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In this review, we look back on some intriguing and puzzling issues in electron-doped cuprate superconductors, such as elec-
tron-hole asymmetry, two types of carriers, quantum critical points, order-parameter symmetry, etc. The necessity of study on 
this family is invoked in comparison with the hole-doped counterparts from several aspects. The related progress, especially in 
last few years, has been outlined point to point, as well as other hot topics like the discovery of ambipolar superconductors, the 
applications in superconducting electronics, and the emergency of superconductivity in parent compounds. In perspective, the 
utilization of blooming advanced techniques, electric double layer transistor and combinatorial film deposition, will bring some 
new insights into the mechanism such as electron-doped cuprate superconductors. 
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1  Introduction 

The superconductivity in perovskite Ba-La-Cu-O was first 
discovered in 1986 by Karl Müller and Johannes Bednorz 
[1], for which they were awarded the Nobel Prize in Physics 
in 1987. This broke the fastest world record for the award 
grant and opened a prelude to the study of high temperature 
superconductor (HTS). So far, HgBa2Ca2Cu3O8+δ holds the 
record of the highest Tc, i.e. 134 K at ambient pressure [2] 
and 164 K under high pressure [3].  

The high-temperature cuprate superconductors are based 
on a certain class of ceramic materials. All share the com-
mon feature: layered perovskite-like crystal structures con-
sisting of square planar copper-oxygen layers separated by 
charge reservoir layers. These reservoir layers serve to do-
nate charge carriers to the CuO2 planes. According to the 
sign of carriers introduced into CuO2 layers, the cuprate 
superconductors are categorized into hole- and elec-

tron-doped types. Although the overwhelming majority of 
high-Tc cuprate superconductors are hole-doped, there exists 
a nontrivial family of electron-doped compounds [4]. Hith-
erto, there are only two classes of electron-doped cuprates. 
One is the 214-type superconductor, belonging to point 
group 17

4hD  and space group I4/mmm. The other is the 

so-called infinite layer superconductor of point group 1
4hD  

and space group P4/mmm. 
Most electron-doped materials possess the 214 structure, 

i.e. the chemical formula as Ln2−xMxCuO4, where Ln = Pr, 
Nd, Sm, or Eu and M = Ce or Th [5–8]. Compared to the 
hole-doped La2−xMxCuO4 (M = Ca, Ba, Sr) superconductors 
of T phase, the electron-doped counterparts are of T  phase 
as shown in Figure 1. Although both are 214-type super-
conductors, there is significant difference between them. 
That is, the copper atoms and oxygen atoms form a planar 
structure in T  phase but an octahedron in T phase. Another 
distinction is that the electron-doped cuprates always hold 
the tetragonal structure as varying x, whereas the hole- 
doped one, e.g. La2−xSrxCuO4(LSCO) experiences an evolu-
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tion from orthorhombic- to tetragonal-structure with in-
creasing x. Though the first electron-doped superconductor 
Nd2−xCexCuO4 (NCCO) was reported in 1989, soon after the 
discovery of La2−xBaxCuO4, the comprehension on elec-
tron-doped compounds is far behind their counterparts [9]. 
The major obstruction is ascribed to the quality of the sam-
ples. In preparation, factors like temperature, atmos-
phere/vacuum, (local) strain, annealing and etc. should be 
fully considered to achieve the best quality. Despite this, it 
is still essential to investigate this kind of materials, then to 
fully understand the mechanism of high-Tc superconductiv-
ity because of the limitation in the hole-doped family. Here, 
based on the comparison between the electron- and 
hole-doped cuprate superconductors, we elucidate some key 
topics in this family, and give a review to show the recent 
progress on these topics. 

