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ABSTRACT 
 
We have studied the low temperature electrical transport properties of LaxSr1-xCuO2 thin films grown 
by oxide molecular beam epitaxy on (110) GdScO3 and TbScO3 substrates. The Transmission 
Electron Microscopy measurements and the X-ray Diffraction analysis confirmed the epitaxy of the 
obtained films and the study of their normal state transport properties, removing the ambiguity 
regarding the truly conducting layer, allowed to highlight the presence of a robust hidden Fermi 
Liquid charge transport in the low temperature properties of Infinite Layer electron doped cuprate 
superconductors. These results are in agreement with recent observations performed in other p and n 
doped cuprate materials and point toward a general description of the superconducting and normal 
state properties in these compounds.  
 
INTRODUCTION 
 
The study of the complex transport properties in the normal state of superconducting cuprates, lasting 
now for more than thirty years, has a central role in the achievement of a deep understanding of the 
fundamental mechanism at work in high-Tc superconductors. It is generally thought that a detailed 
comparison among the behaviors observed by doping with electrons (n side of the phase diagrams) 
and with holes (p side), can give important insights to develop appropriate theoretical models [1]. 
Most of the studies on the cuprate  phase diagrams have been performed on p-type materials and the 
few data available from n-type compounds seem to point out both similarities and differences [2]. 
Both the electron and the hole doped cuprates  present, in the lower doping part of their phase 
diagrams, antiferromagnetic (AF) behaviors with parent un-doped compounds being AF insulators 
and, below a compound specific doping level, have a sudden upturn in the low temperature planar 
dc-resistivities [1,2]. For both the n and p doped superconducting cuprates, a linear temperature 
dependence of the resistivity is observed at T > T*, with doping dependent T* values, persisting up 
to high temperature values around 1000 K [3]. The temperature T* separates the so-called Strange 
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Metal (SM) regime (T>T*) from the region with the opening of a pseudo gap (PG) [4,5]. On the other 
hand, in the electron doped materials, superconductivity (SC) occurs in a much narrower doping 
range, the AF phase persists to higher doping levels and especially at low doping, the AF and SC 
states are in a much closer proximity to each other [2]. Reconciliation of  all these experimental 
observations under a common theoretical description is still missing. The low temperature resistivity 
upturn has been tentatively correlated to Kondo scattering [6] or weak localization effects [7], while 
the opening of the PG below T* has been attributed to non-Fermi Liquid (FL) behavior in proximity 
of a quantum critical point generally identified as the quantum transition to the AF phase [4,5,8]. 
Nevertheless, recent developments have suggested that a FL behavior is present in a large part of the 
normal state phase diagram, at temperature T** < T* [9-13]. In particular, p doped cuprates have 
shown, below T**, quadratic temperature dependence of the resistivity per CuO2 plane [9,14], a single 
relaxation scattering rate 1/τ ≈T2, in agreement with the Kohler’s rule for the magneto-resistivity [10] 
and  a quadratic frequency dependence of the optical scattering rate with the temperature-frequency 
scaling expected in the case of FL [11]. For the p doped compound presenting only one CuO2 plane 
per unit cell, i.e. HgBa2CuO4+δ, the cotangent of the Hall angle, cot(𝜃H), has been found to follow a 
T2 law independently of doping with no appreciable changes upon crossing the temperatures T** and 
T*[12]. Moreover, the HgBa2CuO4+δ paraconductivity has shown unusual exponential temperature 
dependence indicating that the emergence of superconductivity in this system is dominated by the 
underlying intrinsic gap inhomogeneity [13]. Recently, similar FL behaviors, previously probably 
masked by the large nonmetallic low temperature contribution, have been also observed in several n 
doped cuprates [15]. In particular, values of the sheet resistance coefficients very close to those 
measured for p-doped compounds with the same doping level have been observed along with  
transport scattering rates similar to the ones obtained in the case of p doped materials, suggesting a 
possible universal description of the normal state in cuprates, independent of doping, compound and 
carrier type [15]. However, probably due to the scarceness of available samples, the analysis on n 
doped compounds, has not been performed on LaxSr1-xCuO2±δ (SLCO) material, the so-called Infinite 
Layer (IL) compound, presenting the simplest crystal structure with only one CuO2 plane per unit cell 
separated by electro-positive ions (Sr2+ and La3+) [16]. In analyzing the transport properties of 
cuprates,  a critical uncertainty is always related to their complex structure and to the ambiguity in 
the definition of the effective thickness of the conducting layer. Such an ambiguity can be completely 
removed in the case of the n doped SLCO thin films. Exploiting  the latest advances in the oxide 
growth by molecular beam epitaxy [17-20], we have deposited epitaxial superconducting films of 
SLCO and  studied their transport properties as a function of doping. Our results assess the presence 
of FL behaviors in the low temperature transport properties of IL n doped superconducting cuprates, 
removing the ambiguity regarding the truly conducting layer, thereby allowing more general 
investigation of the superconducting and normal state properties in these materials independent of 
doping and carrier type. 
 
