to the film
plane. The py, and pay at various temperatures were measured
with a standard Hall bar by a physics properties measurement
system (Quantum Design PPMS-9T system).

3. Results and discussion

From the oscillation period in the XRR fringe patterns in
Fig. 1(a), the film thickness and the root mean square (RMS)
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Fig. 1. (color online) (a) XRR at small angles and (b) XRD at high
angles for TbNiFe films. In panel (b), the curves are shifted for clarifi-
cation.

surface roughness are estimated. For example, the film thick-
ness is fitted to be 20 == 1 nm, close to the designed value.
From the XRR spectra, the RMS surface roughness is 0.87 nm,
1.19 nm, and 1.02 nm for x = 0, 0.10, and 0.14, respectively.
The RMS surface roughness slightly increases after the NiFe
films are doped with Tb. In addition to the strong broad peak
near 26 = 23° from the amorphous glass substrate, there is a
broad and weak diffraction peak near 260 = 44°, indicating the
preferred orientation of FCC (111) of permalloy, as shown in
Fig. 1(b). The intensity and the width of the diffraction peak
change little with x, as shown for x = 0 and 0.14 samples.
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Fig. 2. (color online) (a) Typical in-plane hysteresis loops along the easy axis
and the hard axis, and the numbers refer to the values of ¢ . (b) The angular
dependence of the remanent ratio, where ¢y refers to the angle between H
and the easy axis. (c) The x dependence of the coercivity. The red lines in
panels (b) and (c) serve as a guide to the eye.

Figure 2(a) shows the in-plane angular dependent hys-
teresis loops of a typical sample (x = 0.14). One can find
that the in-plane coercivity almost does not change with the
orientation of H, whereas the remanent ratio changes sig-
nificantly. It is equal to 1.0 along the easy axis and is re-
duced when H deviates from the easy axis, as shown in
Fig. 2(b). The two-fold symmetry of the angular dependent
remanent ratio clearly shows the in-plane uniaxial magnetic
anisotropy for small samples. The coercivity almost keeps
constant for all x and slightly increases for large x, as shown
in Fig. 2(c). Meanwhile, the spontaneous magnetization Mg
at room temperature equals 720 emu/cm>, 583 emu/cm?,
543 emu/cm?, 515 emu/cm?, and 484 emu/cm? for x = 0, 0.04,
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0.06, 0.10, and 0.14, respectively. In order to study the mag-
netic anisotropy, FMR measurements were performed at room
temperature. Figures 3(a) and 3(b) show the in-plane and the
out-of-plane angular dependent resonance fields of the typical
samples. To calculate the in-plane and the out-of-plane mag-
netic anisotropies, the approach of Suhl and Gerhardter et al.
is used. >34 It is found that the in-plane and the out-of-plane
uniaxial magnetic anisotropic constants Ky_rp and Ky_oop
are randomly scattered as a function of x because the former
and the latter ones are about one and three orders of mag-
nitude smaller than the demagnetization energy, respectively,
which agrees with the results in Fig. 2(c). For TbNiFe alloy
films with x < 0.14, no prominent SOC effects on the mag-
netic anisotropic constants are observed, which agrees with the
observation in TbFeCo and GdFeCo alloys that a strong per-
pendicular magnetic anisotropy occurs only in a narrow com-
position window (20 at.% to 25 at.%) of Tb and Gd atomic
concentrations. [13:14]
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Fig. 3. (color online) Angular dependences of in-plane and out-of-plane
resonance fields (a) Hr_rp and (b) Hr_oop, and in-plane and out-of-plane
anisotropy constants (¢) Ky_rp and (d) Ky_oop as a function of x. Solid lines
in panels (a) and (b) serve as a guide to the eye. Here ¢y (6y) refers to the
angle between H and the in-plane easy axis (the film normal direction).

Figures 4(a) and 4(b) show the temperature (7') depen-
dences of p,, and pay for different x, respectively. For all
samples, p,, decreases with decreasing T and approaches the
residual resistivity py.o at low T due to the impurity scattering,
obeying the Matthiessen’s rule. At high 7', p,, approximately
changes in a linear fashion. The pyo increases significantly
with increasing x. It is about 40 Q-cm and 200 Q-cm for x =0

and 0.14, respectively. This may be due to the degraded mi-
crostructure for large x. As is well known, the TbFeCo films
are of either an amorphous structure or nanocrystalline at high
Tb contents.[!>14! In experiments, the Hall loops at various T
were measured under H perpendicular to the film plane. The
Hall resistivity py, generally consists of two components con-
tributed by an ordinary Hall effect and AHE. For the out-of-
plane H larger than the saturation magnetic field, py, changes
as a linear function of H due to the Lorentz force. For small H,
paw is assumed to be proportional to the magnetization of the
magnetic alloys. Accordingly, pay is extrapolated from py, at
high H. For large x, pap is found to decrease with increasing
T, whereas it almost does not change for small x, as shown in
Fig. 4(b). The pay is about two orders of magnitude smaller
than p,,. At a specific T, pag increases monotonically with
increasing x. In experiments, the AHE in the TbNiFe alloys
does not obey the conventional scaling law. It is noted that
the spontaneous magnetization of all samples almost does not
change with 7" and the effect of the varying magnetization is
negligible,!'”) as shown in the inset of Fig. 4(d). Here, we
adopt the modified approach proposed by Tian et al.!”! For all
samples, the pay versus p,, curve can be fitted by the new ap-
proach, as shown in Figs. 4(c) and 4(d), and &' and b are both
positive whereas a” is negative. Take x = 0.14 for example,
one has a’ =100, a’ = —0.9, and b = 1.8 mS/cm. Moreover,