With the improvement of the sample quality, more and 
more precise and detailed experimental results about the 
electron-doped superconductors have been revealed. Thus, a 
comparison between the electron-doped cuprates and the 
hole-doped ones can be carried out. The most important 
goal in the study of high-Tc superconductors is to explain 
the mechanism of electron pairing and the symmetry of the 
ordering parameter, inspiring the exploration of materials 
with higher Tc. The experimental results on cuprates, e.g. 
Josephson effects [10], Andreev reflection [11], Little-Parks 
flux quantization [12,13], particle-hole mixing [14], etc., 
have proved the existence of Cooper pairs in superconduct-
ing phase. The spin singlet state of electron pairing has been 
determined by NMR as well [15]. In the hole-doped cu-
prates, the gap symmetry of 2 2x y

d


 has been confirmed by 

the penetration depth [16], angular resolved photoemission 
energy spectrum (ARPES) [17], phase sensitive [18], spe-
cific heat [19], thermal conductivity [20] measurements, 
and so on. Though there is a preliminary conclusion on the  

 

Figure 1  (Color online) Comparison of the T  and T structures. (a) Ge-
neric T structure with the atoms La as large black spheres, Cu as interme-
diate size blue spheres, and O as small red spheres. (b) T  structure shown 
with atoms Ln in black, O and Cu the same as in (a). 

order parameter symmetry of high-Tc superconductors, no 
agreement on the pairing mechanism has been achieved. As 
for the unconventional superconductors, the superconduct-
ing state always competes with other adjacent ordering state. 
More and more experiments show that the breakdown of 
spin/charge/orbital ordering will benefit the emergence of 
superconductivity [21,22]. Therefore, in order to map out 
the evolution of electronic state, methods like chemical 
doping, pressure, magnetic field, dimension modulation, etc. 
are used to tune materials from the superconducting ground 
state(s) to other ground states, vice versa. Displayed in Fig-
ure 2, the main distinctions between electron- and hole- 
doped cuprates from the view of the electronic phase dia-
gram are listed as follows. 

(1) The antiferromagnetic (AF) Neel temperature (TN) for 
the electron-doped cuprates decreases more slowly. Thus, 
the AF horizon is wider and seems to truncate the super-
conducting region.  

(2) In the under-doped region of hole-doped side, there is 
a characteristic temperature boundary of pseudo-gap with 
its origin still in hot debate [23], while in the electron-doped 
side, it’s known that short-range antiferromagnetism or 
fluctuations dominates the corresponding area. Since the 
origin is distinct from the definition of pseudo-gap, the 
so-called pseudo-gap boundary is not present there. 

(3) In hole-doped side, the classic picture usually dis-
played a quantum critical point (QCP) in the superconduct-
ing dome, where the extrapolated boundaries of pseudo-gap 
and Fermi liquid regimes merge at 0 K [24]. Above the 
QCP, there is a finite temperature region, where the 
transport behavior in the normal-state is dominated by the 
quantum criticality, e.g. the resistivity is linear in tempera-
ture. This region is called “strange metal” area. However, 
some recent work showed that the Fermi liquid boundary 
actually is closer to high doping level, not intersecting the 
boundary of pseudo-gap. At present, the ending point of the 
Fermi liquid region is uncertain [25]. While for elec-
tron-doped cuprates the boundary of Fermi liquid is located 
at the end of the superconducting dome, that is, the Fermi 
liquid behavior recovers at the doping level once the super-          

 

Figure 2  (Color online) Phase diagram of electron- and hole-doped cu-
prates [22]. 



 Yuan J, et al.   Sci China-Phys Mech Astron   October (2015)  Vol. 58  No. 10 107401-3 

conductivity disappears in zero field [26,27].  

It is widely believed that unveiling the normal-state 
properties of the high-Tc cuprates is essential to the under-
standing of superconducting mechanism. But, some ob-
structions prevent the investigation on normal-state elec-
tronic states of hole-doped cuprates at low temperature. 
That is mainly because (1) it is difficult to suppress com-
pletely the superconductivity at low temperature, even if a 
pulsed magnetic field up to 60 Tesla is employed, (2) large 
magnetic field may result in the change of ground state (10 
T ~ 1 meV). Whilst the ratio of signal to noise under pulsed 
field is not so good as that in static field, the information on 
evolution of the ground state becomes ambiguous as vary-
ing the magnetic field, (3) among the hole-doped cuprates, 
the T-linear dependent resistivity region is adjacent to the 
pseudo-gap area. The controversy on origin of pseudo-gap 
will add complexity on the investigation of microscopic 
mechanism in T-linear resistivity. In contrast, the upper 
critical field of electron-doped cuprate superconductors is 
much smaller (~10 T), subject to the range of static mag-
netic field. The normal-state electronic information can be 
thus obtained down to millKelvin temperature in a static 
magnetic field. Accordingly, more and more attention has 
been paid to the electron-doped cuprates.  