EXPERIMENTAL 
 
LaxSr1-xCuO2 epitaxial thin films have been grown in a dual-chamber oxide MBE system using a 
shuttered layer-by-layer deposition process performed in purified O3 at a background pressure of 3 x 
10-7 Torr. The films have been deposited on (110)-oriented GdScO3 (GSO) and TbScO3 (110) (TSO) 
substrates which have a distorted perovskite structure with a pseudo-cubic lattice constant of 0.3968 
nm and 0.3958 nm respectively [21], both introducing strong tensile strain on the deposited LSCO 
films. The substrate temperature during growth was 500°C, as measured by a thermocouple. The 
samples were vacuum annealed in situ (typically around 10-8 Torr) at 510°C for 30 min and then they 
were cooled to room temperature in vacuum. The annealing step and the strong substrate induced 
tensile strain help avoid or strongly reduce the presence of apical oxygen in the final samples, and are 
crucial for obtaining superconductivity [20, 22-24]. Reflected High Energy Electron Diffraction 
(RHEED) has been used to calibrate and monitor the growth process. Details about the deposition are 
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reported elsewhere[20]. The crystalline quality of all the films as well as the in-plane and the out-of-
plane lattice parameters have been evaluated by HL reciprocal space maps (RSMs) around the 
symmetrical (002) and asymmetrical (103) Bragg reflections and X-Ray Reflectivity (XRR) analysis 
have been performed to measure the final film thickness. The structural quality of the obtained LaxSr1-

xCuO2 films has been also analyzed by Scanning Transmission Electron Microscopy (STEM). Cross-
sectional STEM specimens were prepared using the standard focused ion beam (FIB) lift-out process 
on an FEI Strata 400 FIB equipped with an Omniprobe AutoProbe 200 nanomanipulator. High-angle 
annular dark-field scanning transmission electron microscopy (HAADF-STEM) images were 
acquired on an aberration-corrected 300 keV FEI Titan Themis with a probe convergence semi-angle 
of 21.4 mrad and inner and outer collection angles of 68 and 340 mrad, respectively. In order to check 
the final La content on the grown SLCO films we performed x-rays and XPS analysis. The doping in 
SLCO films depends on both the heavy ion La/Sr chemical ratio (i.e. x) and the oxygen content (i.e. 
δ) with the onset of the superconducting dome occurring at values close to 0.04 electrons per CuO2 
plane and the highest Tc (i.e. the optimal doping) obtained for 0.10 electrons per CuO2 plane. 
Comparing our XPS data to the expected theoretical curve delimiting the superconducting dome, we 
have always obtained good agreement within the XPS experimental accuracy. Since SLCO films 
easily degrade during lithographic process, all the transport property measurements have been 
performed on un-patterned samples. The Hall effect was measured in a physical properties 
measurement system from Quantum Design. The Hall resistivity was evaluated up to 14 T in a Van 
der Pauw configuration.  
 
