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a b s t r a c t 

Superconductivity research is like running a marathon. Three decades after the discovery of high- T c 
cuprates, there have been mass data generated from transport measurements, which bring fruitful in- 

formation. In this review, we give a brief summary of the intriguing phenomena reported in electron- 

doped cuprates from the aspect of electrical transport as well as the complementary thermal transport. 

We attempt to sort out common features of the electron-doped family, e.g. the strange metal, negative 

magnetoresistance, multiple sign reversals of Hall in mixed state, abnormal Nernst signal, complex quan- 

tum criticality. Most of them have been challenging the existing theories, nevertheless, a unified diagram 

certainly helps to approach the nature of electron-doped cuprates. 

© 2016 Elsevier B.V. All rights reserved. 
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1. Introduction 

In last several decades, the developments in advanced scientific

instruments have brought great convenience to condensed matter

physics. One paradigm is probing the electronic states and elec-

tronic structures of strongly correlated electron systems. Remark-

ably in high- T c superconductors, tools such as scanning tunnel-

ing microscope (STM) [1] and angle-resolved photoemission spec-

troscopy (ARPES) [2] have been exhibiting the power to discern

complex density states and topology of Fermi surface. Neverthe-

less as an utmost used method, transport probe is unique for dis-

covering new materials and novel properties, as well as a neces-

sary complement to advanced probes in unraveling electron cor-

relations, phase diagrams and so on. For instance, a panoply of

discoveries, such as superconductivity [3] , Kondo effect [4] , integer

and fractional quantum Hall effects [5,6] and giant magnetoresis-

tance effect [7,8] were first witnessed by transport measurements. 

Since the discovery of first superconductor, i.e. the element

mercury in 1911 [3] , the milestones of searching for new materi-

als in this field leastwise include the heavy fermion superconduc-

tor CeCu 2 Si 2 in 1978 [9] , the organic superconductor (TMTSF) 2 PF 6 
in 1980 [10] , the copper-oxide perovskite superconductor (cuprate)

La 2 −x Ba x CuO 4 in 1986 [11] , the iron-based superconductor LaOFeP
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n 2006 [ 12 , 13 ]. The cuprates keeping the record of T c at ambi-

nt pressure ( ∼134 K) have been of greatest concern to the super-

onductivity community. For the cuprates, there is a common fea-

ure in crystal structures, that is, the copper–oxygen blocks sepa-

ated by charge reservoir blocks which donate charge carriers to

he CuO 2 planes. Nominally, the cuprate superconductors can be

ategorized into types of hole doping and electron doping accord-

ng to the sign of doped carriers. Soon after the discovery of hole-

oped La 2 −x Ba x CuO 4 , the first electron-doped Nd 2 −x Ce x CuO 4 was

eported in 1989 [ 14 , 15 ]. 

The distinction between these “214-type” La 2 −x Ba x CuO 4 and

d 2 −x Ce x CuO 4 is the apical oxygen, where one copper atom and

ix oxygen atoms form a CuO 6 octahedron in the former but

nly a Cu–O plane in the latter as shown in Fig. 1 . For conve-

ience, the community abbreviates the hole- and electron-doped

14 types as T and T ’, respectively. There are only two branches

n electron-doped family: the aforementioned T’ superconductor

point group D 

17 
4h 

, space group I4/mmm) and infinite-layer super-

onductor (point group D 

1 
4h 

, space group P4/mmm). Owing to a

imited number of electron-doped cuprates and their complicated

ynthesis procedures compared to the hole-doped ones, heretofore,

esearches were addressed mostly on the hole-doped family and

arely on electron-doped counterparts. However, it is undoubtedly

hat exploring the nature of electron-doped cuprates is indispens-

ble for approaching the mechanism of high- T c superconductors. 

Not expected to recall the whole achievements on electron-

oped cuprates in last 27 years, instead this short review cen-

ers on intriguing transport anomalies and quantum criticality. To

http://dx.doi.org/10.1016/j.physc.2016.03.014
http://www.ScienceDirect.com
http://www.elsevier.com/locate/physc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physc.2016.03.014&domain=pdf
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Fig. 1. The crystal structures of (a) hole-doped, (b) electron-doped and (c) infinite-layer cuprates. Here, RE is one of the rare-earth ions, including Nd, Pr, La, Sm and Eu. 

Fig. 2. (a) The illustration and (b) the real image of typical Hall-bar to measure both longitudinal resistivity ρxx and Hall resistivity ρxy . The black area in figure (a) is film 

patterned by lithography. 
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rovide a profile of electron-doped cuprates from the aspect of

ransport, we select the following topics, i.e. electrical transport

nomalies ( Section 2 ), two-band feature in both normal and mixed

tates ( Section 3 ), the complementary thermal transport behav-

or ( Section 4 ), and quantum phenomena in extreme conditions

 Section 5 ). One can refer to other nice reviews published recently

or an overall view on structures, properties and applications [16–

8] . 

. Electrical transport anomalies 

A characteristic of all superconductors is zero electrical resis-

ance below the critical superconducting transition temperature

 T c ) and fully expulsion of magnetic field known as Meissner ef-

ect. For type-I superconductors, transition width of R ( T ) curve,

.e. the temperature from normal state to Meissner state, is typ-

cal of 0.1 K or less. For type-II layered cuprate superconductors

high- T c cuprates), the transition is usually broadened by an or-

er of magnitude, due to Kosterlitz–Thouless transition where vor-

ex pairs with opposite sign unbind with lifting up the tempera-

ure. When applying magnetic field, there is a mixed state located

etween the normal state and the Meissner state. In this state,

ortices with normal core coexist with the superconducting area.

onsequently, the resistance behavior becomes more complicated,
ince both intrinsic properties of the vortex and pinning effects

lay roles in fruitful vortex states [19] . From the aspect of electri-

al transport, once entering the mixed state rich phenomena can

e observed in Hall signal (reviewed in Section 3 ), compared to

he rare from resistance signal. However, a numbers of well-known

nomalies were first uncovered from the resistance measurements

n the normal state when tuning chemical doping, defects, temper-

ture, magnetic field, and so on. Fig. 2 exhibits a typical Hall-bar

onfiguration to measure voltages of both Hall ( V // y , I // x , B // z )

nd resistance ( V // I // x , B // z ). 

In this section, we hash over resistance anomalies in electron-

oped cuprates, e.g. low temperature metal–insulator transitions,

inear-in-temperature resistivity (the ‘strange metal’ behavior),

egative magnetoresistance, anisotropic in-plane angular depen-

ent magnetoresistance (AMR), and linear-in-field magnetoresis-

ance. Although these intriguing phenomena are present in the

ormal state, their underlying physics is crucial to the understand-

ng of high- T c superconductivity. 

.1. Metal–insulator transitions 

Metal–insulator transitions (MITs) mean huge change in re-

istivity, by even tens of orders of magnitude, which have been

idely observed in correlated electron systems [20] . On the basis
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Fig. 3. The low temperature metal–insulator transitions tuned by different parameters. Temperature dependence of resistivity for (a) different doping Nd 2 −x Ce x CuO 4 [21] , 

(b) Nd 2 −x Ce x CuO 4 films with disorder controlled by annealing process [28] , (c) different magnetic field at x = 0.12 La 2 −x Ce x CuO 4 film [30] , (d) ion-irradiated Nd 2 −x Ce x CuO 4 
films [31] . 
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of different driving forces, the MITs are sorted into several types

and named after a few memorable physicists like Wilson, Peierls,

Mott, and Anderson. In this sense, unveiling the nature of MITs

has profound influence on condensed matters. In electron-doped

cuprates, MITs have been inevitably observed by tuning chemi-

cal doping [21–25] , sample annealing process (adjusting oxygen

concentration in the samples) [26–29] , magnetic field [30] and

disorder [31–34] . Acquainted with the MITs in electron-doped

cuprates, we first look through two key elements, i.e. crossover

from metallic-to-insulating behavior by tuning temperature and

superconductor–insulator transitions by tuning nonthermal pa-

rameters. 

(1) Crossover from metallic- to insulating-behavior. In

Ln 2 −x Ce x CuO 4 ±δ (Ln = Nd, Pr, La…), the slightly Ce-doped

or heavily oxygen-off-stoichiometric samples show in-

sulating (or semiconducting) behavior with the residual

resistivity in the range from m �·cm to �·cm. In contrast,

the optimally- or over-doped sample has a residual resis-

tivity of tens of μ�·cm. Most of the time, the R ( T ) curve

displays a crossover from metallic behavior (higher T ) to

insulating-like behavior (lower T ) as seen in Fig. 3 . In

this case, the ground state is not exactly an insulating (or

semiconducting) state, whereas literature still prefers to use
MIT (we will not stick to this issue in the following part).

The origin of crossover from metallic-to-insulating-behavior,

(i.e. upturn of resistivity) is still in debate, which may be

subject to two-dimensional (2D) weak localization [ 35 , 36 ],

Kondo-like scattering [37] , additional scattering by magnetic

droplets trapped at impurity sites [ 38 , 39 ], or a link to

antiferromagnetism [40] . 

(2) Superconductor–insulator transitions (SITs). For an

electron-doped cuprate superconductor in the underdoped

region or in the condition far from oxygen optimization,

the upturn of resistivity usually happens at temperature

T up above T c (‘upturn’ is frequently used in the community,

which emphasizes the violation of metallic behavior at low

temperature). The T up will be gradually suppressed as a

function of doping [41] , usually coming across the super-

conducting transition temperature at the optimal doping

level and terminating at a slightly overdoping. After the

superconductivity is killed by applying magnetic field, the

upturn underneath the superconducting dome can be seen

as shown in Fig. 4. 

In early 90’s, Tanda et al. reported a SIT in Nd 2 −x Ce x CuO 4 ±δ

hin films by tuning magnetic fields [26,27] . They found that the

heet resistance R ( = ρ / d ) at the SIT was close to the critical
� ab 
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Fig. 4. ρab versus T for Pr 2 −x Ce x CuO 4 thin films of different doping at B = 0 T (dashed lines), 8.7 T (thin lines), and 12 T (thick lines) [60] . 

