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Modulation of Kondo phenomenon in two-dimensional materials is of great significance. Unfortunately, the 
strain effect, one of the effective regulation methods, is usually lacking in previously studied Kondo systems. 
Here we show that a tensile or compressive strain gradient induced by a three-point bending apparatus has a 
prominent impact on Kondo effect of the two dimensional electron gas at the LaAlO3/SrTiO3 heterointerface. 
Under the tensile strain gradient, Kondo temperature (TK) decreases. In contrast, TK increases under the 
compressive strain gradient. At the same time, the temperature at which the resistance has a minimum, Tmin, 
shows the same strain gradient dependence as TK. The present study may pave the way for manipulating many- 
body effects at oxide heterointerface.   

1. Introduction 

The Kondo effect, the screening of the local magnetic moment by 
itinerant electrons, is a many-body quantum phenomenon which usually 
leads to a pronounced Kondo scattering at low temperatures [1]. The 
development of low dimensional systems offers a new opportunity to 
exploit the emergent aspects of the Kondo effect [2,3]. Recently, LaA
lO3/SrTiO3 (LAO/STO) interface with high mobility two dimensional 
electron gas (2DEG) has aroused much attention [4,5]. A spectrum of 
emergent properties has been unveiled in this system, including Rashba 
spin-orbit coupling [6,7] and superconductivity [8] and the coexistence 
of magnetism and superconductivity [9,10]. In particular, this oxide 
interface can form a natural all-d-electron 2D Kondo system. The Kondo 
effect in this 2DEG has already been deduced from the resistance upturn 
with decreasing temperature [11,12] and the Kondo resonance in the 
planar tunneling junctions [11]. The large negative magnetoresistance 
observed in this 2DEG has also been attributed to the Kondo effect [13]. 

On the other hand, modulating the LAO/STO properties is an 
important research issue. So far, the means of modulation reported at 
the LAO/STO interface contain gate voltage [14] light irradiation [15] 
and surface adsorption [16] etc. An epitaxial strain produced by the 
lattice mismatch between different films and substrates can also affect 
the electrical properties at the LAO/STO heterointerface [17–21] and 
other STO-based heterointerface [22]. However, the impact of epitaxial 
strain is always biaxial and static, ignoring the study of the strain impact 
in a dynamic process. Recently, Zhang Z. et al. Revealed the 
strain-gradient-induced modulation of carrier density and mobility at 
the LAO/STO interface by a mechanical bending [23]. Zhang F. et al. 
Also demonstrated that dynamic modulation using uniaxial strain on the 
interfacial transport properties of the LAO/STO interface is effective 
[24]. 

As far as we know, Kondo problems in oxide interface are far from 
clear up to now and how the strain gradient modulates the Kondo effect 
has not yet been studied at the LAO/STO heterointerface. In this work, 
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the Kondo effect at the LAO/STO interface modulated by a strain 
gradient is systematically studied. 

2. Experimental section 

LAO films with 10 nm were grown on (001)-oriented TiO2-termi
nated STO single-crystal substrate (10 × 3 × 0.2 mm3) by pulsed laser 

Fig. 1. Temperature-dependent resistance (Rs -T) of 
two samples. (a) Sample An under TSGs from 2 K to 
300 K. (b) Zoom-in on the low-temperature region of 
(a). (c) Sample B under CSGs from 2 K to 300 K. (d) 
Zoom-in on the low-temperature region of (c). The 
solid curves in (b) and (d) show the best fits to Rs-T 
curves using Eq. (2) and Eq. (3). The inset in (a) and 
(c) show the schematic structures of tensile and 
compressive strain bending, respectively. The light 
and dark grey parts represent STO and LAO, respec
tively. The white arrows represent the applied strain 
direction. The yellow parts represent the spring pins 
which are made of brass. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Table 1 
Different strain gradients at room temperature.   