RESULTS  
 
In Fig. 1, we present X-ray diffraction (XRD) RMSs of a representative 20-nm thick La0.1Sr0.9CuO2±δ 
film grown on GSO. XRD investigation has always indicated the preferential c-axis orientation of the 
film along the [001] substrate pseudo-cubic crystallographic direction without any sign of secondary 
phases (e.g. the long c-axis impurity phase [25]). The dispersion of the SLCO out-of-plane lattice 
parameters (i.e., vertical width of diffraction peak) did not substantially vary from sample to  sample.  
                

 
Figure 1: (Colour online) (a) Reciprocal Space Map along H and K of a representative SLCO film grown on a GSO substrate around the 
symmetric (002)band asymmetric (103) Bragg reflections (panel a and b, respectively). The units of H and K are those of the GSO 
pseudocubic reciprocal lattice. 

 
At the same time, rocking curve measurements (ω-scan) have shown very close values of the full-
width at half maximum for the SLCO films and the GSO (TSO) substrate, thus deducing that the film 
is commensurately strained to the underlying substrate. Such a fully-strained condition was also 
confirmed by asymmetric XRD measurements of the (103) Bragg reflection (panel b of Figure 1). 
Figure 2 shows high-angle annular dark field (HAADF) STEM images of an x = 0.07 SLCO sample 
grown on TSO. The stark Z-contrast between the heavy Tb A-sites in the substrate and the lighter Sr 
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and La in the film, confirms the atomically abrupt TSO/SLCO interface, the high structural quality 
of the sample and the fully strained growth of the SLCO film, which in this case has a thickness of 
about 30 nm. 
 

 
Figure 2: High-angle annular dark field (HAADF) STEM image of a 30nm x = 0.07 SLCO sample grown on TSO substrate. 

               
The resistivity ρ of the samples has been estimated as: 

ρ(T) = RSh ∙ tSLCO (1) 

where tSLCO is the film thickness obtained by the XRR analysis. We point out again, that, in the case 
of the electron doped IL compound, with only one CuO2 plane per unit cell, there is no ambiguity in 
identifying the truly conducting layer. 
 

 

Figure 3: Room temperature normalized sheet resistivity versus the temperature curves for SLCO films with different doping. 

 

In Figure 3, the room temperature normalized sheet resistivity ρ'/ ρ'273 versus the temperature T curves 
for the SLCO films with different doping are shown, where ρ' = ρ/c, with c the measured crystal axis 
along the growth direction (always around 0.34 nm), is (see eq. (1)) the sheet resistance by the number 
of conducting planes. At high temperatures, the ρ'(T) curves of the under-doped and optimally doped 
samples (x ≤ 0.1) show a linear behavior with no sign of saturation, starting from a doping dependent 
T* temperature, while the curves of the over-doped samples (x > 0.1, not shown here) present a 
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tendency to saturation becoming more clear with increasing doping [26]. The room temperature 
values of the resistivity ρ273 of all the investigated samples were in the range 0.1-0.25 mΩ∙cm (see 
Table I). For under-doped films, an upturn in the ρ'  values before the superconductive transition is 
observed, becoming more evident with decreasing doping down to values where the superconducting 
transition is no longer present (not reported here). In Table I we summarize the main structural and 
transport parameters for the investigated samples.  

Table I 

x Tc-onset (K) Tmin (K) ρres (mΩ∙cm) T*(K) T** (K) ρ273 (mΩ∙cm) 

0.061 22 69 0.079 213 ± 3 203 ± 1 0.15 

0.062 23 64 0.14 246 ± 4 215 ± 5 0.24 

0.069 27 69 0.09 231 ± 2 191 ± 3 0.17 

0.073 29 65.5 0.08 221 ± 1 170 ± 1 0.16 

0.085 33 No min 0.05 194 ± 2 160 ± 5 0.13 

0.1 35 No min 0.04 222 ± 1 163 ± 1 0.11 

 