Fig. 5. Schematic phase diagram for superconducting films. Distinct zero temper- 

ature superconductor–insulator transitions occur at both critical disorder �c and 

critical magnetic field B c [35] . 
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alue h /(2e) 2 ( = 6.45 k � per CuO 2 plane), suggesting a Bose-

nsulator state before entering into the Fermi insulator ( Fig. 5 ).

ere, ρab is the residual resistivity and d is the distance between

djacent CuO 2 planes. The Bose-insulator state is a quantum phe-

omenon, where Cooper pairs are localized in 2D superconductors

nd rendered immobile by disorder. In field-tuned SITs, the resis-

ivity should satisfy a scaling theory given by Fisher [35] , 

( B, T ) = 

h 

4 e 2 
f 

[ 
c 0 ( B − B c ) 

T 1 / ( νz ) 

] 
, (1) 
here f is a dimensionless scaling function, c 0 is a non-universal

onstant, B c is the critical magnetic field characterizing the SIT, v

nd z are the correlation length critical exponent and the dynami-

al critical exponent, respectively. 

In Nd 2 −x Ce x CuO 4 ±δ thin films, Tanda et al. got vz = 1.2. Very

ecently, Bollinger et al. [42] reported a SIT at the pair quantum

esistance h /(2e) 2 and vz = 1.5 in ultrathin La 2 −x Sr x CuO 4 films by

uning charge carrier concentration via ionic liquid gating method

electric double layer transistor, abbreviated as EDLT). Leng et al.

43] carried out similar experiments on ultrathin YBa 2 Cu 3 O 7 −x 

lms and found vz = 2.2 ( Fig. 6 ). In EDLT experiments, the cor-

elation length diverges upon approaching the critical carrier con-

entration rather than the critical magnetic field, which may result

n different vz . 

Sawa et al. [44] found that in La 2 −x Ce x CuO 4 thin film with

 = 0.08, the R � is about 32 k �, by 5 times larger than the

alue of h /(2e) 2 . Jin et al. [30] did field and doping dependent

esistance measurements on La 2 −x Ce x CuO 4 thin films. They found

hat in slightly overdoped La 2 −x Ce x CuO 4 thin film with x = 0.12,

he R � is about 1.43 k � and vz = 0.75. However, in underdoped

a 2 −x Ce x CuO 4 with x = 0.09, the R � is found to be temperature

ependent. That is, the isothermal R ( B ) curves do not cross at a

xed point (see Section 2.3 ). Recently, Zeng et al. studied the resis-

ance behavior of ultrathin Pr 2 −x Ce x CuO 4 films on Pr 2 CuO 4 buffer

ayer using EDLT device. They arrived at R � = 2.88 k � and vz =
.4 [45] . 

Theoretically, different values of vz signify different universality

lasses, e.g. 7/3 in quantum percolation model [46] , 4/3 in classic

ercolation model [47] . Certainly, the application of quantum scal-

ng theory can reveal underlying physics of SITs which confirms

hat these values of the critical exponent are intrinsic. Neverthe-

ess, the non-universal critical sheet resistance requires more care-

ul work on issues like sample quality, finite temperature influence

nd Griffiths effects [48] . 
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Fig. 6. (a) Resistivity as a function of the scaling variable [ c 0 ( B − B c ) / T 1 /zν] for 

Nd 2 −x Ce x CuO 4 , where B c = 2.9 T and νz = 1.2 are used [27] . (b) Scaling with re- 

spect to the single variable u = | x − x c | T −1 /zν with z ν = 1.5 for La 2 −x Sr x CuO 4 [42] . 

(c) Isotherms of R ( x ) at temperatures from 2 to 22 K for YBa 2 Cu 3 O 7 −δ . Inset in (c): 

finite size scaling analysis of R ( x ) with z ν = 2.2 [43] . 

 

 

 

 

 

 

Fig. 7. Temperature dependence of the resistivity for La 2 −x Sr x CuO 4 and YBa 2 Cu 3 0 7 . 

Data for V 3 Si and Cu are shown for comparison [50] . 

e  

ρ  

t  

e  

s  

s  

l

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Now it is clear that once superconductivity is stripped away,

the MITs can be observed with doping, magnetic field, electric

field and disorder/oxygen. Next we will turn to physics behind the

metallic state, the upturn, and the magnetoresistance. 

2.2. Temperature dependence of resistivity in metallic state 

In ordinary metals, the Landau Fermi liquid theory can well

describe low temperature dependence of resistivity, which obeys

ρ ∼ T 2 [49] . At high temperature, resistance mainly comes from
lectron–phonon scattering, which results in ρ ∼ T at T > �D and

∼ T 5 at T < �D , where �D is the Debye temperature. At low

emperature, the electron–phonon scattering becomes weak and

lectron–electron scattering starts to dominate the transport. Re-

tricted to the Pauli exclusion principle, two scattered electrons

hould go to unoccupied states in a range of ∼ k B T to the Fermi

evel, in that the resistivity follows a T 2 relationship. 

(1) The strange metal . In cuprate superconductors, the tem-

perature dependence of resistance in metal regime is very

intriguing. In 1987, Gurvitch and Fiory found that the re-

sistivity of optimally doped YBa 2 Cu 3 O 7 −x and La 2 −x Sr x CuO 4 

is surprisingly linear in temperature, i.e. ρ ∼ T , which can

be held from tens of Kelvin just above T c up to hundreds

of Kelvin [50] as seen in Fig. 7 . Thereafter, the linear-in-

temperature behavior has been widely observed in organic

[51] , heavy-fermion [52] , cuprates [ 53 , 54 ] and iron-based su-

perconductors [55] , which earned it a widespread reputa-

tion, i.e. ‘strange metal’. 

(2) Violation of MIR limit . In hole-doped cuprates, the strange

is not only the linear-in- T resistivity far below the De-

bye temperature, but also the unsaturated resistivity up to

10 0 0 K violating the Mott–Ioffe–Regel (MIR) limit around

100–1000 μ�·cm ( ρMIR = 3 π2 h̄ / e 2 k 2 F l) in the framework of

Bloch Grüneisen theory, on the basis of the criterion that

the mean free path cannot be shorter than the crystals’ in-

teratomic spacing [56] . The unsaturation of resistivity up to

10 0 0 K was also observed in electron-doped Nd 2 −x Ce x CuO 4 

and Pr 2 −x Ce x CuO 4 [57] . 

(3) Crossover from Fermi liquid to strange metal . Unlike

the hole-doped cuprates in which the linear-in- T resistiv-

ity persists from right above T c to hundreds of Kelvin, a

nearly T 2 dependence of ρab is reported in Nd 2 −x Ce x CuO 4 

with x ≥ 0.13 [21] . Similar behavior has been observed in

La 2 −x Ce x CuO 4 and a 2D Fermi liquid theory was employed

to fit ρ( T ) of x = 0.10–0.20 as well as Co-doped samples

[ 58 , 59 ]. For slightly overdoped Pr 2 −x Ce x CuO 4 with x = 0.17,

Fournier et al. observed that the linearity could persist from

40 mK to 10 K, then there is a crossover from T to T 2 near

40 K as seen in Fig. 8 (a) and (b) [60] . On the contrary, the

underdoped HgBa 2 CuO 4 + δ shows a linear-resistivity regime

from 400 K to 280 K but Fermi liquid behavior from 170 K
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Fig. 8. Linear resistivity at different temperature region in cuprates. (a) Resistivity at T < 10 K and B = 12 T for the Pr 2 −x Ce x CuO 4 samples of x = 0.17. The inset shows a 

magnified view of the subkelvin range [60] . (b) Resistivity at 0 T , 8.7 T and 12 T and Hall coefficient of the overdoped Pr 2 −x Ce x CuO 4 film, x = 0.17 [60] . (c) The normal- 

ized resistivities as a function of temperature for three samples show linear dependence above T ∗ ≈ 280 K for HgBa 2 CuO 4 + δ [61] . (d) The resistivity exhibits a quadratic 

temperature dependence between T ’ ≈ 90 K and T ∗∗ ≈ 170 K for HgBa 2 CuO 4 + δ . This is also seen from the plot of d ρ/ d ( T 2 ) (inset) [61] . 
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to 91 K as shown in Fig. 8 (c) and (d) [61] . Hussey et al.

[62] claimed that the normal state transport of overdoped

La 2 −x Sr x CuO 4 actually contained two regimes in which the

electrical resistivity varies approximately linearly with tem-

perature. Therefore, the one at higher T should correspond

to the regime from 400 K to 280 K in HgBa 2 CuO 4 + δ , and the

other one at low T matches the regime from 40 mK to 10 K

in Pr 2 −x Ce x CuO 4 . 

(4) Relation between strange metal and superconductivity .

Interestingly, in La 2 −x Ce x CuO 4 with x from 0.11 to 0.17, there

is a regime where the linear resistivity persists down to

20 mK once the superconductivity is suppressed. The Fermi

liquid behavior is recovered in non-superconducting sam-

ples at x > 0.19 [54] (see Fig. 9 ). The best linearity of ρ( T )

can span over three orders of magnitude. Using the formula

ρ(T ) = ρ0 + A 1 (x ) T to fit their data, Jin et al. found that

A 1 ( x ) decreased with decreasing doping ( x ) and displayed a

positive correlation with T c . The scaling of A 1 with T c also

works for Pr 2 −x Ce x CuO 4 as shown in Fig. 10 , indicating inti-

mate relation between linear resistivity and superconductiv-

ity. Such relation has been also confirmed in unconventional

superconductors (TMTSF) 2 PF 6 , YBa 2 Cu 3 O 7 −x , La 2 −x Sr x CuO 4 ,

Ba(Fe 1 −x Co x ) 2 As 2 , thus a unifying rule is concluded [ 51 , 63 ]. 