There are quite a few frontiers in the research of elec-
tron-doped cuprates, such as electron-hole asymmetry,   
two types of charge carriers, order-parameter symmetry, 
quantum critical points, and so on. Besides, some new ex-
perimental phenomena have brought new inspirations into 
this field. It is impossible to review all of the topics in a 
short review paper. Here, we choose five hot topics and 
mainly focus on work in past few years. A comprehensive 
review on the electron-doped cuprates could be found in the 
ref. [9]. 

We start with a brief discussion on electron-hole asym-
metry, e.g. the evolution of spin/charge ordered states upon 
electron- or hole-carrier doping. The second is about two 
types of charge carriers, which has been always an im-
portant issue since the discovery of electron-doped cuprates. 
The third is about QCP, where a continuous phase transition 
occurs at absolute zero temperature. The fourth is about the 
order-parameter symmetry. The fifth is a perspective on the 
superconductivity in parent compounds, challenging the 
conventional phase diagram.    

2  Electron-hole asymmetry 

In the phase diagram of cuprates, the most prominent fea-
ture is the presence of pseudo-gap in hole doping, which 
does not exist in the electron-doped side. This is an apparent 
electron-hole asymmetry in cuprates. The origin of such 
asymmetry is attributed to the persistency of the effective 
AF interaction against carrier doping. It has been argued 
that the next nearest t term, in t-t-J or t-t-U model, is cru-

cial to the strength of the AF state, i.e. the stability of the 
Neel configuration with up and down spins on different 
sublattices. The positive t, usually in electron-doped cu-
prates, will stabilize the eigenstate with a strong AF correla-
tion as shown in Figure 3 [28]. 

Moritz et al. [29] investigated the particle-hole asym-
metry in hole-doped LSCO and electron-doped NCCO via 
electronic Raman scattering. They found the asymmetry 
was associated with the on-site Coulomb repulsive corre-
lated energy, i.e. Hubbard parameter U. Ishii et al. [30] 
tracked the doping dependence of both spin and charge ex-
citations in NCCO and Pr1.40xLa0.60CexCuO4 (PLCCO) with 
resonant inelastic X-ray scattering (RIXS) and inelastic 
neutron scattering (INS). They revealed an electron-hole 
asymmetry in magnetic excitations, that is, the electron dy-
namics of the electron-doped cuprates had higher itinerant 
character in the sub-eV energy scale than that of hole-  
doping case in the overdoped region. This asymmetry was 
also found in the iron-based superconductors, where the 
features of pseudo-gap (PG) are much stronger in hole- 
doped than in electron-doped compounds, akin to the cu-
prates [31]. In addition, a possible electron-hole asymmetry 
is found to exist in the colossal magnetoresistive manganite 
phase diagram [32]. In this research, ultra-thin films of the 
electron-doped manganite La0.8Ce0.2MnO3 were grown on 
(00l) oriented SrTiO3 substrates by a pulsed laser interval 
deposition method. Hence, it seems that the study of asym-
metry between electron- and hole-doped materials will 
deepen the understanding in nature of the cuprates, as well 
as other mimicking systems without loss of generality.   

The existence of a PG in hole-doped high-Tc cuprate su-
perconductors is a generally acknowledged fact. The debate 
is focused on the origin of the PG [33]. There are two types 
of PG: One is large-energy PG, which is comparable to the 
energy scale of the antiferromagnetic interaction [34]; the 
other is small-energy PG with a energy scale comparable to 
the superconducting gap [35]. On contrary to the hole- 
doped cuprates, the short-range AF order or fluctuations is  

 

