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Pt is often considered to be an exchange-enhanced paramagnetic material, in which the Stoner criterion
for ferromagnetism is nearly satisfied and, thus, external stimuli may induce unconventional magnetic
characteristics. We report that a nonmagnetic perturbation in the form of a gate voltage applied via an
ionic liquid induces an anomalous Hall effect (AHE) in Pt thin films, which resembles the AHE induced
by the contact to Bi-doped yttrium iron garnet. Analysis of detailed temperature and magnetic field
experiments indicates that the evolution of the AHE with temperature can be explained in terms of large
local moments; the applied electric field induces magnetic moments as large as ~10 wp that follow the

Langevin function.
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At the nanometer scale, late transition metals, e.g., Pd
and Pt, have presented exotic physical properties quite
different from bulk characteristics. For example, ferromag-
netic behavior has been extensively reported in nanopar-
ticles and clusters [1-5], which is considered highly
important in view of potential applications for magnetic
storage media [6,7]. On the other hand, it has been reported
that the magnetic proximity effect can induce spin polar-
ized electrons in Pt thin films [8,9]. In particular, reports of
the magnetic proximity effect in Pt and yttrium iron garnet
(YIG) heterostructures have attracted attention [8-—11]
because Pt is known as a spin-current detector in spin
Hall effect devices [12—14].

In general, the magnetic properties of those exchange-
enhanced magnetic materials have been characterized by a
peculiar band structure; the density of states at the Fermi
energy nearly satisfies the Stoner criterion for ferromagne-
tism [15-17]. This means that a relatively small modulation
in electronic structures may cause incipient ferromagnetic
properties to develop. The reported ferromagnetic behavior
in nanoparticles and nanowires of Pt is considered to be the
consequence of nanostructure-formation-induced modula-
tion of the electronic structure [18,19].

In addition to producing magnetism by nanosized engi-
neering, tuning magnetism with an external electric field
should be of significant importance for both basic sciences
and potential applications. In fact, electric field tuning of
magnetic properties is currently attracting a great deal of
interest for low power consumption devices [20-22]. In
recent years, ionic liquid gating has been used as a power-
ful tool to effectively control the magnetic phase [22-24].
In this case, a strong electric field is produced at the electric
double layer interface between ions and electron conduc-
tors [25-28].

In this Letter, we demonstrate the gate tuning of
magnetic properties in Pt thin films fabricated on Al,O3
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substrates. The electric-double layer transistor (EDLT)
configurations were employed for gating experiments. By
applying positive gate biases, the sheet resistance Rg of Pt
drastically decreases, and simultaneously, the anomalous
Hall effect (AHE) emerges in the initially nonmagnetic Pt.
Surprisingly, the AHE observed in the gated Pt thin film is
quite similar to that in Pt thin films grown on Bi-doped YIG
[(Big,Y(3)3FesO;,, Bi:YIG] substrates. The magnetiza-
tion control by nonmagnetic perturbations sheds light on
the novel physical characteristics and functionalities of Pt
as an exchange-enhanced magnetic material.

Pt thin films with a thickness of 3.2 nm were grown on an
Al, 05 (1010) plane by rf sputtering. An atomic force micro-
graph of the thin film is shown in the Supplemental Material
[29]. For transport measurements, a Hall bar configuration
with a channel size of 520 X 30 um was patterned by
using standard photolithography techniques. A small
amount of ionic liquid N,N-diethyl-N-(2-methoxyethyl)-
N-methylammonium  bis-(trifluoromethylsulfonyl)-imide
(DEME-TFSI) was deposited to cover both the channel and
the gate electrode to conduct a gating experiment with a side
gate configuration, as schematically shown in Fig. 1(a). A
gate voltage V; was applied and changed at T = 220 K,
which is just above the glass transition temperature of
DEME-TEFESI [30,31]. The transport measurements of the
Pt thin films were performed in a helium-4 refrigerator
(Oxford Instruments VTI) combined with lock-in amplifiers
(Stanford Research Systems SR830).