CSG2 CSG1 No 
strain 

TSG1 TSG2 TSG3 

Strain 
gradient 
(m− 1) 

− 8.54 
± 0.56 

− 6.32 
± 0.75 

0 +5.85 
± 0.75 

+7.93 
± 0.56 

+12.24 
± 0.47  

Table 2 
Fitting parameters extracted from fitting Rs data of LAO/STO heterointerface 
under different tensile strain gradients.  

Strain gradients 
(m− 1) 

R0 

(Ω/□) 
a 
(Ω/□⋅K− 2) 

b 
(Ω/□⋅K− 5) 

RK,0K 

(Ω/□) 
TK 

(K) 

0 1454.9 0.18 2.9 × 10− 8 250.5 10.47 
+5.85 ± 0.75 1049.6 0.15 2.5 × 10− 8 148.3 7.6 
+7.93 ± 0.56 967.7 0.14 2.1 × 10− 8 131.1 5.73 
+12.24 ± 0.47 873.2 0.12 1.3 × 10− 8 103.9 5.53  

Table 3 
Fitting parameters extracted from fitting Rs data of LAO/STO heterointerface 
under different compressive strain gradients.  

Strain gradients 
(m− 1) 

R0 

(Ω/□) 
a 
(Ω/□⋅K− 2) 

b 
(Ω/□⋅K− 5) 

RK,0K 

(Ω/□) 
TK 

(K) 

0 1447.4 0.19 3.1 × 10− 8 261.8 9.86 
− 6.32 ± 0.75 1579.2 0.24 4.9 × 10− 8 310.6 11.15 
− 8.54 ± 0.56 2058.5 0.29 8.8 × 10− 8 426.1 13.12  

Fig. 2. The relationship between TK(Kondo model), Tmin and uniaxial different 
strain gradients. The solid circles and hollow triangles represent the TK(Kondo 

model) and Tmin values under TSGs (sample A) and CSGs (sample B), respectively. 
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Fig. 3. △σ/σ0 as a function of magnetic field (H⊥interface) of sample A ((a), (c), (e), and (g)) under different TSGs from 2 K to 30 K, respectively. The solid curves 
are the best fitting to the HLN Eq. (4) by adding a H2 term. The dependences between Hφ and T of sample A ((b), (d), (f), and (h)) under different TSGs. 
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deposition (PLD) at 790 ◦C in an oxygen pressure of 3 × 10− 5 Torr. The 
repetition rate of laser pulse was 1 Hz and the fluence was 0.8 J/cm2 

(KrF, λ = 248 nm). After deposition, the samples were cooled down to 
room temperature without changing the oxygen pressure. The target- 
substrate distance was fixed at 5.6 cm. 

The prepared samples were processed into a Hall bar using a stan
dard ultraviolet lithography and wet etching technique (37% H3PO4 
solution). To eliminate errors caused by the asymmetry of the Hall bar, 
all transport measurements were conducted under magnetic field 
reversal [25]. The transport properties were measured by Physical 
Property Measurement System (PPMS, Quantum Design) from 2 K to 
300 K. 

Two kinds of three-point mechanical bending apparatuses were 
designed to apply the tensile strain gradient (TSG) and compressive 
strain gradient (CSG). Both TSG and CSG are applied along [001] axis of 
the STO substrate. In particular, the same experimental results are ob
tained by applying TSG and CSG along [010] direction. All the bending 

apparatuses are made of brass, and strain gradients are applied by 
screws and spring pins (schematic structures, see the inset in Fig. 1(a) 
and (c)). In order to calculate the value of strain gradient, we put the 
samples with different strain gradients under a microscope and took 
photos at room temperature. W was estimated by drawing two hori
zontal lines in the photos. The range of w is almost 0.03–0.07 mm, and 
the effective length L0 is almost 8–10 mm. As shown in Table 1, the 
magnitude of the strain gradients at the center of the samples with 
variant bending status are recorded. TSG is noted as positive and CSG is 
noted as negative [26]. According to the elastic theory, different strain 
gradients are calculated by Eq. (1) [27]: 

∂ε11

∂x3
= 3w

(
L0

2

)− 2

(1)  