Figure 3  (Color online) Schematic energy diagram of the ground state 
and low-energy excited states for the t-t-J model in underdoped region. t 
< 0 and t > 0 correspond to hole and electron dopings, respectively. When 
t > 0, AF state is the most stable one in terms of its lowest energy level 
among all the possible states [28]. That may explain why the AF region of 
electron-doped is much broader than the counterpart of hole-doped in the 
phase diagram (Figure 2). 
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responsible for the corresponding “PG” area in electron- 
doped ones as mentioned above. However, the termination 
point of AF order is still in argument. For instance, the 
transport measurements on PCCO have shown a roughly 
consistent critical doping of ~ 0.16 [36,37], yet the INR 
results support a long range AF order to x ~ 0.13 [38]. In 
LCCO, there is a similar controversy between the transport 
and low-energy spin-polarized muons (LE-μSR) measure-
ments as shown in Figure 4. This puzzle may be resulted 
from different response times of various detecting methods 
[33] or due to the interaction between the AF order and the 
superconductivity as proposed by Sachdev [39]. The latter 
means that there is an overlapped area of superconductivity 
and AF order, pointing to an asymmetry between electron- 
and hole-dopings. 

Besides, a normal state gap (NSG) is suggested in elec-
tron-doped cuprates from point contact tunneling spectra 
[40–43]. Here, a depletion of the density of states near the 
Fermi level at a characteristic temperature T* is a typical 
feature of the NSG (see Figure 5). The NSG (~ 5 meV)  

 
Figure 4  (Color online) Phase diagram of LCCO obtained from transport 
and LE-μSR. The open squares are Neel temperature from angular de-
pendent in-plane magnetoresistivity measurement. Other symbols (TN) are 
from the LE-μSR experiments [33]. 

 
Figure 5  G-V curves of typical NSG feature. The G-V curves for the 
break junction between silver and PCCO (x =0.15) in different temperature 
at 9 T [40].  

reported in electron-doped cuprates is different from the 
small PG found in hole-doped cuprates , e.g. ~ 62 meV in 
LSCO by optical conductivity measurements [44]. The NSG 
can be observed for H > Hc2 as well as for T > Tc [40]. So 
far, the origin of the NSG is still unclear. 

In last few years, charge/spin density waves, nematic or-
der, etc., have been in hot debate for hole-doped cuprates 
[45–49]. In electron-doped cuprates, Neto et al. [50] found a 
charge order accompanied with the onset of spin-density- 
wave (or AF order). This work established a connection 
between the AF order by electric transport measurements 
and the so called “PG” defined by Onose et al. [51], who 
found a gap of ~ 0.3 eV in NCCO (x =0.15) by optical con-
ductivity and Raman spectra measurements, attributed to a 
charge ordering instability promoted by a small amount of 
apical oxygen.  

Very recently, a relation between the superconducting 
gap and the magnetic field, i.e. ∆ ~ B2, has been found in 
electron-doped NCCO and PLCCO as seen in Figure 6. The 
existence of such intriguing relationship implies a broken 
rotation symmetry of electronic states, e.g., an orbital-  
related state has been suggested to account for such rela-
tionship observed in LiTi2O4 superconductor [52]. While, 
there hasn’t been any evidence for an orbital order or ne-
maticity in electron-doped cuprates. It is also not easy to 
verify such relation in hole doped cuprates for their very 
high upper critical field. This mystery urges further investi-
gations. Nevertheless, the observed ∆ ~ B2 by point con-
tact measurements at least opens a window to probe the 
information on broken symmetry of electronic states.  

3  Two types of carriers  

In the under-doped region of hole-doped side, negative Hall 
coefficients had been observed in the quantum oscillation 
experiments [53,54]. The origin of the electron carriers and  

 

Figure 6  (Color online) Magnetic field dependence of gaps in opti-
mal-doped of NCCO, PLCCO and under-doped PLCCO. The red line are 
the fitting data which are calculated by the formula ∆(H)/∆(0) = 
1(H/HC2)2 [52]. 
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the location of corresponding Fermi surface in momentum 
space are still controversial. In latest view, this reconstruc-
tion of Fermi surface is thought to be caused by charge or-
der (incommensurate charge-density-wave) [55]. However, 
the contribution from the vortices was also proposed [56].  

