
 

 

 University of Groningen

Field effect controlled magnetism and magnetotransport in low dimensions
Liang, Lei

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Liang, L. (2017). Field effect controlled magnetism and magnetotransport in low dimensions. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/1c746fde-ce5d-4e83-ad2b-cd02c817cac6


Submitted to Science Advance:   
Lei Liang, Qihong Chen, Jianming Lu, Wytse Talsma, Juan Shan, Graeme R. Blake, 
Thomas T. M. Palstra, Jianting Ye– “Inducing ferromagnetism and Kondo effect in 
platinum by paramagnetic ionic gating”, 2016 (in review) 

 
Chapter 3 

Discovery  of  the  Kondo  Effect  in Molecular 
Spin Doped Platinum Thin Film 

 
he Kondo effect arises from the coupling between 

localized spins and conduction electrons at low 

temperatures. It leads to a resistance up-turn anomaly through 

scattering or resonance effects. The standard model includes 

diluted magnetic alloys, where magnetic impurities are 

permanently introduced into the crystal lattices. In this chapter, 

we show that the Kondo effect can be induced into non-

magnetic metallic film via paramagnetic ionic gating. The 

Kondo parameters extracted from the numerical 

renormalization group (NRG) analysis correlate well with the 

film thicknesses indicating that the Kondo cloud extends from 

the surface. 

T 
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3.1 Introduction 

3.1.1 Electron transport of metal at low temperature 

The electrical resistance of a pure metal usually decreases with cooling down. The 
resistance of metals at high temperature is caused by the electron-phonon 
interaction that electrons suffer impedances when travelling through the vibrating 
crystal lattices. As the vibrations of the atoms become smaller with decreasing 
temperature, the resistance drops. However, the resistance saturates as the 
temperature is lowered below ~10 K due to static defects in the material (Fig. 3.1).  

Some metals, however, exhibit a sudden dump of the resistance to zero when 
cooled below a characteristic critical temperature Tc. It is called superconductivity. 
The mechanism involves the pairing of electrons and formation of an energy gap, 
which is beyond the discussion of the present thesis. 

An interesting effect was first observed in 1930s, when people measured 
temperature dependence of the resistances of gold [1], where the resistance 
increased with the decreasing of temperature. It was later found due to tiny 
amount of magnetic impurities in gold. This is contradicted to the general 
understanding of the metallic materials. 

 

Figure 3.1 Low-temperature resistance behaviors of the Kondo effect (red), normal metal (green) 
and superconductivity (blue). 
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3.1.2 Discovery and interpretation of the Kondo effect 

The puzzle was explained in the 1964 by Jun Kondo [2]. He applied the third-order 
perturbation theory to the problem, which predicted that the scattering rate of 
conduction electrons of the magnetic impurities should diverge as the temperature 
approaches 0 K. The success of Kondo’s model motivated the research field later 
on and naturally this effect was named after Kondo. The Kondo effect refers to a 
minimum in the temperature dependence of resistivity of a metal. At sufficiently 
low temperature, the spin of the localized moment (magnetic impurity) will be 
totally screened by the spin of a cloud of the conduction electrons that are 
polarized in the vicinity of the impurity atom. When the conduction electron 
moves near the impurity, its wavefunction is altered slightly according to the 
polarization direction of the localized magnetic moment. These antiferromagnetic 
interaction (J < 0) between a localized spin and the conduction electron cloud 
results in an overall non-magnetic (zero-spin) bound state.  

Below a characteristic temperature TK, this non-magnetic singlet ground 
state becomes invisible to the conduction electron and impurity scattering recovers 
as the constraint of “same spin avoids each other” given by the Pauli Exclusion 
Principle is broken. Since the condensation of the localized impurities in real space 
involves a small number of degrees of freedom during the transition, such a “phase 
transition” is not shape and all physical quantities exhibit smooth variations 
through the temperature region. However, despite that the initial Kondo model 
successfully explains the logarithmic divergence at T < TK, it fails to answer the Rs 
saturating behavior at very low temperature T ≪TK. The introduction of the 
numerical renormalization group (NRG) method by Wilson [3] develops the spin 
scattering model proposed by Friedel et al. [4] and eventually solves the Kondo 
problem satisfactorily. 

 

Figure 3.2 Schematic diagram of the Kondo bound state. (a) At high temperature, the coupling 
between conduction electrons and the magnetic impurity is weak. The electron-impurity 
scattering gets weaker with decreased temperature resulting in the decrease of resistance. (b) 
Below a characteristic critical Kondo temperature , the spins of conduction electrons bound 
with the magnetic moment from impurities antiferromagnetically, forming a non-magnetic 
bounded state. 