Although Pt is well known as an electrode metal in
electrochemistry, few in situ resistance measurements in
electrochemical processes have been performed [32]. The
inset of Fig. 1(b) displays a drop of resistance with positive
V. The value of Ry rapidly decreases above Vg =3 V
and saturates near 5.2 V. The value of Ry did not return to
the initial state after the cycle of the V; sweep, showing
that the gate response is partly irreversible. Such behavior

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.111.216803

PRL 111, 216803 (2013)

PHYSICAL REVIEW LETTERS

week ending
22 NOVEMBER 2013

a b T .
( ) ( )200 y B
@ %) Va
() () 150 y _
(-] :°°° @ 220 T=220K o
D L1 1:1) o€ 1008 200 1
o 0o 00 g
Pt thin film & g0 ;.,?' !
Alx03 substrate 50 N S
160
© DEME™ (cation) @ TFSI" (anion) o electron MY Y
. .
0 100 200
T(K)

FIG. 1 (color online). (a) Schematic cross-section view along
the channel to gate electrode. The source, drain, and gate
electrodes are denoted as S, D, and G, respectively. (b) T
dependence of sheet resistance Rg for gate voltage V; = 0 and
6 V. The reduction of Ry by as much as ~20% was observed by
the application of V; at T =220 K. The sequence of the
sweeping V is 0, +6, —6, and 0 V, as denoted by the arrows.

differs from the case of static charge accumulations, which
have been observed in Au-EDLT [33]. In addition, the gate
response appeared only when the vacuum pumping was
insufficient after exposing the device to air, as discussed in
the Supplemental Material [29]. Such a strong dependence
on atmospheric exposure, as well as the highly nonlinear
and irreversible characteristics shown in the inset of
Fig. 1(b), suggests that the mechanism of resistance reduc-
tion is not a simple electrostatic one; for example, chemical
processes such as hydrogen adsorption are likely involved.
Temperature 7 dependence of Ry is shown for Vg =0V
(an initial state) and 6 V in Fig. 1(b). The R¢(T) curves
show metallic behavior and the residual resistivity at 7 =
2 Kis comparable to that reported in sputtered Pt thin films
[11]. In the entire T range below 220 K, Rg decreases by
nearly 20% at Vg = 6 V. We performed similar experi-
ments on other Pt films with different film thicknesses as
well. The gating effect decreases with increasing thickness
and becomes obscure when the film is thicker than ~5 nm.

Figures 2(a)-2(c) show the T dependences of Hall resis-
tivity py at (a) V5 = 0, 4.5, and 5.2 V, respectively. We
applied and changed V; at T = 220 K, then measured the
temperature dependence of py for each V. In the case of
Ve = 0V, the Hall voltage linearly depends on the mag-
netic field H as shown in Fig. 2(a). The Hall coefficient Ry
is essentially 7" independent, as expected for paramagnetic
metals [34]. Assuming the single band relation Ry = 1/ne
(e is the elementary electric charge), the nominal electron
carrier density n was ~5 X 10*3 cm™3, which is compa-
rable to the results reported in Pt thin films on Si substrates
[8]. When the resistance drop was observed at Vg =4V,
we encountered anomalous behavior in py. The py(H)
relation became highly nonlinear with increasing Vi as
shown in Figs. 2(b) and 2(c). As in the case of the
Vs-induced resistance drop, the H dependence of py was
also irreversible against V. Finite nonlinear Hall voltage
remained when V; was returned from Vi = 5.2to 0 V. At
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FIG. 2 (color online). T dependence of Hall resistivity py for
several V values. In the case of (a) V; = 0 V, the Hall voltage
depends linearly on the magnetic field H, which is expected in
nonmagnetic metals. When we increased V; = 4 V, we found
anomalous behavior in py as shown for (b) V; =4.5V and
() Vg =52V.