(5) The origin of strange metal . Fournier et al. tried to bridge it

over two-band feature of electron-doped cuprates [60] . They

assumed the temperature dependence of relaxation times

of electron and hole bands as 1/ τ el ∼ T 2 and 1/ τ hole ∼ T ,

respectively. Since hole carriers dominate the transport at

low temperature, then the behavior of holes could be con-

sistent with electron–electron scattering in a 2D disordered

metal [64] . Moriya et al. pointed out that the generic linear-
 s
in- T resistivity is the typical feature of 2D antiferromag-

netism (AFM) quantum critical point (QCP), and the linear-

temperature scattering arise from 2D antiferromagnetic spin

fluctuations [65] . Rosch considered an AFM QCP in 3D disor-

der system, where a linear-temperature dependence of resis-

tivity could also be achieved by anisotropic scattering from

critical spin fluctuations [66] . Abrahams et al. studied quasi-

two-dimensional metals with small-angle elastic scattering 

and angle-independent inelastic scattering. They suggested 

that linear temperature resistivity behavior has a relation

to the marginal Fermi liquid [67] . Our theoretical colleagues

have been pushing forward the phenomenology theory, con-

sidering such as a flat band pinned to the Fermi surface [68] ,

Umklapp scattering vertex [69] and higher order of spin-

fermion coupling [70] . However, clarifying the micro mecha-

nism of the linear-temperature resistivity down to mK is still

a big challenge. 

.3. Negative magnetoresistance 

Magnetoresistance is the change in electrical resistance of a ma-

erial when a magnetic field is applied. In conventional metals, the

rdinary magnetoresistance is positive and the isotherms subject

o the Kohler plot, that is, a plot of �ρ/ ρ0 vs. ( B / ρ0 ) 
2 should fall

n a straight line with a slope that is independent of temperature.

ere, �ρ = ρ( B ) − ρ0 . The underlying picture is that the mean

ree path becomes shorter in magnetic field due to Lorentz force.

n the framework of Boltzmann equation, the magnetoresistance is

roportional to B 2 μ2 assuming single type of carriers. The mobility

atisfies μ ∼ ρ −1 in Drude model, so we get �ρ/ ρ ∼ ( B / ρ ) 2 . 
0 0 0 
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Fig. 9. Temperature dependence of the normal-state resistivity ρ( T ) of (a) x = 0.15 and (b) x = 0.16 of La 2 −x Ce x CuO 4 films at 7.5 and 7 T ; (c) x = 0.19 and (d) x = 0.21 at 

zero field [54] . 
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(1) Negative to positive magnetoresistance. In electron-doped

cuprates, the insulating behavior or the upturn can be sup-

pressed in magnetic field as seen in Fig. 11 , which means a

negative magnetoresistance (n-MR). With increasing doping

the n-MR can turn to positive (p-MR) as seen in Fig. 12 (a).

The phenomenon of n-MR to p-MR has been also obtained

by tuning oxygen/disorder ( Fig. 12 (b)) [ 28 , 29 ] or tempera-

ture ( Fig. 12 (c)) [ 24 , 40 ]. 

(2) Crossing points of magnetoresistance isotherms. As men-

tioned in Section 2.1 , if the critical sheet resistance is tem-

perature independent in the superconductor–insulator tran-

sition, the magnetoresistance isotherms will cross at a fixed

point and obey the scaling theory. In many cuprate su-

perconductors, the magnetoresistance isotherms have one

crossing point. Two things should be pointed out. First, there

are two crossing points in La 2 −x Ce x CuO 4 thin films with x =
0.12, the first crossing point occurs before entering the nor-

mal state, whereas the second crossing point shows up in

the regime of n-MR as seen in Fig. 13 [30] . Second, the mag-

netoresistance isotherms do not always cross at a fixed crit-

ical field, e.g. in underdoped La 2 −x Ce x CuO 4 thin films with

x = 0.09 and underdoped Pr 2 −x Ce x CuO 4 thin films with x =
0.12 [38] as shown in Fig. 14. 

(3) The origin of negative magnetoresistance. The n-MR is

usually accompanied with the upturn. Tanda et al. [26] fit-

ted the n-MR of Nd 2 −x Ce x CuO 4 thin films to the 2D weak

localization theory. The conductivity obeys the following
formula [71] . 

�σ(B ) = σ (B ) − σ ( 0 ) 

= 

−αe 2 

2 π2 h̄ 

[ 
ψ 

(
1 

2 

+ 

1 

aτ

)
− ψ 

(
1 

2 

+ 

1 

a τε 

)
− ln 

(
τε 

τ

)] 
, 

(2)

here α is constant, τ is the relaxation time due to normal impu-

ity scattering, τ ε is the inelastic scattering time, and a = 4 DeB/ h̄

ith D the diffusion coefficient. In this situation, spatially localized

tates by quantum interference result in a quantum correction to

rude conductivity. The magnetic field destroys the quantum inter-

erence and leads to enhanced conductivity, i.e. n-MR. The 2D weak

ocalization also requires a log T dependence of resistivity, which is

bserved in underdoped Nd 2 −x Ce x CuO 4 with x = 0.10 [36] . Seki-

ani et al. [37] carried out electrical transport study on underdoped

a 2 −x Ce x CuO 4 , Pr 2 −x Ce x CuO 4 and Nd 2 −x Ce x CuO 4 thin films. They

ound a deviation from log T behavior towards the lowest temper-

ture and attributed the n-MR to suppression of Kondo scattering

ff Cu 

2 + spins. Dagan et al. [40] studied MR of Pr 2 −x Ce x CuO 4 from

 = 0.11 to x = 0.19 and found that the spin-related MR vanished

ear the boundary of AFM ( x = 0.16). Therefore, they linked the n-

R and upturn to AFM correlation. Finkelman et al. [38] found the

pin-related MR was linear in field, inconsistent with the Kondo

cattering which gives a log B dependence. They favors the picture

f antiferromagnetic magnetic droplets [39] . Recently, Naito group

72] got superconductivity in parent compounds, and the upturn
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Fig. 10. Relation between the superconducting transition temperature and the scat- 

tering rate in La 2 −x Ce x CuO 4 and Pr 2 −x Ce x CuO 4 [54] . 
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Fig. 11. In-plane resistivity in magnetic fields as a function of log T for (a) (La, 

Ce) 2 CuO 4 , (b) (Pr, Ce) 2 CuO 4 and (c) (Nd, Ce) 2 CuO 4 thin films. The insets show their 

linear-scale replotted curves of the zero-field data [37] . 

 

m  

t  

s  

t  

t

2

 

A  

t  

t

b  

t

 

n  

F  

l  

0  

a  

n

t  

c  
ould be suppressed after a two-step ‘protect annealing’. Since up-

urn and n-MR are twinborn, clarifying what happened in different

nnealing processes will be very instructive. 

.4. Anisotropic in-plane angular dependent magnetoresistance 

Probing the in-plane AMR is another widely used method

o unveil broken symmetry and phase boundary in unconven-

ional superconductors, since anisotropic scattering processes can

e manifested as order forms. For instance, fourfold AMR has been

ommonly observed in electron-doped cuprates [ 73 – 76 ], whereas

wofold AMR mostly appears in hole-doped cuprates [ 77 , 78 ], iron-

ased superconductors [79] , as well as the spinel oxides supercon-

uctor [80] . 

Lavrov et al. [73] reported a fourfold AMR in highly under-

oped, antiferromagnetic Pr 1.29 La 0.7 Ce 0.01 CuO 4 crystals. They found

hat the anisotropy was caused by the anisotropic spin-flop field.

n this system, the Cu spins are arranged in a non-collinear con-

guration ( Fig. 15 ). It is easier to flip the non-collinear structure

o a collinear structure with field along the Cu–Cu direction than

hat along the Cu–O–Cu direction. Such fourfold AMR has also been

bserved in Nd 2 −x Ce x CuO 4 [75, 76] and Pr 2 −x Ce x CuO 4 [ 74 , 81 ]

 Fig. 16 (a)). In Pr 2 −x Ce x CuO 4 , the temperature at which the four-

old AMR vanishes seems consistent with the static AFM ordering

emperature. 

However, Jin et al. [24] found a twofold AMR in electron-

oped La 2 −x Ce x CuO 4 thin films as shown in Fig. 16 (b). The on-

et temperature of twofold symmetry tracks the AFM correlations

 82 , 83 ]. Jovanovic et al. [25] also found a twofold symmetry in

nfinite-layer Sr 1 −x La x CuO 2 thin films, following the explanation

sed in La 2 −x Ce x CuO 4 . Besides, the twofold AMR has also been ob-

erved in YBa 2 Cu 3 O 7 −x [77] , La 2 −x Sr x CuO 4 [78] , LiTi 2 O 4 [80] and

aFe −x Co x As [79] . 
2 2 
The hole-doped cuprates have a collinear spin structure, that

ay be the reason why the symmetry of AMR is twofold rather

han fourfold. For electron-doped La 2 −x Ce x CuO 4 and Sr 1 −x La x CuO 2 ,

ince only films are of high quality, information on magnetic struc-

ure is absent. To clarify this issue, we need more details on these

wo systems. 

.5. Linear-in-field magnetoresistance 

Linear magnetoresistance is first reported in non-magnetic

g 2 Te [84] . The pristine sample exhibits negligible magnetoresis-

ance, whereas slightly doping leads to a linear positive magne-

oresistance. Successively, the linear-in-field magnetoresistance has 

een widely seen in high- T c cuprates [ 24 , 85 , 86 ], Graphene [87] ,

opological insulators [88] , Dirac and Weyl semi-metals [ 89 , 90 ]. 

In electron doped cuprates, Sckitani et al. [85] reported a

egative linear magnetoresistance in Nd 2 −x Ce x CuO 4 thin films.

inkelman et al. [38] found the negative spin-related MR was

inear in field in underdoped Pr 2 −x Ce x CuO 4 thin films with x =
.12. A linear negative magnetoresistance in La 2 −x Sr x CuO 4 is also

rgued to be a spin source [91] . Jin et al. [24] also found the

egative linear magnetoresistance in underdoped La 2 −x Ce x CuO 4 

hin films with x = 0.06 ( Fig. 12 (a)). Interestingly, it will be-

ome positive at x = 0.10. Li et al. also found a positive linear
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Fig. 12. Magnetoresistance is tuned by different parameters. (a) The field depen- 

dence of the in-plane magnetoresistivity of La 2 −x Ce x CuO 4 with x = 0.06, 0.08, and 

0.10 at 35 K [24] . (b) Magnetoresistance at 60 K as a function of oxygen content 

in optimal doping Nd 2 −x Ce x CuO 4 [29] . (c) The ab -plane resistivity of Pr 2 −x Ce x CuO 4 
films vs. magnetic field applied perpendicular to the ab -plane with x = 0.15 (left) 

and x = 0.16 (right) [40] . 
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MR in Pr 2 −x Ce x CuO 4 but with the field normal to the CuO 2 

plane ( Fig. 17 ) [92] . 