74	 Chapter	3	

3 

3.2 Concepts 

3.2.1 Ruderman-Kittel-Kasuya-Yosida interaction 

The Kondo effect originates from the antiferromagnetically coupling between the 
spins of conduction electrons and the localized magnetic moments. In metals, 
another type of interaction between the magnetic ions can be mediated by the 
conduction electrons, which is known as Ruderman-Kittel-Kasuya-Yosida (RKKY) 
interaction .  

This interaction indicates that a localized magnetic moment can spin-
polarize the conduction electrons in a way that this polarization in turns couples to 
a neighboring localized magnetic moment a distance r away, forming a magnetic 
long range ordering. Depend on the value of r, the exchange interaction JRKKY(r) 
can be either positive (ferromagnetic) or negative (antiferromagnetic); and the 
susceptibility χ as a function of the distance r is given by 

 2
2 , (3.1) 

where kF is the Fermi surface radius assuming a spherical Fermi surface and the 
function F(x) is given by  

 cos sin	
	. (3.2) 

Therefore, the susceptibility (magnetization) due to a delta function 

perturbation is proportional to the exchange integral ∝  at large 
distances r ≫ kF

-1 and is oscillatory (Fig. 3.3). 

 

Figure 3.3 The function of F(x) describing the real space magnetization produced by a delta 
function field. 
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3.2.2 Quantum dots as artificial magnetic impurities 

Besides the great advancement of electronics, the vast development of 
nanotechnology benefits the study of fundamental physics as well. A tunable 
Kondo effect has been realized in small quantum dots [5, 6], where the isolated 
islands of electrons created in nanostructures that behave as artificial magnetic 
atoms.  

The Kondo temperature can be tuned by means of a gate voltage as a single-
particle energy state near the Fermi energy (EF). For T > TK, when there is an 
unpaired electron well below the EF and an empty state far above the EF, the 
possibility that this electron can pass through the dot is very low [7]. This is 
known as the Coulomb blockade regime. 

For T ≪TK, there is a build-up of the Kondo resonance states at the EF, 
arising from the interaction of the unpaired dot electron with the electrons in the 
lead and reservoirs, as the spin of the odd electron on the dot is screened by the 
coupling through leads to the electrons in the reservoirs. These states will form a 
narrow resonance at the EF that facilitates the charge transfer through the dot 
with an applied bias voltage. 

The study provided a direct method of investigating the Kondo resonance 
and inspired other fields of many body physics. 

3.2.3 Doniach diagram and the interplay between the Kondo effect 
and the RKKY interaction 

Quantum phase transition arises in matter at absolute zero temperature owing to 
competing interactions. Contrary to classical phase transitions, in order to access 
the quantum phase transition, one can only tune with physical parameters such as 
pressure, magnetic field and chemical composition, instead of varying the 
temperature. How do the ground states of quantum matter transform from one to 
another represents deep insights of the mechanisms stabilizing them.  For example,  

Heavy fermion materials are metals that contain a lattice of magnetic 
moment-bearing atoms, often to be the rare earth or actinide elements, which 
contain f-shell. Because of the highly correlated, high effective mass f-electrons (m* 
~102 me), it is termed “heavy fermion”, and discovers to exhibit many interesting 
phenomena. 

More than dozens heavy fermion systems are known to date, including some 
superconductors, ferromagnets, and compounds in which the Kondo correlation is 
observed. These systems are of great interest showing possible p-wave pairing of 
the superconducting electrons (rather than BCS s-wave) and co-existence of 
magnetic ordering and the Kondo effect. 
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Figure 3.4 Phase diagram of the Kondo lattice showing the Fermi liquid coherence line and the 
non-Fermi liquid trajectory. Plot of the Néel (TN), Kondo (TK) and RKKY (TRKkY) temperatures 
as a function of J.  

Microscopically, electrons in partially filled f-shells behave as localized 
magnetic moments. These electrons interact with the conduction electrons close to 
the Fermi surface through the Kondo effect while forming a RKKY exchange 
interaction themselves [8, 9]. The Kondo effect has a tendency to screen the 
moments and form a non-magnetic ground state while the RKKY interaction 
favors long range magnetic ordering. The interplay result of these two competitions 
can be summarized in the Doniach phase diagram, where many exotic physics 
phenomena happen close to the quantum critical point (QCP) at a critical value of 
the ratio J/W, where J stands for the exchange interaction among the localized 
and itinerant electrons and W is the bandwidth of the conduction electrons [10, 11]. 
 