As early as the discovery of electron-doped cuprates, 
anomalous behavior had been found in Hall resistivity, 
thermal power coefficient, Nernst effect measurements of 
Nd1.85Ce0.15CuO4±, which couldn’t be well explained with 
single-band model [57]. Later, the coexistence of electron 
pocket near (, 0) and the hole pocket near (/2, /2) has 
been confirmed by angular resolved photoemission energy 
spectra (ARPES) [58]. The low-temperature Hall effect of 
La2xCexCuO4 (LCCO) films was systematically studied 
over a much wider doping level from x = 0.06 to 0.17. It 
was found that with increasing x, the charge carriers gradu-
ally change from electron-like to hole-like as shown in Fig-
ure 7 [59]. Near the optimal doping level (x = 0.11), there 
are two types of charge carriers competing with each other 
[60]. Additionally, an anomalous sign reversal of Hall effect 
in mixed state may be ascribed to a flux-flow regime for 
two types of carriers with opposite charges [61,62]. 

Briefly, two theoretical models have been proposed. The 
first is considering the Fermi surface reconstruction by AF 
ordering. That is, two unit cells in real space form a mag-
netic unit cell, causing a reduction of the Brillouin zone and 
thus turning on the reconstruction of the Fermi surface due 
to instability at the hotspots. Therefore, a large hole Fermi 
surface evolves into small electron- and hole-pockets [63]. 
In an alternative view, electrons and holes come from the 
upper Hubbard band and the Zhang-Rice singlet band, re-
spectively. In parent compounds (x=0), the hybridized Cu-O 
band is beneath the upper Hubbard band, i.e., there is a 
charge transfer gap of 1–2 eV between them [17]. With in-
creasing the Ce doping level, electrons enter the up- 

 

Figure 7  (Color online) Contour maps of xy(H, T) for (a) x=0.09, (b) 
0.105, (c) 0.12, and (d) 0.13. The sign and magnitude of xy(H, T) could be 
distinguished by color bars [59]. 

Hubbard band, meanwhile attracting the hole band. Around 
the optimal doping, the electron- and hole- bands both cross 
the Fermi level [64]. 

In addition to the cation doping, the tuning of oxygen 
leads to a similar evolution of Fermi surface in electron- 
doped cuprates. Jiang et al. [65] changed the annealing con-
dition for optimally doped NCCO, and observed a negative 
Hall coefficient gradually turning to positive with decreas-
ing oxygen in the samples. Recently, the ARPES experiment 
on PLCCO verified that the hole pocket gradually appears 
in the deoxygenation process [66]. While in YBa2Cu3O7 
(YBCO), the reduction of oxygen will decrease the hole 
concentration, indicating distinct impacts of deoxygenation 
on electron- and hole-doped cuprates. This inspires more 
attention to the annealing process in understanding the na-
ture of electron-doped cuprates. 

It is well known that hole-doped LSCO favors T phase, 
while electron doped PCCO prefers T  phase. Curiously, the 
electron doping has been recently achieved in the T phase of 
PCCO by high-pressure method [67]. Not merely, by sub-
stitution of La for Ba, electrons can be doped into the 
YBCO system [68–70] (Figure 8). Thus, it is interesting to 
know what exactly happens, given two types of carriers 
doped into the same structure. This invokes the search of 
new ambipolar superconductors in future.  

4  Quantum critical points 

The study of quantum critical points (QCPs), derived from 
competing ground states at zero temperature, has been oc-
cupying a decisive position in unveiling the nature of un-
conventional superconductors [71]. In order to verify the 
quantum criticality of a critical point, a routine method is to 
drive the continuous phase transitions by non-thermal pa-
rameters, such as chemical doping, pressure, magnetic field  

 

Figure 8  (Color online) Crystal structure of La-doped YBCO and the 
sites for chemical doping [70]. 
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[72]. Very recently, electric double layer transistor has been 
successfully used to tune the cuprate superconductors like 
YBCO [73], LSCO [74], thin films. 