In the Table 1, Tmin is defined as the temperature of the upturn (the local minimum in the ρ'(T) curves), 
the onset of the superconducting critical temperature Tc-onset is defined as the temperature at which ρ' 
is 90% of its value just before the transition starts (the local maximum for the under-doped samples 
with the upturn and the low temperature residual resistivity for the others) and T** is the highest 
temperature at which the ρ'(T) curves are well described by a T2 dependence. The data of Tc-onset , T* 
and T** in Table I, are also plot in Figure 4. The red and black dashed lines are guides to the eyes. 
The T* and T** values associated to the optimally doped sample do not seem to follow the behaviour 
observed for the under doped samples. The sample with x= 0.061 has a low T* value probably due to 
its influence to extrinsic factors such as structural disorder or small stoichiometric inhomogeneity. 
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Fi g ur e 4. Pl ot of t h e T c -o n s et, T * a n d T * * d at a i n T a bl e I, a s a f u n cti o n of t h e d o pi n g x. T h e r e d a n d bl a c k d a s h e d li n es ar e g ui d es t o 
t h e e y es. 

 

DI S C U S S I O N  
 

T h e l o w t e m p er at ur e u pt ur n i n t h e ρ (T) c ur v es of u n d er -d o p e d c u pr at es  h as b e e n r el at e d t o s e v er al 

m e c h a nis m s s u c h as  K o n d o s c att eri n g [ 6] or w e a k l o c ali z ati o n ( W L) eff e cts [ 7]. I n S L C O fil ms t h e 

pr es e n c e of W L eff e cts h as b e e n pr o v e n b y l o w -fr e q u e n c y v olt a g e s p e ctr al d e nsit y m e as ur e m e nts a n d 

it h as b e e n als o pr o p os e d t o i nfl u e n c e t h e n or m al st at e tr a ns p ort pr o p erti es in a l ar g er t e m p er at ur e 

r a n g e [ 2 6]. M or e o v er, b y s uit a bl y fitti n g t h e l o w t e m p er at ur e r esisti vit y c ur v es, t h e t hr e e -di m e nsi o n al 

( 3 D) l o c ali z ati o n m e c h a nis m ass o ci at e d t o t h e el e ctr o n-p h o n o n s c att eri n g w as s h o w n  t o gi v e al w a ys 

a b ett er a gr e e m e nt t o t h e e x p eri m e nt al d at a ( i n t er ms of t h e st atisti c al χ 2  t est) w h e n c o m p ar e d t o t h e 

t w o-di m e nsi o n al ( 2 D) m e c h a nis m ass o ci at e d t o a l o g arit h mi c c orr e cti o n, alt h o u g h t h e χ 2 v al u es 

r el at e d t o t h e 3 D a n d t h e 2 D m e c h a nis m s h ad al w a ys t h e s a m e or d er of m a g nit u d e ( ar o u n d 1 0 -5 ) [ 2 6]. 

H er e, t o cl os el y f ol l o w t h e w or k of Y. Li et al. [ 1 5] i n or d er t o c o m p ar e o ur r es ult s t o t h os e o bt ai n e d 

i n [ 1 5], w e h a v e d es cri b e d t h e l o w t e m p er at ur e s h e et r esisti vit y c ur v es usi n g t hr e e t er ms  

ρ  '( T) = ρ 'r e s + Δ ρ '(T) + A 2   T 2         ( 2) 

w h er e ρ 'r es is t h e r esi d u al (T = 0) s h e et r esisti vit y, i n g e n er al v er y cl os e t o t h e ρ '(T mi n ) v al u e a n d t h e 

Δ ρ '(T)  t er m is ass o ci at e d t o t h e l o w t e m p er at ur e u pt ur n a n d h as b e e n p h e n o m e n ol o gi c all y t a k e n, i n 

a gr e e m e nt wit h t h e w or k of Y. Li et al.[ 1 5 ], t o e x hi bit a l o g arit h mi c t e m p er at ur e d e p e n d e n c e wit h 

Δ ρ '(T) =  -A l o g l o g( T/ Tl o g). P osi n g A0   = ρ 'r es + A l o g l o g( Tl o g/1 K), Li et al.  h a v e fit t h eir d at a b y e q. 