3.3 Experiments 

3.3.1 Sample preparation 

Pt films with Hall-bar geometry were patterned first using e-beam lithography. 
Various nominal thicknesses (from 2.7 nm to 8 nm) were deposited on SiO2 (270 
nm)/Si substrate by dc magnetron sputtering techniques in Kurt J. Lesker system. 
The base pressure of the sputtering chamber is below 1×10-7 mbar.  

The deposition procedure was carried out in argon (Ar) atmosphere with the 
pressure in the order of 10-3 mbar. The deposition was initialized after 30 seconds 
pre-sputtering in order to stabilize the plasma and homogeneity of the material 
flux yield. 
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Figure 3.5 Atomic force microscope images of Pt films with several preparation conditions. 
Sputtering pressure and power are two decisive parameters that influence the quality and 
morphology of the films. (a)-(c) were prepared under the same pressure. (c)-(d) were prepared at 
same power. (e), (f) correspond to the sample with t = 2.7 and (g), (h) correspond to the 
sample with t = 12.0 nm, respectively, which show the measured thicknesses. 

The thickness of films was controlled by adjusting the power and opening 
time of the shutter. After many trials, the optimum power was found to be 50 W 
for depositing Pt. Below this value, the Pt yield is not homogeneous as twinkling of 
the Ar plasma can be seen. Above this value, the yield of the material is too high 
to obtain ultra-thin thickness with acceptable surface smoothness. 

Figure 3.5 summarizes the surface morphologies of the film under different 
preparation conditions. With increase of the sputtering power from 50 W to 200 W 
while keeping the same sputtering pressure, the root mean square Rms of the film 
surface roughness increases from 0.59 nm to 1.18 nm (Fig. 3.5a to c). 

3.3.2 Paramagnetic ionic gating 

The Kondo effect was induced in Pt films by applying positive VG until Rs 
approaches saturation (Fig. 3.6). Regarding the term saturation, technically it 
involves the experimental details as follows.  

The selection of a proper gating temperature requires: first, time for freezing 
the PIL to be as short as possible; second, sufficient ionic mobility maintained for 
generating the field effect. Lowering the gating temperature reduces the ionic 
mobility causing larger gating hysteresis and less control on reaching the desired 
gating state (Fig. 1.8). In our case, gating was performed at 220 K and it took 
several minutes to completely solidify the IL, i.e. cooling from 220 to 190 K (the 
freezing temperature of the PIL). During this time, although slowly, the ions keep 
moving driven by the fixed VG. Practically, we always cool down right after the VG 
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reaches the set value, which is slightly earlier than Rs reaches the fully saturated 
value because of the slow motion of the ions. 
 

3.4 Results and Discussion 

3.4.1 Thickness dependence of transfer curves 

Figure 3.6 shows the thickness dependence of sheet resistance changes ∆Rs/Rs as a 
function of VG. It is clear that with decrease of the film thickness, the gating effect 
becomes stronger revealed as larger ∆Rs/Rs. The maximum ∆Rs/Rs can be as 
much as 20%, which indicates significant modification of the electronic state in Pt.  

It is seemingly very counter-intuitive to understand the ~20% gate induced 
change of sheet resistance for a metallic film [12]. One of the important factors to 
consider this puzzle is that Pt film is not a “good” metal when the thickness is close 
to the mean free path of the conduction electron. Due to the increase of surface 
scattering, in fact, the resistivity of Pt increases exponentially when the film 
thickness is below 10 nm [13-15]. As discussed by other researchers, the long-range 
(much longer than the screening length) field effect control of the magnetotransport 
in metallic film can be originated from the VG dependence of the mobility of bulk 
electrons and holes caused by surface scattering [16]. Therefore, the VG tuning of 
mobility instead of carrier density plays a more crucial role in thin metallic films. 

All films were gated to roughly the same VG, implying similar surface ion 
accumulation. However, the value of ∆Rs/Rs is not proportional to the thickness. 
With increase of film thickness, ∆Rs/Rs rapidly decreases, which is due to the 
increasing portion of the bulk conducting channel. We will discuss this in the next 
section. 

 

Figure 3.6 Gate-induced Kondo effect in Pt films with different thicknesses. The VG dependence 
of the Rs (T = 220 K) for a series of Pt films with different thicknesses (proportional to the 
sputtering time) showing the bias regime where the Rs rapidly decreases. 
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3.4.2 Two-channel model for calculating in Kondo effect 
measurement 

Once the Pt films are thicker than the screening length (a few angstroms), the 
sheet resistance Rs would include the parallel contributions from both surface and 
bulk conduction. Using the simplest model, the Rs can be estimated as 

 
1 1 1

		, (3.3) 

where Rtp and Rb are the contributions from the top-most layer (gate tuned) and 
bulk (pristine) part of the Pt films, respectively. 