Theoretically, there exist both classic and quantum approaches

to a linear positive magnetoresistance. The classic one is based on

the importance of phase inhomogeneities. Herring [93] obtained

a linear positive magnetoresistance by numerical calculations on

an ‘impedance network’. Guttal and Stroud [94] extended it to 2D

disordered semiconducting film and reproduced the linear positive

magnetoresistance. Bulgadaev and Kusmartsev deduced explicit ex-
ressions for magnetoresistance of strongly inhomogeneous planar

nd layered systems, and also obtained large linear magnetoresis-

ance [95] . 

In the quantum approach, Abrikosov [96] proposed a model on

he basis of the assumption of a gapless spectrum with a linear

omentum dependence (the limiting quantum case with electrons

nly in one Landau band). In this case, ρ = N i H/πn 2 ec, where N i is

he density of scattering centers. Fenton et al. [97] suggested that

inear magnetoresistance could be observed at a simple density-

ave QCP where the Fermi surface is reconstructed and shows

 local radius of curvature, i.e. cusp. Consequently, the magneto-

ransport is dominated by a fraction of quasiparitcles ( ∼ ev F B τ ) de-

ected around the cusp, leading to a nonanalytic response of linear

agnetoresistivity. The origin of positive/ negative linear magne-

oresistance in electron doped cuprates is still not confirmed. The

egative linear MR seems to be a common behavior in underdoped

amples. It is worthy of checking whether the positive linear MR is

n accident event or not. 

. Two band phenomena 

MgB 2 , the T c record holder among conventional superconduc-

ors at ambient pressure, is a multiband superconductor [98] . The

ole-doped cuprates YBa 2 Cu 3 O y and YBa 2 Cu 4 O 8 contain two types

f charge carriers in underdoped regime, which has been verified

rom the Hall coefficient ( R H ) and Seebeck coefficient [99–101] . Al-

ost all the iron based superconductors are known to be multi-

and superconductors, possibly except the one unit cell FeSe thin

lm [102–105] . Therefore, it turns out that multiband feature is es-

ential to achieving a high- T c . 

The electron-doped cuprates, not unexpectedly, also belong

o the multiband family. Hitherto, the powerful ARPES has ob-

erved the coexistence of electron- and hole-Fermi surfaces

n Nd 2 −x Ce x CuO 4 , Pr 2 −x Ce x CuO 4 , Pr 1 −x LaCe x CuO 4 , Sm 1 −x Ce x CuO 4 ,

nd Sr 1 −x La x CuO 2 near the optimal doping [106–111] . As a function

f Ce doping, these electron-doped cuprates arrive at a unified pic-

ure, i.e. as the doping increases electron pockets first come across

he Fermi level near ( π , 0) and (0, π ) in the momentum space,

hen a hole pocket emerges at ( π /2, π /2) near the optimal doping,

nd finally a large hole FS forms. Perhaps not coincidentally, the

RPES study on Pr 1.3 −x La 0.7 Ce x CuO 4 showed a similar evolution of

S with removing oxygen via annealing process [109] ( Fig. 18 ). 

In this section, we will go over the two band feature and its

mpact on the normal state, the mixed state, and the correlation to

uperconductivity on the basis of transport studies. 

.1. Two band feature in the normal state 

Soon after the discovery of electron-doped Nd 2 −x Ce x CuO 4 ±δ ,

iang et al. [28] found that the Hall coefficient in optimal doped

d 2 −x Ce x CuO 4 ±δ ( x = 0.15) changed from negative to positive with

emoving the oxygen content. Combined with the thermoelec-

ric transport measurements, they attributed such phenomenon

o the coexistence of electron and hole carriers, aforementioned,

RPES studies on Nd 2 −x Ce x CuO 4 later confirmed this speculation

106,107] . Similar behavior of the Hall coefficient was also observed

n series of oxygen tuned Pr 2 −x Ce x CuO 4 ±δ with x = 0.17 [112] . In-

erestingly, Ce substitution gave a quite similar Hall behavior as

een in Pr 2 −x Ce x CuO 4 and La 2 −x Ce x CuO 4 [ 113 , 114 ] ( Fig. 19 ). There-

ore, it seems once again that oxygen and doping (Ce) play roughly

he same role in the evolution of band structure in the normal

tate. 

Great effort s have been made to understand the origin of the

and evolution. Dagan et al. measured the doping dependent Hall

oefficient ( R H ) down to 350 mK in Pr 2 −x Ce x CuO 4 [113] and found

 ‘kink’ in the R near a critical concentration, x c ∼ 0.165, which
H 
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Fig. 13. The magnetoresistance isotherms in La 2 −x Ce x CuO 4 thin film with x = 0.12 (a) and optimal doped Nd 2 −x Ce x CuO 4 thin film [30] (b), respectively. The insets show 

enlarged ρ( B ) curves for x = 0.15 [22] . 

Fig. 14. The magnetoresistance isotherms in (a) La 2 −x Ce x CuO 4 [30] and (b) Pr 2 −x Ce x CuO 4 thin films [38] . 
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s  
appens to be the doping where the electron and hole pockets

erge together as revealed by ARPES, slightly higher than the op-

imal doping level x = 0.15 for this system. This critical doping was

lso notified on the same system by other transport measurements

uch as the spin-related magnetoresistance [40] , the AMR [81] ,

ernst [ 115 , 116 ], thermopower [117] , as well as spectrum probes

ike tunneling [118] and infrared [119] . Assuming that a commen-

urate ( π , π ) spin density wave (SDW) order occurs for x < x c ,

in and Millis were able to capture the ‘kink’ with t–t’–t’’–J model

120] . In this picture, when x > x c a large hole FS centered at ( π ,

), but once passing the critical point, the SDW (or AFM) steps in.

onsequently, a magnetic unit cell equals to two lattice unit cells

n the real space, and the magnetic Brillouin zone will be reduced

y a half in the momentum space. Then the large hole FS will be

ut by the boundary of magnetic Brillouin zone and open folding

ap at the cutting points (i.e. hotspots). Therefore, the ‘kink’ is re-

arded as a result of FS reconstruction by the SDW or AFM. Since

riven by a nonthermal quantity, the transition to AFM is a quan-

um phenomenon. As mentioned in Section 2 , a plausible explana-

ion for the strange metal behavior is based on the AFM quantum

riticality [65] . Yet this interpretation has been commonly adopted,

here are still drawbacks in that solely considering the role of J (i.e.

he AFM exchange coupling) is not enough to describe all the ex-

erimental details. In the framework of t–t’–t’’–U model with U the

t  
n-site Coulomb repulsion and density wave gap contained in the

ispersion, Kusko et al. [121] and Tremblay’s group [122] were able

o reproduce the ARPES results by taking the self-consistent renor-

alization and the dynamical mean-field theory calculations, re-

pectively. Instead of choosing an adjustable Mott gap, Xiang et al.

123] considered an effective t–U’ –J model where the effective U’

epresents the Coulomb repulsion between O 2 p and Cu 3 d elec-

rons. The essential difference among these models is how to treat

he contribution of oxygen 2 p orbitals. 

It is not easy to distinguish between the AFM and the Coulomb

epulsion that which one is more important to the two band fea-

ure. Nevertheless, as passing the critical point, the scenario of FS

econstruction should result in anti-correlation between the con-

entration of hole and electron carriers, i.e., one decreases as the

ther increases, whereas in Xiang’s model the interplay between

u 3 d and O 2 p bands can give a positive correlation between the

wo type carriers. Obviously, the physics behind two band feature

s awaiting more reliable experimental results. 

.2. Manifestation of two bands in mixed state 

Now we move to the mixed state. Once entering the mixed

tate, rich phenomena come out in Hall signal [124] . Among them,

he most intriguing one is the sign reversal with temperature or
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Fig. 15. Field-induced transition from noncollinear to collinear spin arrangement in Pr 2 CuO 4 [73] . (a) Zero-filed noncollinear spin structure. Only Cu spins are shown. 

Collinear spin-flop states induced by magnetic fields applied (b) along the Cu–Cu direction, (c) tilted from [010], (d) parallel to [010]. 

Fig. 16. The in-plane angular magnetoresistance in electron-doped cuprates. (a) Twofold AMR in La 2 −x Ce x CuO 4 [24] and (b) fourfold AMR in Pr 2 −x Ce x CuO 4 with different 

doping [81] . 
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magnetic field. One-time sign reversal was observed in samples

such as Nb films [125] , α-Mo 3 Si films [126] , YBa 2 Cu 3 O 7 −δ sin-

gle crystals [127] , YBa 2 Cu 3 O y /PrBa 2 Cu 3 O y superlattices [128] , and

Nd 1.85 Ce 0.15 CuO 4 single crystals [129] . A double sign reversal was

found in highly anisotropic cuprates, such as Bi 2 Sr 2 CaCu 2 O x [130] ,

Tl 2 Ba 2 CaCu 2 O 8 [ 131 , 132 ] and HgBa 2 CaCu 2 O 6 + δ [133] . Besides, in

twinned YBa 2 Cu 3 O 7 −δ thin films, Göb et al. reported a double sign

reversal with the applied magnetic fields parallel to the crystallo-

graphic c axis and to the twin boundaries [134] . 

In the mixed state, the Hall conductivity can be expressed as

σ = σn + σ f , where σ n originates from the normal carriers in the

vortex cores, σ f comes from the transverse motion of the vor-

tices according to Faraday’s law E = − v L ×H 
c [135] . Since σ n al-

ways has the same sign as that in the normal state, σ f is the key
oint to investigate the anomalous Hall effect, e.g. the sign rever-

al. When the vortices move anti-parallel to the supercurrent, the

ign of σ f and σ n should be opposite and results in Hall anomaly.

elated to this transverse motion, various models have been

roposed. 

