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Transport in ultrathin films of LaNiO3 evolves from a metallic to a strongly localized character as the

film’s thickness is reduced and the sheet resistance reaches a value close to h=e2, the quantum of

resistance in two dimensions. In the intermediate regime, quantum corrections to the Drude low-

temperature conductivity are observed; they are accurately described by weak localization theory.

Remarkably, the negative magnetoresistance in this regime is isotropic, which points to magnetic

scattering associated with the proximity of the system to either a spin-glass state or the charge ordered

antiferromagnetic state observed in other rare earth nickelates.

DOI: 10.1103/PhysRevLett.106.246403 PACS numbers: 71.30.+h, 72.15.Rn

Complex oxides are exciting materials in which the

interplay between charge, spin, orbital, and lattice degrees

of freedom leads to a wealth of novel and exotic phe-

nomena. Among these materials, LaNiO3 (LNO), a metal

and paramagnet lacking any ordering phenomena in bulk

[1–3], has recently become the subject of intense research.

This was mainly triggered by theoretical work [4] which

suggested the possibility of orbital ordering and high-Tc

superconductivity in superlattices where very thin LNO

layers are separated by insulating layers, confining the

conduction to two dimensions (2D). These predictions

have yet to be confirmed experimentally.

LNO bulk and thin films have been extensively studied

in the past, showing a large effective mass and enhanced

Pauli paramagnetism, which has been attributed to strong

correlations [1,2,5]. This material has also been reported

to be sensitive to the degree of disorder. For instance,

increasing the amount of oxygen vacancies can lead to

weak localization and metal-insulator (MI) transitions,

as well as antiferromagnetic ordering and spin-glass

behavior [6–8].

LNO-based heterostructures have been grown and trans-

port measurements have revealed a MI transition as the

LNO thickness is reduced to only a few unit cells (u.c.)

[9,10]. This behavior is in agreement with the MI transition

observed in single ultrathin LNO films [11].

Understanding the nature of transport for this compound

in the ultrathin limit appears essential for future investiga-

tion of LNO-based heterostructures and serves as the

motivation for this work. Upon reduction of the LNO

thickness, transport evolves from a metallic to a strongly

localized behavior as the room temperature sheet resist-

ance approaches h=e2 � 25 k�, the quantum of resistance

in 2D. We find a transition region between the metallic and

the strongly localized states where the films show an

upturn in the resistivity at low temperatures which can be

explained by the theory of weak localization. Surprisingly,

the magnetoresistance (MR) is found to be isotropic in this

regime. We attribute this to the presence of magnetic

scattering and discuss its possible origins.

Films were grown on (001) SrTiO3 substrates by off-axis

rf magnetron sputtering, leading to fully strained epitaxial

c-axis oriented LNO. Magnetotransport measurements

were carried out between 1.5 and 300 K in a He flux

cryostat equipped with a superconducting magnet. More

details on the growth, structural characterization, as well

as sample preparation for transport measurements can be

found in Ref. [11].

Ioffe and Regel pointed out that the simple kinetic

theory of conductivity has to break down when the particle

wavelength is longer than the mean free path l. When kFl is
close to unity, kF being the Fermi wave number, a MI

transition is expected. In 2D [12], the sheet resistance,

Rsheet, is related to kFl by

kFl ¼
h=e2

Rsheet

�
25 k�=h

Rsheet

: (1)

When quantum corrections are included in the calcula-

tion of transport properties [13], the above criterion defines

a crossover region between weak and strong localization.

Figure 1(a) shows the evolution of sheet resistance versus

temperature curves with LNO thickness. The sheet resist-

ance increases continuously as the film thickness is re-

duced and three different regimes can be distinguished.

For low sheet resistance values (below �2 k� at room

temperature), the films remain metallic down to the lowest

temperature of our experiments. This corresponds to films

that are at least 8 u.c. thick. Below this thickness and for

sheet resistance values less than 10 k�, we observe an

upturn in the resistivity at around 15 K (7 u.c. film) and

40 K (6 u.c. film). Finally, the curve for 5 u.c. thick LNO

has a sheet resistance very close to h=e2 at room tempera-

ture, resulting in kFl� 1, and insulating behavior is found

at all temperatures. The resistance of films with lower

thicknesses is so large that it lies outside of the accessible

measurement range. These three regimes also pertain to
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films grown on different substrates, such as LaAlO3,

NdGaO3, KTaO3, and MgO [as well as LaAlO3,

ðLaAlO3Þ0;3-ðSr2AlTaO6Þ0;7, and DyScO3 in Ref. [14]].