Since the change of resistance by gating is confined at the surface, we define 
the ratio of the change of surface resistance as ∆ = R’

tp/Rtp representing the 
gating capability of the PIL, where Rtp and R’tp are the topmost layer resistance 
before and after gating, respectively. We define κ as the ratio between the 
thicknesses of the topmost layer (ttp) and the whole film (t). Therefore, Rtp = Rs/κ 
and Rb = Rs/(1-κ). 

Based on the fact that all samples were gated to VG = 4 V, when the Rs 
approaches saturation, the decreasing ratio γ = R’

s/Rs of the change in the whole 
film resistance after gating with increasing film thickness can be naturally 
attributed to the enlarged portion of the bulk conductivity. Given a particular film 
thickness t, κ can be derived from the total resistance change according to 

 
1 1

⁄ Δ
1
1 	⁄

		, (3.4) 

which can be simplified to 

 
Δ 1
1 Δ

		. (3.5) 

 

Table 3.1 Fitting parameters of the transfer curves for films of different thickness 

t (nm) ∆ κ γ ttp (nm) 

2.7 

0.25 

0.089 0.789 0.239 

3.3 0.049 0.872 0.163 

4.0 0.045 0.881 0.180 

4.7 0.035 0.904 0.165 

5.3 0.038 0.898 0.202 

6.7 0.024 0.933 0.160 

8.0 0.020 0.944 0.160 



80	 Chapter	3	

3 

Analyzing the VG dependence of Rs using this two-channel model, the best 
fitting yields ∆	 = 0.25, which is consistent with the limited change of resistance 
achieved by PIL gating because the strong screening tightly confines the field effect 
at the channel surface. Consequently, κ, γ and ttp of each film can be calculated 
according to Eq. 3.5. From the fitting, we derived the gate-effective surface 
thickness is ~ 0.2 nm, which is about one atom thin. This agrees well with our 
proposed two-dimensional ferromagnetism discussed in chapter 3. 

3.4.3 Temperature dependence of Rs for a series of film thicknesses 

The temperature dependent Rs for films of individual thickness were normalized to 
Rs measured at T = 150 K, according to 

 
min

150 min
150K 	,	 (3.6) 

where Rs(min) is the minimum sheet resistance of each curve. 
All measured films show metallic behaviors, which are indicated by the 

decrease of Rs with decreasing temperature. It is worth noting that the reduction 
rate of the sheet resistance (RRR) changes with the thickness. Experimentally, it is 
defined as 

 	. (3.7) 

where R0, T0 are the reference resistance and temperature, and α is defined as the 
temperature coefficient of resistance.  

When we normalized the RRR with the film thickness, we noticed that with 
decrease of film thickness, RRR increases dramatically. This is in consistent with 
the increased gating effect for thinner films (Fig. 3.6), which is due to stronger 
scattering when the film thickness approaches the carrier mean free path. 

 

Figure 3.7 (a) Temperature dependent Rs showing the Kondo effect for each sample. (b) The 
zoom-in of the low temperature region, where Rs

nm increases logarithmically with decreasing T 
before saturating. 
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Microscopically, the sheet resistance is inversely proportional to the mean 
free path λ of the collision. Above certain temperature (~20 K), λ is limited by the 
thermal vibration of atoms (phonon) that is proportional to the temperature. 
Hence, the resistance shows linear behavior.  

For non-magnetic system, at very low temperature, impurity scattering 
dominates the conductivity; therefore, sheet resistance remains constant respect to 
temperature change. In our system, at low temperature, all films show Rs rise-up 
with decreasing temperature. 

In Figure 3.7b, we plot Rs with respect to T in logarithmic scale. We find 
that Rs of all samples increase linearly with ln(T) before saturating at very low 
temperature. This behavior implies the phenomena are of the origin of the Kondo 
effect [17]. 

3.4.4 The Kondo length scale and gated ion distribution 

Observing the Kondo effect requires the concentration of the dopants not to be 
very high, so that the magnetic impurities can be introduced to the metal host 
homogeneously without forming clusters and segregates.  