The early work to understand flux flow is based on the stan-

ard Bardeen–Stephen (BS) model [136] . In traditional BS model,

he intrinsic transverse motion of vortices is always in the same

irection with the superfluid flow. Therefore, it requires extrinsic

actors, such as pinning force [ 137 , 138 ], thermal fluctuation [139] ,

nd vortex–vortex interaction [140] , to give an anti-parallel vortex

otion to the superfluid flow. However this unusual motion has

ever been observed in any other fluid and cannot be explained in

he framework of classical hydrodynamic theory. 
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Fig. 17. In-plane magnetoresistance versus magnetic field for Pr 2 −x Ce x CuO 4 films 

with x = 0.17. The inset shows the magnetoresistance in a different temperature 

range from the main panel [92] . 
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On the basis of time-dependent Ginzburg–Landau equation, the

ntrinsic force exerted on a single vortex has been reinvestigated

rom a micro perspective by some groups [141–145] . They argued

hat the anomalous Hall effect can be intrinsic, relying on the elec-

ronic structure of the normal state. However, the vortex motion is

navoidably influenced by the extrinsic factors mentioned above,

o the difficulty is how to extract the intrinsic information. 

Besides, there is also a model employing two bands to explain

he Hall anomaly [146] . The Hall anomaly is naturally attributed to

he change of predominant type of charge carrier from the normal

tate to vortex state, while the theoretical work is based on the

S model. At the early stage, few multiband superconductors had

een recognized but the Hall anomaly seemed general for super-

onductors. Hence, two-band feature had not been widely consid-

red. 

For electron-doped cuprates, the study on Nd 1.85 Ce 0.15 CuO 4 −y 

y Hagen et al. [147] supports that the Hall anomaly originates

rom the intrinsic motion of vortex. In their work, they compared

ifferent systems and found that the value of l / ξ 0 was very im-

ortant to the appearance of sign reversal. Here, l is the length

f mean free path and ξ 0 is the BCS coherence length. Such find-

ng stimulates a series of theoretical studies closely related to that

uantity, l / ξ 0 [142,144,145,148] . 

Charikova et al. reconsidered the two-band model to describe

he Hall anomaly in Nd 2 −x Ce x CuO 4 [149] . To explain their data at

oping with x = 0.14 and 0.15, the authors assumed that the elec-

ron and hole bands dominated the transport in the normal state

nd in mixed state, respectively, i.e. the two types of carriers have

ifferent pairing strengths. 

Actually, a weakly coupled two-gap model has been proposed

o explain the unusual temperature dependence of superfluid den-

ity ρs ( T ) in electron-doped cuprates [150] ( Fig. 20 ). The model

equires different pairing strengths of electrons and holes in

lectron-doped cuprates, which is also used to ascribe the feature

n Raman scattering on Nd 2 −x Ce x CuO 4 and Pr 2 −x Ce x CuO 4 [151] . 

However, the observation of one-time sign reversal cannot

in down the manifestation of two-band feature. Recently, a

ouble sign reversal has been observed in the mixed state of

r 1.85 Ce 0.15 CuO 4 ( Fig. 21 ), and the Hall anomaly can be tuned by

he EDLT method. Compared with traditional chemical substitu-

ions, the tuning of carrier concentration by electrostatic doping

ill not bring more disorder or pinning centers into the system
152] . Thus, such double sign reversal urges the consideration of

wo band feature in mixed state [153] . 

.3. Multiband superconductivity 

The blooming multiband feature to superconductivity deserves

areful study. The electron-doped cuprate superconductor has a

ommon two band feature and a relatively small upper critical

eld H c2 ( ∼10 T ), thus it would be a good candidate. After the birth

f the iron based superconductor, the multiband superconductivity

ecomes flourishing [102,104,154–158] . Before going to the details

f H c2 in multiband superconductors, we first stop by the issue of

etermining H c2 from the transport measurements. 

In conventional superconductors and some iron based su-

erconductors, the magnetoresistance is negligible. So the most

onvenient method is to pick up critical fields at 90%, 50% and

0% percentages of normal-state resistance ( ρn ) of the magne-

oresistance isotherms [102,154] . However, the magnetoresistance

sotherms in electron-doped cuprates are complex, e.g. the crossing

oint at SIT, the negative or positive unsaturated MR. One has to

efine the ρn for each isotherm, the error bar is big and the value

s not so reliable to do analysis [159] . The above method is thus

ot applicable in electron-doped ones. A scaling of the fluctuation

onductivity σ flu ( H, T ) has been used to extract H c2 ( T ) [160–163] .

n this method, the σ flu was obtained by subtracting the extrapo-

ated normal state conductivity from the total conductivity. How-

ver, this method also suffers the anomalies such as the upturn. 

Balci et al. [164] used Nernst signal to determine the H c2 ( T )

n Pr 2 −x Ce x CuO 4 . They discerned a valley-like behavior in the

sotherms ( Fig. 22 ) so the minimum is defined as H c2 ( T ). As we

ill discuss in Section 5 , this method relies on the remarkable

wo-band Nernst signal, which overcomes the ‘long-tail’ influence

rom fluctuations. By coincidence, Jin et al. [114] extracted H c2 ( T )

rom the derivative of magnetoresistance isotherms. They differen-

iated the magnetoresistance isotherm of La 2 −x Ce x CuO 4 (i.e. ρ ’ (H)

 d ρ/d H ), and found that the peak of ρ ’ ( H ) first moved to low

eld with increasing temperature, and then moved up once the su-

erconductivity is destroyed. This behavior implies the competitive

ontributions between vortex motion and the two-type carriers.

he advantage of these two methods is to use an explicit criterion

o pin down the normal state resistance, reducing the uncertainty

o a bearable degree. 

In electron-doped La 2 −x Ce x CuO 4 and Pr 2 −x Ce x CuO 4 , the H c2 ( T )

rom the differential method exhibits an unusual upward feature

 Fig. 23 (a)), mimicking the behavior of superfluid density [ 150 ,

65 ], which signifies a multiband superconductivity. The upward

urvature has also been widely observed in iron based supercon-

uctors ( Fig. 23 (b)). On the basis of the multiband BCS model,

he H c2 of a two-gap superconductor in the dirty limit is derived

y Gurevich [166] , which can account for the upward curvature

102,154–156] . 

. Thermal transport properties 

For cuprates, thermal transport is complementary and indis-

ensable to the electrical transport in clarifying such as the multi-

and feature [ 28 , 29 ], superconducting fluctuations [ 167 , 168 ], and

hase transitions [ 117 , 169 ]. The thermal transport signals, Nernst

nd thermopower [ 170 , 171 ], can in some sense be regarded as

hermally driven Hall signal and resistivity, respectively. As shown

n Fig. 24 , when a steady temperature gradient ∇ x T is applied to a

aterial, the thermopower, i.e. the Seebeck coefficient, is defined

s S = − E x ∇ x T 
, and in presence of a perpendicular magnetic field H z ,

he Nernst signal can be extracted from the transverse electric field

 y , as N = 

E y 
∇ x T 

. 
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Fig. 18. The evolution of electronic structure measured by ARPES: (a) and (b) in Nd 2 −x Ce x CuO 4 various Ce doped [106,107] , (c) in Pr 1.3 −x La 0.7 Ce x CuO 4 with different oxygen 

contents [109] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(

J  

 

p  

c

N  

N  

 

a  

N  

 

v  
In superconductors, the Nernst signal is contributed by mobile

charge carriers and superconducting fluctuations [ 172 , 173 ]. Refer-

ring to the mobile carriers, N is generally small in ordinary metals

with a single carrier type due to the Sondheimer cancellation [174] ,

whereas it can be large in multiband metals, e.g. the electron-

doped cuprates [ 115 , 116 ]. In mixed state, Nernst signal in cuprates

is greatly enhanced [ 167 , 175 ] compared to the organic [ 176 , 177 ]

and heavy fermion systems [ 178 , 179 ], signifying strong supercon-

ducting fluctuations. The Seebeck signal can leastwise provide in-

formation on evolution of carriers and phase transitions due to its

high sensitivity to the topology of Fermi surface [ 101 , 117 ]. Nev-

ertheless, the thermal transport has been suffering challenges of

high-precision signal collection and data analysis. In this section,

we will skim over the abnormal Nernst signal in the normal state,

superconducting fluctuations, and the Fermi surface reconstruction

under survey by thermopower in electron-doped cuprates. 

4.1. Abnormal Nernst signal in the normal state 

In semi-classic transport theory [180] , the charge current den-

sity J e , the electrical conductivity tensor σ̄ , and the thermoelectric
Peltier) tensor ᾱ satisfy 

 e = σ̄E − ᾱ| ∇T | . (3)

The steady state yields J e = 0, therefore neglecting small tem-

erature gradient along the transverse direction, the Nernst signal

an be written as 

 = 

αxy σxx − αxx σxy 

σ 2 
xx + σ 2 

xy 

. (4)

When σ xy <<σ xx , the above Eq. (4) is further simplified as 

 = 

αxy 

σxx 
− S tan θH = S ( tan θT − tan θH ) . (5)

Here, S = 

αxx 
σxx 

. tan θ T and tan θH are thermal and electric Hall

ngles, respectively. From two-dimensional system like cuprates,

αi j = −π2 k 2 
B 

T 

3 e 

∂ σi j 

∂ε
| ε= E F , then the Nernst signal is 

 = −π2 k 2 B T 

3 e 

∂tan θH 

∂ε

∣∣∣∣
ε= E F 

. (6)

If the Hall angle is only weakly dependent on energy in the

icinity of the Fermi energy, then the Nernst signal is negligible
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Fig. 19. The temperature dependence the Hall coefficient for different parameters. (a) the various Ce doping in Pr 2 −x Ce x CuO 4 from x = 0.11–0.19 [113] ; (b) various oxygen 

contents for Pr 2 −x Ce x CuO 4 at x = 0.17, where the oxygen content increases from sample 1 to sample 14 [112] ; (c) B = 14 T of La 2 −x Ce x CuO 4 thin films with x from 0.06 to 

0.15 [24] ; (d) different Co concentrations for La 1.89 Ce 0.11 (Cu 1 −x Co x )O 4 [59] . 