A well-known anomaly associated with the quantum 
criticality is the linear temperature dependence of resistivity 
as T  0 at certain doping [75,76], usually associated to a 
QCP driven by antiferromagnetism in ideal two dimensional 
system [77] or in a slightly disordered three dimensional 
system [78]. While, recent study on hole-doped LSCO has 
revealed that the normal state resistivity contains a linear 
temperature dependent term over a wide regime in overdo-
ped side once the superconductivity is suppressed in a 
pulsed high magnetic field. Moreover, the coefficient of the 
T-linear component, A1, scales monotonically with the su-
perconducting transition temperature [25]. This relation 
between A1 and Tc has also been found in Nd-LSCO, 
Ba(Fe1xCox)2As2, YBCO, and Bechgaard Salt [79–81]. 
However, it should be pointed out that few cuprate systems 
can reach the boundary of the superconducting dome from 
the overdoped side. The Fermi liquid region, where 

2
0 2A T   , is not accessible due to the restriction of 

solid solubility. The electron-doped cuprate LCCO is the 
rare one that can cover both the superconducting dome and 
the Fermi liquid region, yet only stabilized in form of thin 
film [82].  

In this system, the relevance of QCPs and superconduc-
tivity has been studied by Jin et al. [26,27,83]. The ab-plane 
resistivity without external magnetic field can be fitted with 
the formula 0

n
nA T   . The values of n vary against 

the nominal Ce4+ doping at finite temperature as shown in 
Figure 9. n =1 and n = 2 represent pure linear resistivity and 
the Fermi liquid regions, respectively. It is interesting that 
the linear resistivity region, right above the superconducting  

 

Figure 9  (Color online) Temperature-doping (T-x) phase diagram of 
La2xCexCuO4 [26]. 

dome, vanishes at the same point where the superconductiv-
ity disappears as well as the Fermi-liquid behavior turns out.  

The revealed critical doping, xc = 0.175 at T = 0, un-
doubtedly points to an intimate relationship between the 
linear-temperature resistivity behavior and the superconduc-
tivity. As mentioned above, the pure T-linear resistivity (n = 
1) as T  0 should be an indication of a QCP associated 
with the antiferromagnetism (spin-density-wave). While, 
this new phase diagram firstly presents a T-linear resistivity 
regime down to the lowest measuring temperature (20 mK). 
This result suggests an “extended quantum phase”.  

Note that the AF spin fluctuation is found to extend over 
the entire superconducting dome in PLCCO, as probed by 
inelastic neutron scattering experiments [84]. Sedeki et al. 
studied the normal-state properties of quasi-1D supercon-
ductors with the doping near a spin-density-wave instability 
with the renormalization group method. An extended quan-
tum critical region is also found to be associated with evo-
lution of T-linear resistivity in the phase diagram [85]. Nev-
ertheless, none of theoretical models can explain the micro 
mechanism of this T-linear resistivity behavior. 

In the phase diagram, there is another QCP hidden in the 
superconducting dome, i.e., at xFS = 0.14, where the change 
of the sign of the low-temperature Hall coefficient [59], the 
disappearance of in-plane anisotropic magnetoresistance 
[83], and the metal to insulator transition [86] have been 
observed. The xFS is linked to the reconstruction of Fermi 
surface, akin to the proved QCP at Ce = 0.16 in PCCO sys-
tem [36,37].  

The critical doping xc was also confirmed to be a QCP 
from several aspects [27]. First, a universal power law, n = 
1.6, governs the region divergent from the point xc. Second, 
it should be proved that at this point, n = 1.6 can persist to 
zero temperature limit. It is impossible to obtain a chemical 
doping right at the QCP for the influence of oxygen and 
some other uncontrollable issues during the growth. While, 
it is found that applying a magnetic field can gradually shift 
this point to lower Ce level. Thus, the doping x = 0.17 at 4 T 
turns out to be the first sample to demonstrate a quantum 
criticality, i.e., n = 1.6 down to 20 mK, as shown in Figure 
10. Third, the magnetic field or doping dependent coeffi-
cient (A2), representing the cross section of electron-electron 
scattering and proportional to the quadratic effective elec-
tron mass, diverges as approaching the critical magnetic 
field or critical doping. This means a transition from Fermi 
liquid to non-Fermi liquid at zero temperature limit. So, 
there are at least two QCPs that have been revealed, i.e., xFS 
and xc. Yet the xFS is linked to the Fermi surface reconstruc-
tion, the origin of the second one is still unclear. By meas-
uring the Nernst effect in PCCO from x = 0.13 to 0.17, Tafti 
proposed that the AF fluctuations cause d-wave pairing, 
while the AF order competes with superconductivity. The 
first effect promotes Tc but the second suppresses Tc, there-
fore the superconductivity dome is shaped by two QCPs 
[27,87].  
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Figure 10  (Color online) The evolution of electrical resistivity (T) for 
two characteristic superconducting films of LCCO with x = 0.15 (a)–(c) 
and 0.17 (d)–(f) with applied magnetic fields [27]. 