Initially, after applying the PIL on top of the Pt surface, the concentration 
of the molecular dopant FeCl4

- is far beyond the requirement. This is due to the 
nature of the ionic liquid. It should be regarded as a salt of solid NaCl with the 
interionic distance of sub-nanometers rather than its aqueous solution that is 
normally in the order of tens of nanometers. From the single crystal diffraction 
measurement, we extract the interionic distance to be ~1 nm. In other words, the 
ratio between the dopant and host Pt atom is almost to be 1, yielding a 
concentration of 106 ppm. Under this pristine condition, the conduction electrons 
provided by the host Pt film cannot preserve any quasi-bound state with the 
magnetic ions without being interrupted by the adjacent magnetic ions.  

In order to achieve proper dopant concentration, applying a gate voltage VG 
between the Pt film and the side gate electrode with electrochemical means will 
modify the ionic configuration at the Pt surface, where a positive VG will drive the 
magnetic anions away from the Pt surface so that lowering the impurity 
concentration. 

The Kondo diffusion length-scale lK measures the extension of the Kondo 
cloud [18, 19]: 

 ∼ 	, (3.8) 

where ħ and kB are the reduced Planck and Boltzmann constant, TK is the Kondo 
temperature and D is the diffusion coefficient that is given as 

 1
3

	, (3.9) 

where υF is the Fermi velocity and le is the elastic mean free path. 
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Figure 3.8 Sequence of STM images of Au(100) in [BMIM]BF4 showing the Au(100)-hex 
reconstruction at -1.25 V for 5 min (a), 8 min (b), and 40 min (c) and at -2.3 V (d). Scan size: 
(a, b): 100×100 nm2, (c, d): 150×150 nm2. Arrows indicate the reconstruction rows [20].  

By taking into account the corresponding parameters of Pt, we calculated 
the Kondo cloud length is ~5 nm. Figure 3.8 shows the STM image of the IL-gated 
Au surface. The bright region denotes the cation BMIM+, which is the identical 
cation used in our experiment. The dark region shows the position of anions. 
Applying bias voltage modifies the surface ionic construction. Higher positive gate 
voltage accumulate more cations to the Au surface, however, there is always some 
anions left for balancing the electro-neutrality due to the Coulomb interaction. 
Without bias, the surface magnetic anion concentration is characterized by the size 
of the cation, which is less than 1 nm. By positive gating, we gradually decrease 
the density of the anions at surface. By taking into account the ionic size of the 
cation (8 Å) and anion (5 Å) we obtained from X-ray diffraction, we can roughly 
estimate that the surface anion (magnetic) density after applying VG is ~10% of 
the equilibrium condition. This estimation is in good agreement with the scanning 
tunneling microscopy study [20]. 

3.4.5 Analysis of the Kondo parameters with numerical 
renormalization group method 

The theoretical model based on the perturbation theory indicates the 
logarithmically dependence of the thermodynamic and transport properties as 
ln(T/TK) [2]. However, it was not clear for explaining the divergence at T  TK 
and the behavior at T ≪TK.  
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Figure 3.9 A typical curve of the Rs measured from 2 to 35 K. The red line is the fitting from the 
NRG equation Eq. 3.11. 

These two puzzles were not answered until 1974, when Kenneth Wilson 
(Nobel laureate in Physics 1982) applied the numerical renormalization group 
(NRG) theory that successfully explained the Kondo problem for all temperature 
ranges [3].  

According to the NRG method, for analyzing the Kondo effect, we fit the 
low temperature data with expression: 

 Rs(K) = R0 +aTb +RK(T/TK), (3.10) 

where R0 is the residual resistance, and a, b are temperature independent 
coefficients.  

The empirical function RK(T/TK) can be further expanded into: 

 ⁄ 0	K , (3.11) 

where RK(0K) is the Kondo resistance at zero temperature, TK
’ = TK/(21/s – 1)1/2, 

and the parameter  is fixed at 0.225 for S = 1/2 systems [3, 21]. Overall, we have 
the following expression: 

 0	K
2 ⁄ 1 ⁄

2 ⁄ 1 ⁄

. (3.12) 

Figure 3.9 shows a fitting to the Rs for the Pt film of t = 2.7 nm in the 
temperature range from 2 K to 40 K. Identical fitting procedures were performed 
for all measured films. The fitting results were summarized in Table 3.2. 
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Table 3.2 Fitting parameters of the Kondo effect for films of different thickness. 

t (nm) R0(Ω) a b RK(0) (Ω) TK (K) s 

2.7 354.84 3.51E-3 2.00 9.10 65.97 

0.225 

3.3 158.88 2.20E-3 2.00 3.18 39.88 

4.0 120.16 7.95E-5 2.78 0.68 28.54 

4.7 72.70 9.21E-5 2.67 0.50 23.61 

5.3 59.93 3.85E-5 2.88 0.28 21.47 

6.7 44.91 2.28E-5 2.97 0.16 20.14 

8.0 35.43 1.76E-5 3.00 0.09 19.88 

 
The temperature coefficient b that is ascribed to high temperature 

contribution terms varies between 2 and 3, where b = 2 implies that the resistance 
is due to electron–electron interaction and b = 3 implies that the resistance is due 
to s-d electron scattering. 