Fig. 20. Superfluid density versus T / T c for n -type cuprates. ρs,1 and ρs,2 correspond- 

ing to the superfluid densities of electrons and holes, respectively [150] . 
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n systems where only one type of charge carriers dominate the

ransport such as in hole-doped Tl 2 Ba 2 CaCuO 8 and La 2 −x Sr x CuO 4 

 181 , 182 ], as well as in the slightly underdoped and heavily over-

oped regimes of electron-doped cuprates (e.g. tens of nV/K). In

ther words, a single metal gives 

xy σxx = αxx σxy . (7) 
For a two band system, the Eq. (4) should be rewritten as 

 = 

(
αh 

xy + αe 
xy 

)(
σ h 

xx + σ e 
xx 

)
−

(
αh 

xx + αe 
xx 

)(
σ h 

xy + σ e 
xy 

)
(
σ h 

xx + σ e 
xx 

)2 + 

(
σ h 

xy + σ e 
xy 

)2 
. (8) 

The superscripts h and e stand for hole and electron, respec-

ively. Since αh 
xx and αe 

xx are expected to have different signs, Eq.

7) implies the same signs of αh 
xy and αe 

xy [183] . Simply for a com-

ensated system, i.e. the case of electron-doped cuprates near the

ptimal doping, the first term of Eq. (8) is a non-zero value but

he second term is zero for σ h 
xy = − σ e 

xy . Therefore, Nernst signal is

bviously enhanced in a two-band system compared to one-band

ystem, by one or two orders of magnitude. 

Fournier et al. [29] discovered a distinct Nernst signal

n Nd 2 −x Ce x CuO 4 thin films near the optimal doping. Li et

l. [115] found that the Nernst signal of optimally doped

r 2 −x Ce x CuO 4 was several times larger than the under- and

ver-doped samples as seen in Fig. 25 (a). The optimally doped

a 2 −x Ce x CuO 4 also shows a large N of the same order of magni-

ude (i.e. several μV/K in Fig. 25 (b)). 

In addition, based on the two-band theory magnetoresistance

an be written as �ρxx 
ρ0 

= 

( σ h 
xx R 

h 
H 

−σ e 
xx R 

e 
H 
) 

2 
σ h 

xx σ
e 
xx B 

2 

( σ h 
xx + σ e 

xx ) 
2 for compensated

etals. The Nernst signal in Eq. (8) is rewritten as 

 = 

N 

h σ h 
xx + N 

e σ e 
xx 

σ h 
xx + σ e 

xx 

+ 

σ h 
xx σ

e 
xx 

(
σ h 

xx R 

h 
H − σ e 

xx R 

e 
H 

)
( S h − S e ) B 

(
σ h 

xx + σ e 
xx 

)2 
. (9) 
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Fig. 21. The Hall resistivity ρxy versus the magnetic field perpendicular to the ab -plane of (a) Pr 1.85 Ce 0.15 CuO 4 ultrathin films [153] and (b) La 2 −x Ce x CuO 4 : Co thin films at 

different tem peratures [152] . 

Fig. 22. (a) Comparison of Nernst effect and resistivity in terms of H c 2 for Pr 1.85 Ce 0.15 CuO 4 thin films. The dashed lines show the method to extract H c 2 [164] . (b) Magnetic 

field derivative of the resistivity d ρxx /d H versus H of La 1.85 Ce 0.15 CuO 4 thin films. Label A equals the maximum of d ρxx /d H ( T conset = 16 K). The y -axis is plotted on logarithmic 

scale [114] . 

Fig. 23. The upper critical field H c 2 of La 1.85 Ce 0.15 CuO 4 and Pr 1.85 Ce 0.15 CuO 4 for different doping levels (a), and of Ca 10 (Pt 4 As 8 )(Fe 1.8 Pt 0.2 As 2 ) 5 whiskers (b). The data are 

extracted from Refs. [114,154] . 
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Fig. 24. The illustration for thermal transport measurement of Nernst sig- 

nal (N = − V y 
�T 

= 

E y 
∇ x T ) under the perpendicular magnetic field and thermopower 

( S = 

V x 
�T 

= − E x ∇ x T ) out magnetic field. 
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Fig. 26. Schematic phase diagram of high- T c superconductors with temperature T 

versus doping x [172] . 

 

 

 

 

 

 

 

 

 

 

 

Here, N 

i and S i are Nernst signal and thermopower for the i

and ( i = h, e ), respectively. The factor ( σ h 
xx R 

h 
H 

− σ e 
xx R 

e 
H 
) can be

ound in both formulas, which indicates that a maximum of the

agnetoresistance is likely to coincide with a maximum of the

ernst coefficient. Note that S e < 0, so ( S h − S e ) is always posi-

ive. This speculation has been validated in Nd 2 −x Ce x CuO 4 and

r 2 −x Ce x CuO 4 [ 29 , 115 ], once again pointing to the two-band fea-

ure. 

.2. Superconducting fluctuations 

In hole-doped cuprates, a large Nernst signal has been observed

n an extended region above T c [ 167 , 175 ]. As mentioned above, the

ernst signal in the normal state of hole-doped cuprates is small

ecause of the single type carriers, except for the case of Fermi

urface reconstruction [ 101 , 169 ]. Therefore, such abnormal signal

ersisting far beyond T c has been attracting considerable attention

nd suffering hot debate on its origin, i.e., phase fluctuations vs.

mplitude fluctuations. Superconducting order parameter is com-

rised of phase e i θ and amplitude | �|. Fluctuating either one can

et the Nernst signal enhanced. 

(1) Phase fluctuations . The superconducting phase fluctuation

scenario is stimulated by the theoretical model of Emery

and Kivelson [172] . In conventional superconductors, the su-

perfluid density is pretty large so that electron pairing and

long-range-order phase coherence occur simultaneously. In
Fig. 25. The large Nernst signal at normal state exists in 
cuprate superconductors, owing to a small superfluid den-

sity, the long-range phase coherence is destroyed above T c 
whereas the local Cooper pairing amplitude remains siz-

able. In underdoped region, T c is decided by the phase co-

herence temperature T max 
θ

, which is proportional to the su-

perfluid density over the effective electron mass, whereas

in overdoped side the phase coherence becomes stronger

so T c is the onset temperature of Cooper pairing, following

the mean-field transition temperature T MF predicted by BCS-

Elishberg theory as shown in Fig. 26 . These two character-

istic temperatures shape T c to be a dome, and thus there

is an extended regime of phase fluctuations in underdoped
both (a) Pr 2 −x Ce x CuO 4 [115] and (b) La 2 −x Ce x CuO 4 . 
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Fig. 27. (a). Nernst signal versus temperature in underdoped Pr 2 −x Ce x CuO 4 thin film at x = 0.13 and μ0 H = 2 T. H c 2 (0) ≈ 7 T and T c = 11.8 K. The solid line is the real part 

of ac susceptibility under zero field [115] . (b) Temperature dependence of the Nernst coefficient, υ( T ), for different Sr doping in La 1.8 −x Eu 0.2 Sr x CuO 4 [169] . 
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p  
region. Empirically, Uemura et al. [184] had concluded such

relation between the T c and the superfluid density based

on the μSR experimental results on a series of hole-doped

cuprates, i.e. T c ∝ σ ( T → 0) ∝ 1/ λ2 ∝ n s / m ∗ holds up to optimal

doping but T c is suppressed with further increasing carrier

doping. Here, n s is the superconducting carrier density. In

the mixed state of type-II superconductors, the large Nernst

signal is due to the motion of vortices [185] . Consequently,

the extended regime of large Nernst signal was attributed to

short-lived vortex excitations above T c [ 186 , 187 ]. 

(2) Amplitude fluctuations . Alternatively, the superconducting

amplitude fluctuation scenario lies upon the Aslamazov–

Larkin (AL) theory [188] , where the fluctuations are lim-

ited by the coherence length of Cooper pairs. Ussishkin et

al. [173] calculated thermoelectric transport based on the

Gaussian amplitude fluctuations, and found that this AL-type

fluctuations were responsible for the optimally doped and

overdoped samples in La 2 −x Sr x CuO 4 system [189] . In this

picture, the lifetime of Cooper pairs diffusing toward the

cold end of the sample is longer than those to the hot end,

so the thermal gradient gives rise to a net drift of Cooper

pairs towards the cold end, and then a Nernst signal is

generated by the perpendicular magnetic field. Pourret et

al. [190] showed the evidence that the larger Nernst signal

above T c came from the superconducting amplitude fluctua-

tions in amorphous films of Nb x Si 1 −x . 

In electron-doped cuprates, the superconducting fluctuations

are not so strong compared to the hole-doped ones. Li et al.

[115] found that in Pr 2 −x Ce x CuO 4 the onset temperature of notable

vortex Nernst signal was slightly higher than T c , i.e. by less than

4 K. While, there are two peaks in the temperature dependence of

the Nernst signal, which are associated with evolution of two-band

feature by AFM in the normal state and the vortex motion in mixed

state, respectively. Moreover, the overdoped samples with x = 0.17

still have discernable peak in the normal state which seems incon-

sistent with the picture of a large full Fermi surface for the ARPES.

Similar two-peak feature is also found in La 2 −x Sr x CuO 4 , where the

one in the normal state is linked to the stripe order [169] as shown

in Fig. 27. 

Tafti et al. [116] carried out similar Nernst experiments on

Pr 2 −x Ce x CuO 4 , and identified that the superconducting Nernst sig-

nal from underdoped ( x = 0.13) to overdoped ( x = 0.17) was quan-
itatively consistent with theory of Guassian fluctuations in a dirty

D superconductor by Ussishkin et al. [173] . 