Fig. 4. △σ/σ0 as a function of magnetic field (H⊥interface) of sample B ((a), (c), and (e)) under different CSGs from 2 K to 30 K, respectively. The solid curves are the 
best fitting to the HLN Eq. (4) by adding a H2 term. The dependences between Hφ and T of sample B ((b), (d), and (f)) under different CSGs. 
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3. Results and discussion 

3.1. Temperature dependences of resistance 

To avoid any changes in the internal properties of the LAO/STO 
heterointerface after strain modulation, we fabricated two LAO/STO 
samples at identical deposition conditions for tensile (sample A) and 
compressive (sample B) experiments, respectively. Fig. 1 shows the 
temperature dependences of the sheet resistance (Rs) of the samples with 
TSGs and CSGs from 2 K to 300 K and the corresponding zoom-in on the 
low-temperature regions. It can be seen clearly that Rs begins to decrease 
when the temperature drops down. Meanwhile, it has a significant 
change on low-temperature regions. Rs decreases with TSG and increases 
with CSG. However, the resistance changes little at high temperature no 
matter what the sample is under TSG or CSG. Actually, a sharp increase 
of resistance of LAO/STO at higher temperatures is obvious, which could 
be attributed to complex coupling of the lattice, charge, and phonon 
[28]. The strain gradients have a slight effect on the resistance at high 
temperatures, much weaker than that on the low-temperature region 

and the relative change of Rs is very small, (here the relative change of R 
is defined as (Rstrain -R0) ∕R0, Rstrain and R0 represent the resistance with 
and without the strain gradient, respectively), i.e. strain gradient has 
more significant impact on the relative change of Rs on the 
low-temperature region, especially below 20 K. In addition, owing to the 
fragility of the single crystal, the strain gradient could achieve a certain 
maximum. According to the measured value, the maximum TSG and 
CSG are +12.24 m− 1 and -8.54 m− 1, respectively (Table 1). Otherwise, 
the samples are easily broken. 

Notably, the sheet resistance Rs of the samples can be well modulated 
by the strain gradients and the Rs saturation behavior appears an upturn 
at low temperatures. The Rs -T curves around Tmin, at which the resis
tance has a minimum, can be well described by Kondo model [29,30]. 

Rs(T)=R0 + aT2 + bT5 + RK

(
T

TK(Kondo model)

)

(2)  

where R0 is the residual resistance caused by sample disorder and the T2 

and T5 terms are the contributions of electron-electron and phonon- 
electron interactions, respectively. An empirical form is used for the 
last term [31]. 

RK

(
T

TK(Kondo model)

)

=RK,0K

(
T ′2

K(Kondo model)

T2 + T ′2
K(Kondo model)

)S

(3)  

where T’K = TK/(21/s-1)1/2, TK(Kondo model) is the Kondo temperature, and 
s = 0.225 based on the result of the numerical renormalization-group 
(NRG) theory [31,32]. All the Rs-T curves were well fitted by Eq. (2) 
and Eq. (3) for different strain gradients. The fitted values of TK(Kondo 

model) are shown in Fig. 4. 
It is clearly seen that the Rs saturation behavior appears an upturn at 

different strain gradients on low-temperature region. Kondo effect exists 
at the LAO/STO interface, which attributes to antiparallel spin scat
tering between localized magnetic moments and itinerant electrons, and 
always causes a minimum resistance. When the temperature decreases 
further, the localized magnetic scattering center is screened by the 
ambient antiparallel spins of itinerant electrons at the LAO/STO inter
face, thus Kondo scattering becomes weakened and Rs saturates gradu
ally [33–35]. As shown in Fig. 1(b) and (d), the Rs-T curves in the low 
temperature area overlaps perfectly with the fitting curve according to 
the Kondo model, and the specific fitting parameters are shown in Ta
bles 2 and 3. Fig. 2 shows the relationship between TK(Kondo model) and 
Tmin and different uniaxial strain gradients. 