Two other more important parameters are the Kondo resistance at zero 
temperature RK(0K) and the Kondo temperature TK. We find that both RK(0K) 
and TK decreases significantly with increase of Pt film thickness. We summarized 
the Kondo behavior of all films in the scaling diagram. Figure 3.10 shows the plot 
of RK(T)/RK(0) versus T/TK, where the black line shows the universal Kondo 
behavior obtained from Eq. 3.11 of the NRG method.  

 

Figure 3.10 Universal Kondo behavior of the normalized Kondo resistance RK(T)/RK(0K) versus 
the reduced temperature T/TK for Pt films of different thicknesses. The black line illustrates the 
universal Kondo curve from the numerical renormalization group (NRG) method.  
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It is clear to see that the RK(T)/RK(0) dependences obtained for all 
measured films collapse into a single fitting curve as a function of T/TK, which 
firmly verifies the Kondo effect as the origin of the low temperature Rs up-turns [22, 
23]. The high temperature deviation (T/TK > 1) was attributed to the enhanced 
phonon scattering.  

3.4.6 Correlation between the Kondo effect and paramagnetic ionic 
gating 

We summarize of the Kondo parameters RK, TK and effective gating effect 
thickness κ (Tab. 3.1) as a function of film thickness t in Figure 3.11. All 
parameters decay exponentially with increase of film thickness. The dashed lines 
indicate the fits to the exponential decay function, given by 

 	, (3.13) 
where y0 is the offset, x0 is the center, A is the amplitude and c0 is the decay 
constant. 

The decay constant c0 represents degree of magnitude that how fast the 
parameters decay with the increase of t, which describes the profile of the fitting 
lines. The fact that all parameters can be fitted with the same decay constant c0 = 
0.8 indicates the consistence of our measurement. It also demonstrates the close 
correlation between the paramagnetic ionic gating and the induced Kondo effect.  

 

Figure 3.11 The thickness dependence of Kondo parameters RK, TK and effective thickness ratio	
κ. The dashed lines represent the exponential decay as a function of the film thickness t, where 
the decay constant c0 = 0.8 is the same for all fittings. 
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3.4.7 Interpretation of the Kondo state in presence of ferromagnetism 

Itinerant ferromagnetism is generally considered to be detrimental to the Kondo 
effect, whereas coexistence of FM and Kondo states has been observed in atomic 
contacts of pure itinerant ferromagnets [24] and heavy-fermion metals [25], where 
the coexistence is due to the local moments formed in a reduced coordination 
environment and the itinerant-localized duality of f-electrons, respectively.  

Magnetic ordering in itinerant ferromagnets (Fe. Co, Ni) is related to 
electron correlation in narrow 3d band, which only weakly hybridize with 4s and 
4p bands. Because of the strong spatial confinement of d-orbitals, the spin-
polarized s electrons due to exchange interaction with uncompensated magnetic 
moments of the completely localized d electrons therefore contributes mostly for 
the transport [26]. 

Recently, spatially separated Kondo scattering and ferromagnetism was 
reported in Ta doped TiO2 thin films prepared on SrTiO3 substrate, where the 
physical phenomena are related to the cationic defects [27]. The defect density 
decreases from the substrate interface towards the surface, allowing the 
ferromagnetism region to stay close to substrate/film interface; while the Kondo 
scattering dominants at the surface. Our present system is similar in terms of the 
spatial separation. 

The emerging ferromagnetism at PIL/Pt interface originates from the d-d 
interaction between the 5d-electrons perturbed by the field effect and the local 
magnetic moments of the magnetic anions [28]. While the FM state is confined at 
the PIL/Pt interface due to the strong screening, the Kondo scattering extends 
deeper into the film causing coexistence as two parallel channels. The simultaneous 
increase in the number of 6s-electrons is most likely the source of the 
accompanying Kondo effect due to their coupling with the magnetic anions at low 
temperature [29]. 
 