5  Order-parameter symmetry 

The 2 2x y
d


 symmetry of hole-doped cuprates has reached 

consensus, whereas the order-parameter symmetry of elec-
tron-doped cuprates is still contentious [9].  

Phenomena such as a small shift of leading edge mid-
points near the (, 0) position in ARPES [88] and half-flux 
quantum observed in tri-crystal junction experiments [89] 
support a d-wave pairing in optimally doped NCCO. Biswas 
et al. suggested a transition from d-wave to s-wave near 
optimal doping in PCCO [90]. Magnetic penetration depth 
measurements showed a similar transition in symmetry [91]. 
These results may be related to the QCP near the optimal 
doping [90]. Theoretically, Vojta et al. [92] suggested that 
d-wave symmetry was predominant in the underdoped re-
gion, while, d + idxy or d + is became more stable near op-
timal doping. Accordingly, an illustration of or-
der-parameter symmetry is concluded in Figure 11.  

So far, the tunneling experiments are most widely used to 
probe the information on order-parameter symmetry. For 
this kind of experiments, zero bias conductance peak 
(ZBCP) is a typical feature of a superconductor in d-wave 
symmetry [93], stemming from the Andreev reflection be-
tween positive and negative phases in a k-dependent node 
gap [94]. For example, ZBCP has been observed in 
bi-crystal junction of LCCO [95,96]. While, it is not ob-
served in NCCO [97,98] and PLCCO [99].  

The absence of ZBCP may indicate a nodeless gap. 
However, it is important to point out that ZBCP may disap-
pear in certain condition for a d-wave symmetry supercon-                   

 

Figure 11  (Color online) The scheme of the symmetry as a function of 
doping. x- and y- axes stand for doping and temperature, respectively. The 
different colors in the superconducting dome represent d-wave (green), d + 
idxy or d + is (yellow), and s-wave (red). The QCP associated with the 
Fermi surface reconstruction is also presented (blue circle) [90–92]. 

ductor in tunneling experiments: (1) ZBCP may be sup-
pressed by an increase of disorder in the material [100]; (2) 
if thermal smearing of the tunneling spectrum is comparable 
to the width of ZBCP, the latter will be concealed [90,97]; 
(3) the strong paramagnetism of Nd3+ ion may veil the 
d-wave symmetry in NCCO [101]; (4) the coexistence of 
antiferromagnetism and superconductivity may also bring a 
puzzle [102]. 

Recently, Dagan et al. [103] carried out point-contact 
spectra measurements on PCCO from x = 0.13 to 0.19. They 
found that a modified BTK with a nonmonotonic d-wave 
symmetry could fit the tunneling spectra very well, yet the 
ZBCP was absent. The nonmonotonic d-wave symmetry, 
with a maximum gap at the hotspots instead of the antinodal 
points, was firstly revealed by Blumberg et al. [104] in 
NCCO from a low energy polarized Raman scattering ex-
periment. 

However, most of the tunneling measurements were car-
ried out on optimally doped n-type cuprates [43,97,98,105]. 
The answers to whether the order-parameter symmetry is 
nonmonotonic d-wave or not, and whether it is dependent 
on doping or not, are still open to deliberation. It is still 
worthy of performing careful doping dependent tunneling 
measurements on different electron-doped cuprate systems 
to clarify these questions. 

6  Superconductivity emergent in parent com-
pounds 

Recently, the long-standing phase diagram for copper-oxide 
superconductors has been challenged in the electron-doped 
side, i.e. the insulating parent compounds have been made 
superconducting [106,107].  