( 3) 

ρ '(T) = A 0   - A l o g l o g( T/1 K)  + A 2   T 2       ( 3) 

usi n g A 0  , Al o g  a n d A 2   as fr e e fitti n g p ar a m et ers. F or b ot h t h e h ol e a n d t h e el e ctr o n d o p e d c u pr at es, 

Li et al. [ 1 5] h a v e s h o w n t h at t h e c o effi ci e nt A 2   is i n d e p e n d e nt of t h e p arti c ul ar t y p e of m at eri al, 

s h o ws si mil ar v al u es at t h e s a m e l e v el of n  d o pi n g a n d is i n v ers el y pr o p o rti o n al t o t h e c h ar g e c arri er 

c o n c e ntr ati o n. T h e y h a v e als o f o u n d  A 0   ≈ x -3. 4 ± -0. 3  a n d A l o g  ≈ x -3. 6 ± -0. 3   d o pi n g d e p e n d e n ci es wit h a n 

a p pr o xi m at el y li n e ar r el ati o ns hi p b et w e e n A 0   a n d A l o g   h ol di n g o v er m a n y or d ers of m a g nit u d e. I n 

Ta bl e II w e r e p ort t h e fitti n g r es ult s f or t h e A 0  , Al o g  a n d A 2   c o effi ci e nts o bt ai n e d f or t h e 

i n v esti g at e d s a m pl es. 

T a bl e II  

 
x  

 
A 2 □ ( b y e q. ( 3)) ( mΩ / K2 ) 

 
A’ 2 ( b y e q.( 4)) ( mΩ / K2 ) 

 
A 0 □ (Ω / u. c.) 

 
A l o g □ (Ω /u. c.)  

 
0. 0 6 1  

 
3 4. 6 8 ± 0. 0 9  

 
2 8. 7 4 ± 0. 0 3  

 
3 5 9 1 ± 9  

 
2 7 8 ± 2  

 
0. 0 6 2  

 
4 6. 8 ± 0. 1  

 
4 0. 3 5 ± 0. 0 3  

 
5 8 0 0 ± 9  

 
3 4 1 ± 3  

 
0. 0 6 9  

 
4 1. 3 ± 0. 1  

 
3 3. 3 5 ± 0. 0 3  

 
4 2 2 6 ± 9  

 
3 3 4 ± 3  

P a g e 6 of 1 2A U T H O R S U B MI T T E D M A N U S C RI P T - J P C M- 1 1 4 1 2 5. R 1

1
2
3
4
5
6
7
8
9
1 0
1 1
1 2
1 3
1 4
1 5
1 6
1 7
1 8
1 9
2 0
2 1
2 2
2 3
2 4
2 5
2 6
2 7
2 8
2 9
3 0
3 1
3 2
3 3
3 4
3 5
3 6
3 7
3 8
3 9
4 0
4 1
4 2
4 3
4 4
4 5
4 6
4 7
4 8
4 9
5 0
5 1
5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0 A c

c e
pt
e d

 
M a

n u
s c

ri
pt



 
0. 0 7 3  

 
4 2. 9 4 ± 0. 0 1  

 
3 4. 2 6 8 ± 0. 0 0 9  

 
3 9 2 9 ± 9  

 
3 4 5 ± 2  

 
0. 0 8 5  

 
3 7. 9 ± 0. 1  

 
3 6. 4 7 ± 0. 0 6  

 
1 4 9 7 ± 6  

 
2 6 ± 2  

 
0. 1  

 
3 3. 0 9 ± 0. 0 6  

 
3 1. 8 8 ± 0. 0 3  

 
1 2 4 4 ± 6  

 
2 5 ± 1  

 

I n Fi g ur e 5, as a n e x a m pl e t o s h o w t h e us e d fitti n g pr o c e d ur e, w e r e p ort t h e ρ ’(T) c ur v e f or t h e s a m pl e 
wit h x =  0. 0 6 2  al o n g wit h t h e fit t o E q. ( 3) ( gr e e n d as h e d li n e) a n d t h e esti m at e d c o ntri b uti o n A 0   - 
A l o g ∙l o g( T/ 1 K)  (r e d d a s h e d li n e). 
 