3.5 Supplementary information 
3.5.1 Possible origins account for the low temperature transport 
other than the Kondo effect 

The resistivity of most metallic materials decreases with cooling. At low 
temperature regime, the electrical conductivity of metallic films may deviate from 
the classic Drude model. Several origins can be attributed to this. Besides the 
Kondo effect, there are two mechanisms lead to the quantum corrections to the 
Drude conductivity at low temperature that can be expressed as:  

 ∆ ln 1
3
4

ln 	, (3.14) 
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where the first term describes the weak localization (WL) [30] and the second terms 
for the electron-electron interaction [31]. In either mechanism, the resistivity shows 
logarithmic dependence on temperature; therefore can be simplified to 

 	 	 ln 	, (3.15) 

where a and c are fitting parameters, and T2  term is included in addition to 
quantum corrections to account for high temperature scattering contribution. 

On the other hand, in terms of the Kondo scenario, the low temperature Rs 
can be described by Eq. 3.12. 

The comparison between the Kondo effect and quantum corrections is shown 
in Figure S3.1. By fitting the high temperature part where both Kondo effect and 
quantum correction are weak, we are able to extrapolate the low temperature 
behavior. It is clear that the low temperature up-turn feature lends the credibility 
to the Kondo effect, which saturates at low temperature approaching 0 K 
corresponding to the finite Kondo resistance at zero temperature RK(0K). In 
contrast, in case of WL, Rs will increase linearly as a function of ln(T) until zero 
temperature.  

In chapter 2, we discussed the paramagnetic ionic gating induced surface 
ferromagnetism in Pt and analyzed the temperature-dependent magnetoresistance 
crossover under small B field with the weak localization /weak anti-localization 
theory. The full-temperature crossover was observed only for the thinnest film, 
whereas the reentrant positive magnetoresistance at high temperature was observed 
for all samples.  

 

Figure S3.1 Temperature dependence of zero-field resistivity. The black circles show the 
experiment data. The blue fitting is by WL theory, and the red fitting is by the Kondo effect. 
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Table 3.3 Fitting parameters of low temperature Rs for Pt thin film (t = 2.7 nm) with weak-
localization mechanism 

WL R0(Ω) a c 

Fit 368.287 0.004 2.116 

Standard error 0.013 0.000 0.004 

Table 3.4 Fitting parameters of low temperature Rs for Pt thin film (t = 2.7 nm) with Kondo 
mechanism by NRG analysis 

Kondo R0(Ω) a RK(0)(Ω) TK(K) s 

Fit 354.836 0.004 9.100 66.005 0.225 

Standard error 0.074 1.095E-5 0.072 0.000 0.411 

 
However, the low temperature Rs up-turn anomaly persists for thicker films, 

despite that the field scan measurement does not show any sign of the weak-
localization type of negative magnetoresistance. 

In summary, the Kondo effect is prominent at low temperature, especially 
for thicker films; while the high-temperature transport data is dominated by the 
surface effect. For the general interest of readers, fitting parameters are listed in 
Table 3.3 and Table 3.4, in which the high temperature part is given by aT2 in 
both cases, and we fix a = 0.0035 for both fittings. 

3.5.2 Field dependence of the low temperature behavior 

Within the weak localization theorem, it is the conductance rather than the 
resistance increases with ln(T), therefore we would expect that by applying 
magnetic field, the WL effect should be suppressed. 

We performed an additional control experiment for the temperature 
dependence of the Rs under difference magnetic fields. The pristine Pt film clearly 
shows WAL showing resistance saturation at zero-field, while magnetic field raises 
the resistance and shifts the resistance minima to the high temperature (Fig. S3.2a). 
On the other hand, in case of WL, Rs should shift downward with the increase of 
magnetic field accompanied with the shift of minima to lower temperature [32].  

However, the PIL-gated Pt film shows parallel shifting in the temperature 
dependence of Rs at different magnetic fields (Fig. S3.2b). This parallel shifting of 
R-T curves at different fields is in consistent with other Kondo systems [33]. In 
addition, due to the contribution of positive MR from the bulk pristine Pt, the Rs 
increase with the increasing B field in accordance with weak anti-localization.  

Overall, the existence of the Kondo effect has been validated for all 
measured films even much thicker than the screening length. The WL, however, 
dominates the low temperature transport properties only for very thin gated-film (t 
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= 2.7 nm). From the fitting of thicker films, the Kondo effect is less affected by the 
surface WL effect since the bulk Pt shows WAL. This issue has also been discussed 
in section 3.4.5. 

The WL localization alone is not able to explain the saturation of Rs 
towards low temperature (Fig. 3.7b) and the magnetic field variation of the 
temperature dependence of Rs (Fig. S3.2b). Admittedly, attributing the low 
temperature behavior to any one of these two effects (WL or Kondo) will 
overestimate the contribution, since both of these two effects give negative MR. 