As early as in 1994, Brinkmann et al. [108,109], treated 
the as-grown PCCO crystal in a higher annealing tempera-
ture as well as a longer annealing time. Unexpectedly, the 
superconducting dome is apparently extended towards the 
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low Ce doping side. In 2008, Matsumoto et al. reported a 
two-step annealing process in synthesizing the parent com-
pounds T-R2CuO4(R=Pr, Nd, Sm, Eu and Gd) thin films. 
Surprisingly, they observed superconductivity in these par-
ent compounds [110]. Krockenberger et al. [106] summa-
rized the new phase diagram as shown in Figure 12. 

The distinction between the new synthesis method and 
the traditional one lies in the post-annealing step. Though 
the micro-mechanism of the post-annealing step is still open 
to debate, it is believed that the fine control of oxygen at-
oms is essential to the appearance of superconductivity 
[106].  

Jin et al. [111] has grown multilayers of electron-doped 
cuprates, composed of underdoped (or undoped) and 
overdoped LCCO and PCCO thin films. They found an en-
hanced or emergent Tc, which is comparable to the Tc of 
optimally doped LCCO or PCCO. The oxygen diffusion 
was considered to be the most plausible origin of the Tc en-
hancement.  

Using high-pressure diamond-anvil cell, Rotundu et al 
found the superconducting T' phase of optimally doped 
PCCO single crystal (x=0.15) could be partially tuned into 
insulating T phase, at 2.72 GPa, but the superconductivity of 
the overdoped sample retained under a pressure up to 32 
GPa [67]. These new phenomena stimulate the recognition 
of the electron-doped cuprates. 

7  New developments towards applications 

As to electron-doped cuprates, the oxygen reduction an-
nealing process hinders the integration with other functional 
oxides, such as colossal magnetoresistance and ferroelec-
trics, of which the better characteristics should be achieved 
in an oxygenated process. Therefore, some basic electric 
device configurations, e.g. p-n junctions, cannot be easily 
realized.  

Hoek et al. [112] grew NCCO films by pulsed laser depo-                   

 

Figure 12  (Color online) Annealing paths of Pr2CuO4 and the corre-
sponding electronic phase diagrams [106]. 

sition using a non-stoichiometric target with extra copper. 
After the initial vacuum annealing, an oxygenation anneal-
ing process was followed in O2 pressure of 1 bar. This 
method enables the integration of electron-doped cuprates 
with their hole-doped counterparts on single chip. A p-I-n 
junction was then successfully fabricated with an insulating 
layer sandwiched between the hole- and electron-doped 
oxides. Remarkable rectifying effect can be achieved with 
appropriate barrier in such device as shown in Figure 13 
[113].  

A ramp-edge Josephson junction has been prepared with 
a heavily underdoped PCCO layer sandwiched between two 
optimally (over) doped PCCO layers [114,115]. With a spe-
cial configuration of step junction [116], intrinsic Josephson 
effect was observed for the first time in PLCCO films [117]. 
All these efforts are gradually pushing the electron-doped 
cuprates into practical applications in electronics. 

8  Conclusion and perspective 

The understanding of the nature of the electron-doped 
cuprates goes ahead steadily with some important issues 
remaining unsolved, such as the boundary of the AF order, 
the origin of the two bands and the QCP at the end of the 
superconducting dome, the order-parameter sysmmtery, the 
micro mechanism of the post annealing, etc. Meanwhile, 
samples of high quality appear more and more crucial for 
exploring the intrinsic properties, also for the potential 
applicaions of electronics.  

Recently, the newly developing techniques, e.g. electric 
double layer transistor (EDLT) [118] and combinatorial 
film deposition [119–124], are being applied to the 
superconductivity field. The fancy EDLT can generate very 
large electric field and accumulate high-density charge 
carriers, succeeding in tuning the superconductivity or 
electronic states [73,74,125]. The combinatorial techniques 
can produce films with chemical composition gradiently  

 
Figure 13  I-V curves of the junctions with various thicknesses of BST at 
5 K. The largest rectification (>104) is obtained for BST of ~25 nm [113]. 
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distributed. Both the techniques are powerful in modulating 
the samples. An attempt to employ these advanced 
techniques will supply a chance to build a more precise 
phase diagram and shed light on the comprehension of 
electron-doped cuprates. 
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