 

 

Fi g ur e 5. R e pr e s e nt ati v e r esi sti vit y d at a f or t h e s a m pl e wit h x = 0. 0 6 2 s h o wi n g t h e fitti n g pr o c e d ur e u s e d t o 
d et er mi n e t h e p ar a m et ers i n T a bl e II. T h e gr e e n d a s h e d li n e is t h e fit t o E q. ( 3) a n d t h e r e d d a s h e d li n e is t h e 

e sti m at e d  A 0 □  - A l o g□ ∙l o g( T / 1 K) c o ntri b uti o n.  

 

I n Fi g ur e 6 , ar e s h o w n t h e A 2    v al u es v ers us t h e d o pi n g x  o bt ai n e d b y fitti n g wit h e q. ( 3)  t h e l o w 

t e m p er at ur e s h e et r esisti vit y c ur v es of t h e s a m pl es i n Ta bl e I. 

T h e r e d li n e i n Fi g ur e  6 , is t h e 1/x  d e p e n d e n c e w hi c h is i n r e as o n a bl e a gr e e m e nt wit h d at a p oi nt s 

M or e o v er, t h e A 2   v al u es ar e v er y cl os e t o t h os e o bt ai n e d f or ot h er el e ctr o n d o p e d s u p er c o n d u cti n g 

c u pr at e c o m p o u n ds at si mil ar d o pi n g l e v els [ 1 5 ]. 
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Fi g ur e  6 : A 2 □  v al u e s v er s u s t h e d o pi n g x o bt ai n e d b y fitti n g wit h e q. ( 3)  t h e l o w t e m p er at ur e s h e et r e sisti vit y c ur v e s of 
t h e s a m pl es i n T a bl e I. I n t h e fi g ur e t h e  A’ 2  v al u e s o bt ai n e d  b y e q ( 4)  ar e als o s h o w n b y m a g e nt a p e nt a g o n s . 

 T h e A 0   v al u es w e h a v e o bt ai n e d b y t h e s a m e fitti n g pr o c e d ur e, ar e als o d e p e n d e nt o n t h e d o pi n g 
l e v el, wit h  A0   ≈ x -3. 6 ±  0. 1 , w hi c h  is t h e s a m e ex p o n e nt o bt ai n e d b y Li et al.[ 1 5 ] f or t h eir n d o p e d 
m at eri als. T h e A l o g  v al u es w e h a v e f o u n d f or t h e s a m pl es wit h x < 0. 0 8 5, ar e m or e s c att er e d a n d d o 
n ot s h o w a cl e ar r el ati o n s hi p u p o n t h e d o pi n g (s e e Ta bl e II). H o w e v er, w e h a v e f o u n d t h at a li n e ar 
r el ati o ns hi p a m o n g  t h e A0   a n d  A l o g  v al u es is still v ali d wit h d at a p oi n t s a p pr o xi m at el y f alli n g o n 
t h e s a m e c ur v e f oll ow e d b y t h e d at a of Li et al. [ 1 5 ]. 

T h e r es ult s of o ur a n al ysi s of t h e c h ar g e tr a ns p ort i n S L C O fil ms, wit h t h e A 2   c o effi ci e nts s h o wi n g 

1/ x  d e p e n d e n c e a n d v al u es cl os e t o t h os e o bs er v e d i n ot h er el e ctr o n d o p e d s u p er c o n d u cti n g c u pr at e s 

at c o m p ar a bl e d o pi n g l e v els, al o n g wit h t h e si mil ar x -s c ali n g l a w of t h e A 0    c o effi ci e nts, i n di c at e t h e 

p ossi bl e pr es e n c e, i n t h e l o w t e m p er at ur e r a n g e, of F L  b e h a vi ors als o i n t h es e I L el e ctr o n d o p e d 

c u pr at es. T h e s c att er e d A l o g  v al u es di d n ot yi el d a cl e ar d o pi n g r el ati o ns hi p b ut d o s h o w  a li n e ar 

d e p e n d e n c e wit h t h e A 0   v al u es, as i n t h e c as e of t h e ot h er el e ctr o n d o p e d c u pr at es i n v esti g at e d b y 