In section 3.4.6, the analysis of the MR data from the thinnest sample for 
WL/WAL is for the purpose of demonstrating that the induced FM is a surface 
effect. Both WL and the Kondo effect can contribute to the zero field resistivity 
up-turn at low temperature. Admittedly, there is a mixing of the Kondo 
contribution when we analyze the MR data with HLN equation. However, since we 
only applied the analysis on the localization to the thinnest sample, it is still valid 
for the following reasons. 

There are several criteria for distinguishing the WL from the Kondo effect 
(Tab. 3.5).  
 First, because the WL is originated from the surface ferromagnetism, in 

principle, it exists for all PIL gated-films. However, due to the mixing of the 
bulk signal (pristine bulk part of Pt film that is not affected by the field 
effect), it is only prominent in the thinnest sample, while diminishes rapidly 
with the increase of sample thickness. 

 Second, the Kondo effect is present at low temperature (TK < 40 K), while 
any MR higher than TK should be ascribed to different origins. Here the 
WL/WAL crossover appears at around ~80 K (Fig. S3.2a).  

 Third, at low temperature, the Kondo effect was observed for all films 
studied, while clear WL only exist in the thinnest film (2.7 nm). 

 Last, the bulk of the Pt shows an intrinsic WAL at low temperature (Fig. 
2.16), which is different from the surface WAL at high temperature (Fig. 
2.18a). 
In summary, the analyses of WL and the Kondo effect do not contradict 

with each other. We focus on the full temperature range for the WL/WAL 
crossover of the topmost layer to demonstrate the surface ferromagnetism; while 
discuss the Kondo effect with respect to a series of film thickness to present the 
simultaneous existing of both ferromagnetism and the Kondo effect. From the 
thinnest Pt (t = 2.7 nm) to thicker films (t = 8.0 nm), as shown in Figure S2.4, 
the low temperature negative MR due to WL is compensated by the parallel bulk 
channel, which shows the positive MR due to intrinsic WAL. Therefore, except for 
the thinnest sample, the mixing of WL to the Kondo analysis is very small. Since 
our thickness-dependent Kondo analysis using NRG method gives satisfying 
consistency with the observed data, we conclude the validity of the co-existing 
Kondo effect in presence of the surface ferromagnetism. 
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Figure S3.2 Comparison between field dependent WAL in pristine Pt (a) and induced Kondo 
effect in PIL-gated Pt (b). The black arrow indicates the minima of the sheet resistances in the 
PIL-gated Pt. 

We analyze these two effects independently for different thickness and 
temperature regimes. The HLN analysis of WL is performed for the thinnest 
sample over a very wide temperature range (2 to 160 K), where we observed not 
only the low temperature negative MR, but also the crossover from WL to WAL. 
In addition, for thicker film, it is important to distinguish the WAL from intrinsic 
bulk and surface effect induced by the field effect. As shown in Fig. 2.16A, intrinsic 
WAL becomes very weak at T > 40 K, while the surface WAL remains strong up 
to 160 K. (Fig. 2.18a). It is worth noting at T > 40 K, neither the Kondo effect nor 
the intrinsic bulk WAL effect contributes to the longitudinal transport, which 
firmly leave the major contribution to the surface effect.  

Table 3.5 Comparison between the WL and Kondo effect in PIL gated Pt film with different 
thickness as well as the bulk (un-gated) Pt 

 Low temperature High temperature 

Thinnest film (2.7 nm) WL (surface) WAL (surface) 

Thicker film > 4.0 nm Kondo WAL (surface) 

Bulk (Pristine Pt) WAL No strong MR 
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3.6 Summary 
With paramagnetic ionic gating technique, we are able to dope metallic films with 
molecular spins. These spins possess localized magnetic moments that can be 
screened by the conduction electrons, forming the Kondo coherence states. The 
NRG analysis firmly verifies the validity of the Kondo scenario. From fitting to the 
NRG equation, we are able to extract the Kondo parameters, such as the Kondo 
resistance at zero temperature RK(0K) and Kondo temperature TK. Both of them 
decay exponentially with the increase of the film thickness. In particular, we found 
that the decay profile is identical to the paramagnetic ionic gating level, which is 
reflected as the effective surface thickness ratio. 

Although ferromagnetism is in general regarded as detrimental to the 
formation of a Kondo coherence state, in the PIL gated Pt film system, we clearly 
observe the coexistence of two physical phenomena simultaneously. The exact 
mechanism explaining this coexisting state remains an open issue at this moment. 
We tentatively ascribe it to the spatial separated two channels acting in parallel. A 
comprehensive physical picture of the reported phenomena requires further study. 
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