T = 200 K, we observed the downward bending of py for
positive H, whereas the curvature was changed to upward
bending upon cooling. One interpretation of such a non-
linear Hall curve might be a multicarrier model; however,
attempts to fit the data with such a model were unsuccess-
ful. We suggest an alternate scenario involving the AHE
due to the similarity to Pt/Bi:YIG heterostructures.
Figure 3 shows a comparison of the 7' dependence of the
Hall response in two different systems: (a) ionic liquid-
gated Pt at V; = 5.0 V and (b) Pt/Bi:YIG bilayer consist-
ing of 7 nm Pt film grown on the (111) facet of Bi:YIG
substrate. We performed both the upward and downward H
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FIG. 3 (color online). (a) T dependence of py at V; = 5.0 V.
The anomalous Hall effect was induced under the application of
the gate biases. (b) T dependence of py in a Pt/Bi:YIG hetero-
structure. The AHE observed in Pt/Bi:YIG is due to a magnetic
proximity effect [8]. The schematic pictures of the two configu-
rations are shown in (c) for liquid-gated Pt and (d) for
Pt/Bi:YIG. Both structures induce an AHE, as shown in (a)
and (b), respectively.
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sweep and observed no hysteresis in the py(H) curves.
Resemblance of these two is striking, taking the difference
between the two systems into account. The schematic
pictures of the two configurations are shown in Figs. 3(c)
and 3(d), respectively. For the latter system, the py(H)
curves in Fig. 3(b) are in accord with the recent report by
Huang et al. [8], where the nonlinear Hall resistance was
attributed to the AHE induced by the contact to a ferro-
magnetic insulator. Huang et al. claimed that the magnetic
moments at Fe sites in the YIG substrates induced local
magnetic moments in Pt. Similarities in the Hall curves of
the gated Pt and the Pt/Bi:YIG bilayer, in terms of 7' and H
dependences, lead us to conclude that the nonlinear behav-
ior of py in the gated Pt is also originated from the AHE.
We stress that the present AHE occurs in pure Pt without
any doping or contact to ferromagnetic materials.

Figure 4(a) shows the T dependence of the anomalous
Hall resistivity pﬁ at H = 8 T defined as a deviation of py
from the normal (Lorentz force) H-linear component.
Here, we used the values of py at V; = 0 V as the normal
component in order to estimate pﬁ because the reliable
estimation of the normal components is difficult in the
measured H range. As seen in Fig. 4(a), pﬁ shows a strong
T dependence; it is negative at high temperatures, changes
to positive with decreasing temperature, and shows steep
enhancement at low temperatures. At 7 = 2 K and 200 K,
pﬁ versus H is plotted in Figs. 4(b) and 4(c), respectively.
It is clearly seen that the AHE is tuned by gating and shows

a sign change between low and high temperatures. The sign
change of AHE as a function of 7 has been observed in
several materials (e.g., Refs. [35-38]). One such example
is SrTRuO; [35], where py changes in magnitude and sign
with 7. This T dependence has been interpreted in terms of
a singularity in the band structure, which can be regarded
as a magnetic monopole in momentum space [35]. Since
there exist many singular points in the band structure of Pt
[39], a T-dependent sign change in AHE and its V; de-
pendence can be similarly anticipated.

In the present case of our gated Pt, however, the origin of
sign change in AHE seems different from the band singu-
larity. The Hall curves in Fig. 2(c) at intermediate tem-
peratures such as 20 K show oscillatory behavior below
H =4 T. This implies that the AHE in the gated Pt is
composed of positive and negative components with differ-
ent saturation magnetic fields. Hence, a useful model for
understanding the AHE in the gated Pt is that py consists
of three components: the ordinary Hall resistivity p&, a
positive component pﬁ+ of the AHE, and a negative com-
ponent pﬁ_ of the AHE. In this model, py is written as

pu =Pyt ol =k T ol ol (1)
First, we consider the positive component p{{" of anoma-
lous Hall resistivity. As shown in Fig. 4(a), pﬁ increases
with decreasing T for all V; values. This evolution of pﬁ
upon cooling recalls the Curie-like 7 dependence of
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FIG. 4 (color online).

(a) T dependence of anomalous Hall resistivity pﬁ at H = 8 T for various Vg values. The solid lines are

guides to the eye. With decreasing temperature, pﬁ changes sign from negative to positive values. This behavior in Pt/Al,Oj is similar
to that in Pt/Bi:YIG, which is also plotted. At T = 2 and 200 K, pﬁ versus H is plotted in (b) and (c), respectively. It is clearly seen
that the AHE is tuned by gating and shows a sign change between low and high temperatures. (d) Magnetic field dependence of
Apy(T) for Vi = 5.2 V at various temperatures. The solid lines are simulations of magnetization AM. In the inset of (d), we compare
pH (20 K) and py(200 K) + A X AM(20 K), which shows that the three component model [Eq. (1)] is valid. The small deviation at
low H regions likely comes from the T dependent part of pﬁ’, which was neglected in our analysis. See text for definitions of A py(T),