Li et al. [ 1 5]. T his c o ul d b e pr o b a bl y tr a c e d b a c k t o t h e f a ct t h at, i n t h e l o w t e m p er at ur e r a n g e T mi n < 

T < T * * , t h e r esisti vit y c ur v es of t h e u n d er-d o p e d s a m pl es ar e v er y pl a usi bl y d es cri b e d i n t er ms of 

t h e f or m ul a 

ρ ’ = ρ ’r e s + A ’2 T 2         ( 4) 

w h er e  ρ ’r e s is a c o nst a nt. As a c o ns e q u e n c e, t h e diff er e n c e b et w e e n A 0   a n d  A l o g , a p p e ari n g i n ( 3), 

is p h ysi c all y r el at e d t o t h e c o nst a nt v al u e of t h e r esi d u al r esisti vit y ρ ’r e s, r es ulti n g, t h er ef or e, i n t h e 

li n e ar d e p e n d e n c e b et w e e n A 0   a n d   A l o g  v al u es, i n d e p e n d e ntl y of t h e p arti c ul ar d o pi n g. We h a v e 

als o fit o ur l o w t e m p er at ur e r esisti vit y c ur v es  usi n g e q. ( 4). T h e A ’2  v al u es o bt ai n e d b y t hi s pr o c e d ur e 

d o n ot diff er m u c h fr o m t h e A 2   gi v e n b y t h e pr e vi o us m et h o d a n d ar e s h o w n  as p e nt a g o ns i n Fi g ur e 

6.  I n t h e u n d er-d o p e d r e gi o n t h e A ’2  v al u es ar e sli g htl y hi g h er t h a n t h e A 2   o n es, w hil e, a p pr o a c hi n g 

t h e o pti m all y d o p e d r e gi m e, t h e y st art t o c oi n ci d e. 
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Fi g ur e 7 :a)  T e m p er at ur e b e h a vi o ur of ρ' i = ρ’( T) - A 0 □  - A l o g□  l o g( T / 1 K), b) T e m p er at ur e b e h a vi or of 1/ RH , w h er e R H is t h e H all 
c o effi ci e nt; c ) t e m p er at ur e b e h a vi or of c ot(θ H ).      

T h e r es ult s dis c uss e d s o f ar, s e e m t o c o nfir m, i n a gr e e m e nt t o t h e w or k of Li  et al.  [ 1 5], t h e pr es e n c e 
of hi d d e n F L c h ar g e tr a ns p ort i n t h e l o w t e m p er at ur e pr o p erti es of I L el e ctr o n d o p e d c u pr at e 
s u p er c o n d u ct ors.  T o f urt h er a n al y z e t h e n or m al st at e tr a ns p ort pr o p erti es of o ur s a m pl es, w e h a v e 
als o p erf or m e d H all m e a s ur e m e nts o n t y pi c al u n d er -d o p e d s a m pl es  ( x ≈ 0. 0 7). I n Fi g ur e 7 a), it is 
s h o w n t h e t e m p er at ur e b e h a vi or of ρ' i ( T) = ρ ’(T) - A 0   - A l o g  l o g( T/1 K), Fi g ur e 7 b) pr es e nts 1/ R H 