3.2. Low field magneto-conductance 

In order to study the effect of strain gradient on magnetoresistance, 

Fig. 5. The relationship between TK(HLN) and uniaxial strain gradients. The 
solid circles and hollow triangles represent TK(HLN) values under uniaxial tensile 
strain gradient (sample A) and uniaxial compressive strain gradient (sample B), 
respectively. 

Fig. 6. (a) The relationship between TK(Kondo model), TK(HLN), Tmin and the strain gradient. The sold circles and hollow triangles represent the data for sample An under 
TSG and for sample B under CSG, respectively. (b) Carrier density of sample A (solid circles) and sample B (hollow triangles), determined by the Hall coefficient 
acquired in a field of 9 T, under different strain gradients. 
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we utilize the low field magneto-conductance of 2DEG at the LAO/STO 
interface to analyze the temperature dependence of electron dephasing, 
based on the modified Hikami-Larkin-Nagaoka (HLN) equation [36,37]: 

△σ(H)= σxx(H) − σxx(H = 0)= −
αe2

πh

[

ln
(

Hφ

H

)

− ψ
(

1
2
+

Hφ

H

)]

(4) 

σxx is defined by σxx(H) =
(

Rxx(H)

R2
xx(H)+R2

xy(H)

)
, where σxx is the magneto- 

conductance at a magnetic field, Rxx is the longitudinal magnetoresis
tance and Rxy is the Hall resistance, respectively. △σ (H) represents the 
change of magneto-conductance, ψ is the digamma function, e is the 
electronic charge, h is Planck’s constant, Hφ = h/8eπDτφ is the charac
teristic magnetic field, D is the electronic diffusion constant, τφ is the 
phase coherence time and α is an effective constant that depends on the 
relative strengths of magnetic scattering and spin-orbital coupling. As 
shown in Figs. 3 and 4, different temperature dependences of the 
dephasing field Hφ are observed from 2 K to 30 K, which is consistent 
with the universal dephasing rate (proportional to Hφ) due to diluted 
Kondo impurities [38]. The dephasing field Hφ exhibits two distinct 
temperature dependences in different temperature ranges. Actually, it is 
another definition of TK(HLN) [39,40]. All the obtained values TK(HLN), at 
which the temperature dependence changes, are well consistent with 
that determined by the resistance measurements. Fig. 5 shows the 
relationship between TK(HLN) and different uniaxial strain gradients. 

Fig. 6(a) shows the relationship between Tmin, TK(Kondo model), TK(HLN) 
and the strain gradient. It can be clearly seen that TK(Kondo model)) and TK 

(HLN) are well modulated by strain gradient. TK(Kondo model) and TK(HLN) 
increase with the compressive strain gradient. With the increase of CSG, 
TK(Kondo model) increases from 9.86 K to 13.12 K, and TK(HLN) increases 
from 10 K to 14 K. Conversely, they all decrease with the tensile strain 
gradient. With the increase of TSG, TK(Kondo model) decreases from 10.47 K 
to 5.73 K, and TK(HLN) decreases from 10 K to 6 K. Tmin always shows the 
same strain gradient dependence as TK, i.e, Tmin decreases with the strain 
gradient from − 8.54 m-1 to +12.24 m-1. 

The decrease of TK may be attributed to the change of carrier density 
[23] and/or to the modification of electronic band structure at the Fermi 
level [24] by the introduction of uniaxial strain gradient. Li et al. [41] 
reported the Kondo effect of electric field modulation in Gd:ZnO films 
and pointed out that carrier density ns has an important modulation 
effect on TK. They suggested that there was a specific relationship be
tween TK and the density of the electron state D(EF) near the Fermi level: 

kBTK ∼ e− 1/[JD(EF ) ] (5)  

where kB is Boltzmann constant, EF is Fermi energy, and J > 0 is the 
antiferromagnetic coupling constant between the local magnetic 
moment and the traveling electron. Han et al. [42] also reported that TK 
and carrier density in Nb:TiO2 thin films showed the same variation 
trend. The carrier density ns is the energy integral of D(E)f(E), namely, 
n =

∫
D(E)f(E)dE, where f(E) is the probability of electron occupation. 