AM, A, and pf".
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magnetization. In other words, we hypothesize that the
positive component pﬁ+ plays a main role in the T depen-
dence of p{}, while the negative component p{}”~ is nearly T
independent. We then plot the T dependence of Apy as a
function of H for V; = 5.2 V in Fig. 4(d). Here, we define
Apn(T) = pu(T) — py (200 K) ~ pfi™(T) — pi* (200 K),
assuming that p{;~ is T independent. The closed circles
represent the experimental data, and the solid lines repre-
sent simulations of magnetization M. In the simulation, we
used the Langevin function,

M(T) = NmL(mH /kgT)
— Nm[coth(mH /ksT) — kT/mH],  (2)

where N is the number of the magnetic moments per unit
volume, m is the size of the magnetic moments, and L(x) is
the Langevin function. In Fig. 4(d), AM(T) = M(T) —
M (200 K) is plotted. To reproduce the experimental data
by simulations, m is set to be 10 up and N is fixed to a
constant value in all temperature ranges [we only consider
the relative magnitude of AM(T)]. As seen in Fig. 4(d), the
T and H dependences of Apy(T) are well explained by
AM(T) except for the data at the lowest temperature (2 K).
Such a discrepancy may arise when interactions between
induced magnetic moments become apparent at low tem-
peratures. This interaction was neglected in the analysis
with Eq. (2). In the inset of Fig. 4(d), we compare
pu(20 K) and py (200K) + A X AM (20 K), where A is
the proportionality constant between A py(T) and AM(T).
The comparison shows that the three component model
[Eq. (1)] satisfactorily explains the data. The small devia-
tion at low H regions probably comes from the 7 depen-
dent part of pfy”, which was neglected in our analysis.
Here, note that the size of m is not changed even in the
simulations for V5 values other than 5.2 V; the number of
the magnetic moments per unit volume, N, is varied to
simulate the data. See Sec. S3 in the Supplemental
Material [29] for detail.

The qualitative agreement between A p(T) and AM(T)
provides evidence that the observed py indeed stems from
the AHE in a paramagnet with local magnetic moments, as
large as 10 wp. It has been known that not only uniform
long-range magnetic order but also local magnetic
moments can contribute to the AHE [40,41]. For example,
superparamagnetic moments have been reported to induce
the AHE in Co-doped TiO, [40] and Pt thin films
embedded with Fe nanoparticles [41]. The magnetoresis-
tance effect for the gated Pt also supports the appearance of
the magnetic moments, as mentioned in Sec. S4 in the
Supplemental Material [29]. The mechanism of the in-
duced local moments in the gated Pt film remains the
subject of ongoing investigation. A conceivable scenario
is that chemisorbed species on the Pt channel induce
ferromagnetism in a manner similar to the case of nano-
structures of Pt and thiol-capped thin films of Au [42,43].
Adsorbed external species such as hydrogen in the ionic

liquid may cause local electric fields at the interface of Pt,
which might induce local magnetic moments in Pt with the
help of its large spin-orbit interaction. Also, possible struc-
tural disorder in the Pt film would prohibit long range
order of ferromagnetism, resulting in large local moments
as observed in superparamagnetic systems. As a candi-
date of such chemisorbed species, we cannot, at this stage,
completely rule out the existence of magnetic ions that
accidentally contaminated the ionic liquid. Although we
conducted the device fabrication and the experiments with
great care, an extremely minor amount of impurity con-
taminations might be possible. Further investigation of the
possible source of the induced magnetism in the gated Pt
thin films is needed.

Finally, we comment on the negative component pﬁ’ of
anomalous Hall resistivity. As discussed above, pi}~ seems
nearly T independent in contrast to the highly T-dependent
behavior of p{{". The values of pf}* are negligible at T =
200 K, so that pf} at T = 200 K in Fig. 4(c) is dominated by
the negative component pﬁ_. By changing V; from 4.5 to
6V, | p| slightly decreases. The origin of p{}~, including the
Vs dependence, is left to be understood for a future work.

In summary, we have demonstrated voltage tuning of the
AHE in Pt thin films in an EDLT configuration composed
of completely nonmagnetic materials. The AHE was inter-
preted as the composition of the 7" dependent positive
and T independent negative components. The former
can be explained by large local moments as observed in
superparamagnetic systems, whereas the latter remains to
be understood. The T dependence of AHE in gated Pt with
a sign change resembles that in Pt/Bi:YIG bilayer struc-
tures, indicating a common underlying mechanism. Thus,
the voltage tuning of the AHE in paramagnetic metal Pt has
further revealed a novel aspect of electronic and magnetic
properties of Pt thin films.
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