for large x, the magnitude of @” is much smaller than that of
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Fig. 4. (color online) The T dependences of (a) py, and (b) pap for Tb-
NiFe films, and pay versus py, for (c) x =0, 0.04, 0.06 and (d) x = 0.10,
0.14. The red lines serve as a guide to the eye in panels (a) and (b) and
are fitted results in panels (c) and (d) using the modified scaling law.
Normalized M versus T curves for selected samples are also shown in
the inset.
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d', indicating the smaller contribution of p,,7 than that of Py,
whereas they are comparable for x = 0.1 Similar phenom-
ena are also observed for epitaxially grown Fe films.!”! Fig-
ures 5(a)-5(c) show @', a”, and b each as a function of x. The
three parameters change little for small x and then increase for
large x.

100 F (a)

b/10% S-cm~!

Fig. 5. (color online) Dependences of (a) @', (b) a”, and (c) b on x. Solid
lines serve as a guide to the eye.

It is essential to reveal the connection between the AHE
behavior and the microstructural and magnetic properties.
When the Tb content increases, the effective SOC should be
enhanced slightly with the Tb doping. Although the p,, in-
dependent term b is argued to equal the intrinsic AHC within
the new fitting approach,!”! the b should consist of the intrin-
sic AHC and the side-jump one, and the latter one is sup-
pressed by the inelastic scattering at T > 0.1?°! The intrinsic
AHC can be tuned by the SOC strength, as observed in or-
dered and disordered FePdPt alloys.!®1%111 According to the
theoretical model,??! the side-jump term strongly depends on
the Fermi level.?”) The effect of the varying SOC strength
and Fermi level on the intrinsic AHC and the side-jump term
in the TbNiFe films should be considered when the effective
SOC strength and the Fermi level may both change with x. The
TbNiFe films tend to become amorphous and have large sur-
face roughness, as demonstrated by the enhancement of p,,g in
Fig. 4(a). Since the skew parameter increases with the increas-
ing impurity scattering, @’ is enhanced.!*®! Similar phenomena
have been observed in other systems. For epitaxial Fe films, a’
and p,,o are both found to be enhanced for thin films, which is
ascribed to the enhanced scattering from the film surface. For
L1(0) FePdPt films, the skew parameter and p,,o both acquire

maximal values when the Pd and Pt atomic concentrations are
close to each other.

It is interesting to find that " also increases in magni-
tude with increasing x, although it is much smaller than o'
The extrinsic contribution of the phonon scattering was stud-
ied theoretically very recently.!?®! With increasing x, the films
favor becoming amorphous. Due to the high order perturba-
tion of the randomly distributed potential in disordered alloys,
the increase of the impurity scattering may indirectly lead to
increasing a”. Secondly, arising from the asymmetric scat-
tering due to the SOC, the skew scattering contribution in-
creases with increasing SOC strength for weak SOC.?”! The
a” enhancement is therefore caused by the interplay among
the elastic scattering from the impurity sites, the inelastic scat-
tering from the excited phonon at 7 > 0, and the SOC. Fi-
nally, the Hall angle is also enhanced with Tb doping, and ac-
quires a maximal value at x = 0.06. At room temperature, it is
equal t0 3.6 x 1073, 6.7 x 1073, 6.50 x 1073, and 5.88 x 103
for x =0, 0.06, 0.10, and 0.14, respectively. The Hall an-
gle in the TbNiFe films is close to that in MgO/Co/Pt/MgO
sandwiches.[!”) As analyzed above, the enhancement of the
Hall angle is mainly attributed to the larger a’ and b with Tb
doping.

4. Summary

The TbNiFe films with various Tb contents were fabri-
cated, and the magnetic and magnetotransport properties were
studied as a function of the Tb content x. The following re-
sults are obtained. The in-plane coercivity, in-plane and out-
of-plane uniaxial anisotropic constants are not influenced by
Tb doping. In contrast, the Hall angle is enhanced signifi-
cantly with Tb doping. The p,, independent AHC and the
skew parameter are both found to increase by the Tb doping.
The increase of the intrinsic term may come from both the
enhancement of the effective SOC and the shift of the Fermi
level. The enhancement of the extrinsic AHC may stem from
the Fermi level shift and the microstructure degradation. The
heavier RE doping in 3d transition alloys will provide a new
approach to enhance the AHE, which is helpful for practical
applications of high sensitivity Hall devices.
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