Before concluding this subsection, we would like to point out

wo things. First, the Guassian fluctuations cannot fully account for

he large Nernst signal in underdoped La 2 −x Sr x CuO 4 [173] , where

he physics of pseudogap inevitably get involved in the contention

 191 , 192 ]. Secondly, so far our understanding of normal-state large

ernst signal relies on a lot of assumptions from Boltzmann trans-

ort theory; obviously, it is oversimplified for the correlated sys-

ems, even not suitable for a system with anisotropic scattering. 

.3. Functions of thermopower 

In Boltzmann theory, S = −π2 k 2 
B 

T 

3 e 
∂ lnσ
∂ε

| εF 
[193] . In zero-

emperature limit, σ is proportional to energy in the vicin-

ty of the Fermi energy [194] . Therefore, we can simplify the

xpression in case of free electron gas, 

 = −π2 k 2 B T 

3 e 

1 

εF 

. (10)

From the above equation, we have S / T ∝ E F 
−1 ∝ k F 

−2 ∝ n −1 ∝ R H
or a two dimensional system, linking the Seebeck coefficient to

he Hall coefficient. 

Li. et al found that when the superconductivity is killed by mag-

etic field, the doping dependence of S / T at 2 K followed the be-

avior of R H ( x ) in Pr 2 −x Ce x CuO 4 ( Fig. 28 ). The kink in Hall coeffi-

ient implies a quantum critical doping at x = 0.16 as discussed in

ection 3.1 . In the same sense, the Seebeck signal can provide use-

ul information on the Fermi surface reconstruction. The dramatic

hange in temperature dependence of S / T has been also used to

atch the onset temperature of stripe order in hole-doped cuprates

 101 , 195 ]. 

In addition, by thermopower measurements, Jiang et al.

196] reported that an orbital effect led to a large magneto-

hermopower due to the anisotropic scattering; Xu et al.

197] studied the extra oxygen introduced impurity scattering

ithout changing the carrier density in Nd 2 −x Ce x CuO 4 films; Bud-

ani et al. [198] investigated the weak localization on the Cu–O

lanes in combination with the electrical transport. 

. Quantum phenomena in extreme conditions 

Although superconductivity itself is a macroscopic quantum

henomenon, approaching the nature of unconventional supercon-
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Fig. 28. (a) The thermopower [117] and (b) Hall coefficient [113] at low temperature in electron-doped cuprates Pr 2 −x Ce x CuO 4 ±δ . Both the abrupt change of thermopower in 

(a) and the abrupt change of Hall coefficient in (b) around x = 0.16 imply the occurrence of a quantum phase transition. 
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uctivity, e.g. in heavy fermion, cuprates and pnictides, relies upon

he understanding of its concomitant phenomena characterized by

uantum fluctuations and criticality, which are prominent in the

xtreme conditions, such as ultralow temperature down to mil-

ikelvin and strong magnetic field up to hundred Tesla. In previous

ections, some of these phenomena have been insinuated about

he electron-doped cuprates, e.g. the linear-in- T resistance persists

own to 40 mK [60] , the ‘kink’ behavior in doping dependence of

all coefficient at 350 mK [113] , the magnetic-field induced SIT oc-

urring at the critical sheet resistance h /(2e) 2 [27] . In this section,

e will overlook quantum oscillations, quantum phase transitions

nd controversy over QCPs in the electron-doped cuprates. 

.1. Quantum oscillations 

In the semi-classical theory [199] , quantum oscillations are

aused by the Landau quantization of energy levels, which is con-

idered as a signature of Fermi liquid behavior. When the magnetic

eld increases, the density of states has a discontinuous change as

he Landau levels pass over the closed Fermi surface one after one.

The oscillations of transport quantities, i.e. Shubnikov-de Haas

ffect, can provide following information. First, the cross-section

rea, A F , of Fermi surface normal to the applied magnetic field can

e calculated from the oscillation frequency f through the Onsager

elation f = 

�0 

2 π2 A F , where �0 = 2 . 07 × 10 −15 T ·m 

2 is the flux quan-

um. Second, for a quasi-two dimensional Fermi surface like in the

uprates, the oscillating component of the magnetoresistance is de-

cribed as 

osc ∝ B 

1 / 2 R T R D sin ( 2 π f/B + γ ) , (11) 

here R T = 

2 π2 k B T / h̄ ω c 
sin h ( 2 π2 k B T / h̄ ω c ) 

is the thermal damping factor, R D =
 

−π/ ( ω c τD ) is the Dingle factor, and γ is the Onsager phase. The ef-

ective mass m 

∗ = 

eB 
ω c 

and the mean free path l D ∼ � ( A F / π ) 1/2 τD / m c 

an be calculated from the temperature and scattering damping

actors R T and R D , respectively. 

The quantum oscillations in cuprates were first observed from

he c-axis transport study on underdoped YBa 2 Cu 3 O 6.5 in 2007

ith f the order of magnitude of 10 2 Tesla [200] ( Fig. 29 (a)).

ubsequently, quite a few experiments verified the oscillations

rom various measurements such as the magnetization (i.e. de

aas-van Alphen) [ 201 , 202 ], the thermopower [195] , specific heat

203] , and thermal conductivity [204] of YBa 2 Cu 3 O 6.5 , as well as

he in-plane magnetoresistance of HgBa 2 CuO 4 + δ [205] . The oscilla-

ions were also observed from the c -axis transport and magnetic

orque in overdoped Tl 2 Ba 2 CuO 6 + δ with f the order of magnitude

f 10 4 Tesla [206] . 
As expected, the quantum oscillations were soon reported by

elm et al. [207] in 2009, from the c -axis transport in electron-

oped Nd 2 −x Ce x CuO 4 with x = 0.15, 0.16, and 0.17, where the f

hanges from ∼ 300 to 10 4 Tesla with increasing doping. As shown

n Fig. 30 (c), there is a slow oscillation frequency probed in x =
.15 and x = 0.16, whereas a fast one observed in x = 0.17. Since

he frequency of quantum oscillations yields the cross-section area

f Fermi surface normal to the applied magnetic field ( H // c -axis),

he huge change in frequency thus signifies the Fermi surface re-

onstruction between x = 0.16 and x = 0.17. Recently, the in-plane

ransport on superconducting Pr 2 CuO 4 −δ also showed oscillations

bove 60 Tesla, with f ∼ 300 Tesla [208] . 

The above experiments convey very important information: (1)

losed Fermi surface existing in the certain underdoped regime,

hether it is induced by magnetic field or not, is under debate

or hole-doped cuprates [205] ; (2) Fermi surface reconstruction oc-

urring with increasing doping from underdoped to overdoped in

oth hole-doped ( Fig. 29 ) and electron-doped cuprates ( Fig. 30 ),

onsistent with the ARPES results; (3) a comparable Fermi surface

etween the optimally doped and the new superconducting parent

amples in electron-doped cuprates. 

.2. Quantum phase transitions 

We have mentioned that in Pr 2 −x Ce x CuO 4 thin films, a criti-

al doping at x ∼ 0.165 has been verified by different transport

easurements, e.g. Hall coefficient [113] , spin-related magnetore-

istance [40] , AMR [81] , Nernst [ 115 , 116 ], and thermopower [117] ,

s well as the spectrum probes like tunneling [118] and infrared

119] . The aforementioned quantum oscillations in electron-doped

d 2 −x Ce x CuO 4 single crystals point to the same critical doping be-

ween x = 0.16 and x = 0.17, also in coincidence with the ARPES

esults [107] . As the Ce dopants increase, this critical point in

r 2 −x Ce x CuO 4 and Nd 2 −x Ce x CuO 4 has been commonly accepted as

 quantum phase transition from the antiferromagnetism to the

ermi liquid at zero temperature [16] . 

As shown in Fig. 31 , a continuous quantum phase transition un-

ergoes two different ground states at zero temperature by tun-

ng nonthermal parameter like doping, magnetic field, or pres-

ure [209] . Consequently, there is a ‘fan-shaped’ quantum critical

egime above the QCP at finite temperature, where the quantum

uctuations remain dominant. Since the correlations at a QCP are

haracterized by scale invariance in space and time, quantum crit-

cal scaling functions can be used to describe the divergence upon

pproaching the critical boundary [52] . In Section 2.1 , we have

ntroduced the quantum critical scaling function by Fisher [35] ,
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Fig. 29. Quantum oscillation and topology of Fermi surface in the hole-doped cuprates. (a) Quantum oscillations of in-plane resistance in under-doped cuprate YBa 2 Cu 3 O 6.5 

[200] ; (b) the Fermi arc of under-doped cuprate Ca 2–x Na x CuO 2 Cl 2 [200] ; (c) fast quantum oscillations in over-doped cuprate Tl 2 Ba 2 CuO 6 [206] ; (d) the large pocket on the 

Fermi surface for over-doped cuprate Tl 2 Ba 2 CuO 6 [200] . 

Fig. 30. Quantum oscillation and topology of Fermi surface in the electron-doped 

cuprates Nd 2 −x Ce x CuO 4 [207] . (a) Slow quantum oscillations of c -axis resistivity in 

the optimal and slightly over doped samples with x = 0.15 and x = 0.16; (b) fast 

quantum oscillations in over-doped with x = 0.17; (c) corresponding fast Fourier 

transform spectra of the oscillatory resistivities with different doping; (d) recon- 

structed Fermi surface consisting of one electron pocket and two hole pockets; (e) 

single component Fermi surface of the over doped sample with x = 0.17. 

Fig. 31. Generic phase diagram in the vicinity of a continuous quantum phase 

transition [52] . The horizontal axis represents the control parameter r used to 

tune the system through the QPT. Dashed lines indicate the boundaries of the 

quantum critical region. Lower crossover lines are given by T ∝ | γ | νz ; the high- 

temperature crossover to nonuniversal (lattice) physics occurs when the correla- 

tion length is no longer large to microscopic length scales. The solid line marks the 

finite-temperature boundary between the ordered and disordered phases. Close to 

this line, the critical behavior is classical. 
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hich is used to describe the superconductor–insulator quantum

hase transition. 