Furthermore, according to the Schrieffer-Wolff formula [43], the Kondo 
coupling strength is 

|JD| =
△
π

[
1

|U + εd|
+

1
|εd|

]

(6)  

where D is the density of state of the dxy band, and JD is the Kondo 
coupling strength. U is the on-site Coulomb repulsion energy (U ≈ 2 eV 
in the LAO/STO interface 2DEG [44]). εd is the energy of the local d-level 
with respect to the Fermi energy EF. △ is the bandwidth of the local 
energy level, which is related to the hybrid intensity. In addition, in a 
strongly correlated electron system, according to the tightly bound 
approximation of the band theory, when the lattice constant shrinks, the 
bandwidth increases as the overlap of the wave functions of adjacent 
atoms increases. When LAO/STO is subjected to uniaxial compressive 
strain gradient, compared with LAO/STO in unstrained state, the lattice 
constant shrinks slightly, the overlap of adjacent atomic wave functions 

increases, and its bandwidth △ increases accordingly. According to Eq. 
(6), when the Coulomb repulsion energy U, the energy εd of the local 
d level compared with the Fermi energy and the antiferromagnetic 
coupling constant J are constant, the larger the uniaxial compressive 
strain gradient, the larger the bandwidth △, which leads to the larger 
density of state D. Based on Eq. (5), the higher the density of state D, the 
higher the Kondo temperature TK. On the contrary, the lattice constant 
of LAO/STO under uniaxial tensile state slightly expands compared with 
that without strain, resulting in a decrease in bandwidth △ and a 
decrease in band electronic state density D, ultimately reducing TK. 

Zhang et al. [24]. Also used density functional theory to calculate the 
density of state of dxy band of 3d Ti atoms in LAO/STO system under 
different uniaxial strain states, and confirmed that the density of state of 
dxy band in the compressive state was the highest, while the density of 
state of dxy band in the tensile state was the lowest. They also estimated 
the different carrier densities of LAO/STO under different strain states 
by applying 3% tensile strain and 3% compressive strain respectively, 
and obtained carrier densities of 2.2 × 1013 cm− 2 and 3.14 × 1013 cm− 2 

under tensile and compressive strain states, respectively. It is shown that 
strain can effectively modulate the density of state and carrier density in 
the LAO/STO system. 

Fig. 6(b) shows the relationship between the carrier density and the 
strain gradient from 2 K to 30 K for sample A and sample B, in which the 
carrier density was determined by the Hall coefficient in a field of 9 T. 
Notably, the carrier density at various temperatures shows the same 
decrease trend as TK with the strain gradient ranging from − 8.54 m-1 to 
+12.24 m − 1. Anyhow, it should be emphasized that the phenomena of 
strain-gradient-modulated Kondo effect at the LAO/STO interface are 
doubly confirmed by the fittings based on the formula of Kondo model 
and HLN equation, respectively. It is worth noting that the Kondo effect 
is an archetype for the emergent magnetic interactions amongst local
ized and delocalized electrons at the LAO/STO heterointerface [45,46], 
and it may be attributed to the intrinsic localized magnetic Ti3+ ions by 
many studies [45,47–49]. More importantly, the ability to produce and 
modulate the effect by purely external means in any conducting system 
is of interest in its own right. 

4. Conclusions 

In conclusion, we demonstrated that Kondo effect at the LAO/STO 
interface is well modulated by the strain gradients, which is related to 
the carrier density. TK and Tmin decrease with the increase of tensile 
strain gradient. On the contrary, TK and Tmin increase with compressive 
strain gradient. These results not only promote the understanding of 
complex oxide interfaces, but also provide new possibilities for the 
application design in practical electronic devices. For example, the 
strain-gradient-modulated Kondo scattering may be further adopted to 
regulate applications of the Kondo effect, such as the spin Hall effect 
[50] and thermoelectricity [51]. 
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