( w h er e RH  is t h e H all c o effi ci e nt) o bt ai n e d aft er dis e nt a n gl e m e nt of t h e l o g arit h mi c c o ntri b uti o n 
[ 1 2, 1 5] fr o m t h e r esiti vit y ρ' a n d i n Fi g ur e 7 c) t h e o bt ai n e d t e m p er at ur e b e h a vi or f or c ot( θ H ) = ρ' i / 
( H RH ) is dis pl a y e d. As it is cl e ar fr o m Fi g ur e 7 c), t h e c ot(θ H )(T) h as a T 2  d e p e n d e n c e u p t o 
t e m p er at ur es of a b o ut 1 2 0 K, cl os e t o t h e T * *  v al u e a n d of t h e s a m e or d er of t h e t y pi c al N e el 
t e m p er at ur es o bs er v e d i n u n d er-d o p e d c u pr at es  [ 2]. Diff er e n c es b et w e e n t h e t e m p er at ur e d e p e n d e n c e 
of t h e H all a n gl e a n d t h e r esisti vit y ar e n ot s ur prisi n g, b ei n g t h e f or m er m or e s e nsiti v e t o c h a n g es i n 
t h e F er mi s urf a c e t h a n t h e l att er, w hi c h is g e n er all y i nfl u e n c e d als o b y ot h er e xtri nsi c f a ct ors. 
M or e o v er, t h e sl o p e of t h e c ot( θ H )( T) c ur v e i n t his t e m p er at ur e r a n g e ( d as h e d r e d li n e i n Fi g. 7 c) h as 
a v al u e of 0. 0 2 6 2, v er y cl os e t o t h e u ni v ers al v al u e f o u n d f or ot h er p  a n d n  d o p e d s u p er c o n d u cti n g 
c u pr at es [ 1 2, 1 5]. At hi g h er t e m p er at ur es t h e T 2  d e p e n d e n c e is l ost a n d t his is pr o b a bl y d u e t o t h e 
pr es e n c e of a m or e c o m pl e x F er mi s urf a c e s h a p e wit h t h e H all c o effi ci e nt c e asi n g t o b e a 
r e pr es e nt ati v e m e as ur e of t h e c arri er d e nsit y [ 2 7, 2 8].   
 

C O N C L U SI O N S  

We h a v e d e p osit e d L a x Sr 1 -x C u O 2  e pit a xi al t hi n fil m s o n ( 1 1 0) G S O a n d T S O s u bstr at es  b y o xi d e 

M B E usi n g a s h utt er e d l a y er -b y -l a y er d e p ositi o n pr o c ess p erf or m e d i n p urifi e d O3 . X R D 

m e as ur e m e nts  i n di c at e d t h e pr ef er e nti al c -a xis ori e nt ati o n of t h e fil m s al o n g t h e [ 0 0 1] s u bstr at e 

cr yst all o gr a p hi c dir e cti o n wit h o ut a n y si g n of s e c o n d ar y p h as es a n d t h e pr es e n c e of c o m m e ns ur at e 

str ai n t o t h e u n d erl yi n g s u bstr at e. T h e st u d y of t h e n or m al st at e tr a ns p ort pr o p erti es of o ur S L C O t hi n 

fil ms,  r e m o vi n g t h e a m bi g uit y r e g ar di n g t h e tr ul y c o n d u cti n g l a y er, c o nfir m s t h e pr es e n c e of a r o b ust 

hi d d e n F L c h ar g e tr a ns p ort i n t h e l o w t e m p er at ur e pr o p erti es of I L el e ctr o n  d o p e d c u pr at e 

s u p er c o n d u ct ors, i n a gr e e m e nt wit h r e c e nt o bs er v ati o ns p erf or m e d i n ot h er p  a n d n  d o p e d c u pr at e 

P a g e 9 of 1 2 A U T H O R S U B MI T T E D M A N U S C RI P T - J P C M- 1 1 4 1 2 5. R 1

1
2
3
4
5
6
7
8
9
1 0
1 1
1 2
1 3
1 4
1 5
1 6
1 7
1 8
1 9
2 0
2 1
2 2
2 3
2 4
2 5
2 6
2 7
2 8
2 9
3 0
3 1
3 2
3 3
3 4
3 5
3 6
3 7
3 8
3 9
4 0
4 1
4 2
4 3
4 4
4 5
4 6
4 7
4 8
4 9
5 0
5 1
5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0 A c

c e
pt
e d

 
M a

n u
s c

ri
pt



materials, suggesting possible descriptions of the superconducting and normal state properties in these 
compounds independent of doping and carrier type. 
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