Butch et al. [210] reported quantum critical scaling plots of

ρ/( A 2 T 
2 ) vs. f ( �B γ /T ) at the edge of Fermi liquid state in

lectron-doped La 2 −x Ce x CuO 4 . In Fig. 32 (a), a single power-law

xponent ( n < 2) can describe the resistivity behavior in the

uantum critical regime, i.e. ρ ∼ T n in the non-Fermi liquid region.

ere, the quasiparticle–quasiparticle scattering coefficient A 2 can

e achieved by fitting the Fermi liquid region with ρ = ρ +A T 2 .
0 2 
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Fig. 32. Quantum criticality at the edge of Fermi liquid in electron-doped cuprates La 2 −x Ce x CuO 4 ±δ [210] . (a) The multidimensional phase diagram ( x, B, T ) near the QCP x c . As 

the magnetic field increases, the QCP moves to the lower doping. (b) A strong increase of the quasiparticle–quasiparticle scattering coefficient A 2 (from fits of ρ = ρ0 + A 2 T 
2 ) 

as a function of magnetic field provides evidence for a field-tuned quantum critical point. Inset: taken in the zero-temperature limit for three Ce concentrations, all of the 

data fit to one divergent function A 2 = A 0 ( �B/ B c ) −a , with critical exponent α = 0.38 ± 0.01. (c) and (d) The resistivity �ρ data divided by A 2 T 
2 can be fitted very well by 

the scaling �B γ / T with suitable exponent γ for x = 0.15 and x = 0.17. The exponent γ is 0.4 for x = 0.15 and 1 for x = 0.17, respectively. 
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hey deduced a simple relation, γ = α ( 2 − n ) , among the scaling

xponent γ , the power-law exponent n , and the critical exponent

obtained from the divergence of A 2 as the critical field is ap-

roached from the Fermi liquid region. The critical exponent α is

onstant for different doping as seen in Fig. 32 (b). 

This relation reflects that the competition between two energy

cales, i.e. by magnetic field and temperature, drives the quantum

isordered state (Fermi liquid) to the quantum critical region (non-

ermi liquid). In order to reach the quantum critical region, smaller

agnetic field is needed to overcome the weaker thermal fluctua-

ions as T → 0. 

Surprisingly, they found that for La 2 −x Ce x CuO 4 with x = 0.15,

he scaling exponent γ = 0.4 since the power-law exponent n = 1

like the strange metal). While for x = 0.17, γ = 1 since n = 1.6.

ifferent values of scaling exponent imply different types of quan-

um fluctuations of the ordered state. That is, the linear-in- T re-

istance is linked to the antiferromagnetic fluctuations [54] . How-

ver, the origin of quantum fluctuations for n = 1.6, which is also
bserved above the Fermi liquid regime in La 2 −x Sr x CuO 4 [ 86 , 211 ]

emains to be clarified in future. 

Besides, quantum scaling functions of ω/ T are commonly used

o describe the spectra function in the quantum criticality re-

ion, e.g. describing the quantum critical behavior in hole-doped

i 2 Sr 2 Ca 0.92 Y 0.08 Cu 2 O 8 + δ by scaling the optical spectra [212] , ver-

fying the continuous antiferromagnetic phase transition in Ce-

oped Nd 2 −x Ce x CuO 4 and oxygen-doped Pr 0.88 LaCe 0.12 CuO 4 by

caling the inelastic neutron scattering spectra [213] . 

Obviously, although quantum phase transition occurs at zero

emperature, the quantum scaling functions at finite temperature

an be used to verify the QCPs in cuprates. However, the scaling

rom quantum disordered state does not tell us what the ordered

tate is. For instance, we do not know which ground state is re-

ponsible for n = 1.6 power law [54] . The strange metal in different

nconventional systems has been attributed to different origins by

ifferent theoretical models [214] . 
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Fig. 33. Phase diagram. (a) Temperature versus hole doping level for the copper oxides, indicating where various phases occur [214] . The T S, onset (dotted green line), T C, onset 

and T SC, onset (dotted red line for both) refer to the onset temperatures of spin-, charge and superconducting fluctuations, while T ∗ indicates the temperature where the 

crossover to the pseudogap regime occurs. The blue and green regions indicate fully developed antiferromagnetic order and d -wave superconducting order , respectively. The 

red striped area indicates the presence of fully developed charge order setting in at T CDW 

. T SDW 

represents the same for incommensurate spin density wave order. Quantum 

critical points for superconductivity and charge order are indicated by the arrows. (b) Temperature–doping ( T–x ) phase diagram of La 2 −x Ce x CuO 4 [54] . The superconductivity 

(yellow), ρ∝ T (red) and Fermi-liquid regimes (blue) terminate at one critical doping, x c . The antiferromagnetic (or spin-density-wave) regime (circles) is estimated from 

previous in-plane angular magnetoresistance measurements. A QCP associated with a spin-density-wave Fermi surface reconstruction is estimated to occur near x = 0.14 

(indicated as x FS ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 34. The phase diagram of La 2 −x Ce x CuO 4 ±δ achieved by μSR and the bound- 

ary of AFM locates in the under-doped regime [224] . The magnetic phase boundary 

measured with LE- μSR is the brown band. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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5.3. Controversy over quantum critical points 

There is much controversy over QCPs: the number of QCPs, the

accurate locations of these QCPs, and the origin of the QCPs. For

the hole-doped cuprates in Fig. 33 (a), there are multiple critical

points. However, owing to the composite competing orders, not all

of them have been verified as QCPs. 

In electron-doped cuprates as seen in Fig. 33 (b), there seems to

be at least two QCPs. One is at the edge of the Fermi liquid state,

which has been verified in La 2 −x Ce x CuO 4 [210] , as well as claimed

in Nd 2 −x Ce x CuO 4 [215] . The origin of this QCP is still unclear. An-

other truncates the superconducting dome near the optimal doping

such as in Pr 2 −x Ce x CuO 4 , Nd 2 −x Ce x CuO 4 and La 2 −x Ce x CuO 4 , where

the Fermi surface reconstruction happens. However, the origin of

the Fermi surface reconstruction is still under debate, yet much

transport evidence points to the antiferromagnetic order. 

In Nd 2 −x Ce x CuO 4 ±δ , Yamada et al. [216] reported that the tran-

sition between the AFM and superconductivity was first order and

the AFM QCP does not exist, also supported by few experimental

results [ 217 , 218 ]. However, Motoyama et al. [219] reported that the

long range AFM order terminated at x ∼ 0.13, whereas the super-

conductivity appeared beyond this doping. Mang et al. [220] pro-

posed that the non-superconducting Nd 2 −x Ce x CuO 4 ±δ might dis-

play a ground state with 2D antiferromagnetic order. 

Similar controversy also exists in Pr 1 −x LaCe x CuO 4 ±δ . Wilson

et al. [221] reported that the high-energy spin and charge exci-

tations could be observed in x = 0.12. Furthermore, Ishii et al.

[222] probed them up to the highest doping level of supercon-

ductivity. Fujita et al. [223] reported that there exist low-energy

spin fluctuations over doping level of superconductivity. Besides,

by annealing the Pr 0.88 LaCe 0.12 CuO 4 −δ samples, the long-ranged

antiferromagnetic order vanishes when the superconductivity ap-

pears [213] . 

Consequently, the neutron scattering measurements provide

quite conflicting information on the boundary of AFM. Alterna-

tively, the aforementioned transport measurements arrive at a

roughly consistent QCP, i.e., x ∼ 0.16 in both Pr 2 −x Ce x CuO 4 and

Nd 2 −x Ce x CuO 4 , in agreement with the results of ARPES and in-

frared optical measurements. 
For the unique La 2 −x Ce x CuO 4 ±δ with optimal doping at x =
.10, the controversy exists as well. As shown in Fig. 34 , the μSR

robe [224] revealed that the long-range antiferromagnetic or-

er vanishes at x ∼ 0.08. However, the angular magnetoresistance

24] and the low-temperature Hall resistance [114] reported a mag-

etic QCP locates at x ∼ 0.14. Very recently, Yu et al. [82] built up

 multidimensional phase diagram of La 2 −x Ce x CuO 4 ±δ as a func-

ion of Ce, oxygen and the magnetic field. These new results re-

ealed that in La 2 −x Ce x CuO 4 the long-rang AFM vanishes at x c1 ∼
.08, whereas 2D AFM correlations can persist up to a QCP, x FS 

0.14. Besides, the upturn of resistivity signifies the formation

f 3D AFM, which becomes prominent once the superconductiv-

ty is stripped away. Undoubtedly, the quantum criticality plays a
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Fig. 35. The common features of electron-doped cuprate superconductors sorted 

out from the transport measurements. 

s  

i

6

 

d  

r  

d  

t  

a  

t  

c  

s  

p

s  

e  

u  

i  

n  

l  

h  

t  

t

 

e  

p

A

 

R  

w  

t  

b  

Y  

L  

I  

B  

T  

g  

e  

F  

n  

(

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ignificant role in approaching the nature of the superconductivity

n electron-doped cuprates. 

. Concluding remarks 

The transport anomalies and quantum criticality in electron-

oped cuprates have been briefly summarized. By seeking the cor-

elations among various transport phenomena, a general phase

iagram has been sketched out to manifest the common fea-

ures, such as two-band structure, superconducting fluctuations

nd quantum criticality. In this way, a profile of the intrinsic elec-

ron structure and its evolution gradually emerges out of the intri-

ate phenomena, yet some of them like the Nernst signal in mixed

tate and the positive linear magnetoresisitance are still lack of ex-

licit description. In order to stride forward the nature of high- T c 
uperconductivity, it is essential to reveal more details about the

lectronic states as a function of different tuning parameters, i.e.

rging a multidimensional phase diagram. Being versatile and flex-

ble, transport probes are easy to integrate with these new tech-

iques. Some advanced techniques, such as the electric double-

ayer transistors (EDLTs) [225] and combinatorial syntheses [226] ,

ave been applied to tune carrier density and chemical composi-

ion in films, respectively. Therefore, there is plenty room for the

ransport to catch the essence of high- T c superconductors. 

Finally, the transport anomalies and quantum criticality in

lectron-doped cuprate superconductors are summarized in a form of

hase diagram as seen in Fig. 35. 
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