We may conclude that the LNO films undergo a MI

transition upon reducing the number of layers and that

strong localization effects are seen in the 5 u.c. sample,

where kFl� 1 at room temperature.

In the metallic regime, the films behave as shown in

Fig. 1(b). The resistivity drops by nearly a factor of 3 from

its room temperature value to a residual resistivity of �0 �
100 ��cm. At high temperatures, the resistivity varies

linearly with T, with ��=�T ¼ 0:9 ��cmK�1. At low

temperatures, below 25 K (see inset), the resistivity shows

a quadratic temperature dependence, � ¼ �0 þ AT2 with

A ¼ 7:7� 10�3 ��cmK�2. Further characterization can

be found in Ref. [11]. This behavior and the characteristic

values above are typical of bulk stoichiometric LNO [2].

Attempts to fit the T dependence of the conductivity in

the insulating state of 5 u.c. thick films to a simple acti-

vated form [ lnð�Þ � 1=T] failed, as there is a clear curva-
ture in the Arrhenius plot. For this strongly localized

regime, we expect a variable range hopping (VRH) type

of conduction. In this case, at low temperatures, electrons

hop between localized states and the sheet conductance is

given by [15]

� ¼ C exp½�ðT0=TÞ
��; (2)

where T0 depends on the density of localized states at the

Fermi level and the falloff rate of the wave functions

associated with these states. For noninteracting,

d-dimensional systems, the exponent � ¼ 1
dþ1

. Attempts

to model the data with a 3D expression (� ¼ 1=4) were not
successful. Figure 1(c) shows the logarithm of the sheet

conductance as a function of 1=T1=3 for a temperature

range from 1.5 to 250 K. Below 5 K, excellent agreement

with a linear fit can be observed (with T0 ¼ 4:0 K and

C ¼ 0:13 mS), consistent with VRH in 2D with � ¼ 1=3.
However, due to the limited temperature range of the fit, it

is difficult to distinguish between the exponent � ¼ 1=3
and � ¼ 1=2, which is the relevant exponent if Coulomb

interactions play a role. At higher temperatures, the behav-

ior of the resistivity deviates only slightly from the linear

fit, indicating that VRH may still be the main conduction

mechanism. Indeed, it was argued in Ref. [16] that VRH

can persist at higher temperatures due to polaron assisted

hopping.

The conductance in the insulating state is consistent

with 2D VRH, which also indicates that the thickness

driven metal-insulator transition can be associated with a

dimensional crossover from a 3D metallic state to a 2D

insulating state.

As mentioned before, when the film thickness is reduced

to 7 and 6 u.c., an upturn in the resistivity appears at low

temperature, as indicated by the arrows in Fig. 1(a). The

inset of Fig. 2 shows the low-temperature behavior of the

resistivity on a linear scale for a 7 u.c. film. A plausible

interpretation of this phenomenon is weak localization

where quantum interference of electronic waves diffusing

around impurities enhances backscattering and thus leads

to a reduction of the conductivity. In the 2D case [13]

� ¼ �0 þ p
e2

�h
lnðT=T0

0Þ; (3)

where �0 is the Drude conductivity and p the temperature

exponent of the inelastic scattering length lin � T�p=2.

If the main inelastic relaxation mechanism is due to
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FIG. 2. Sheet conductance versus the logarithm of temperature

for a 7 u.c. film. The linear fit to the data (black line) gives a

slope of 1:1� 10�5 S � e2=�h, hence p ¼ 1. If p ¼ 3, the data
points should follow the gray dotted line. The inset shows the

resistivity of the same sample on a linear scale.
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FIG. 1 (color). (a) Sheet resistance versus temperature for

different film thicknesses. The dashed line corresponds to

�25 k�, the quantum of resistance in 2D. Arrows mark the

temperatures where upturns in the sheet resistance occur.

(b) Resistivity versus temperature for a metallic 9 u.c. film.

The dotted line is an extrapolation of the high temperature linear

behavior. The inset shows the resistivity versus T2 for tempera-

tures below 25 K. (c) Logarithm of conductance as a function of

1=T1=3 for a 5 u.c. film for temperatures from 1.5 to 250 K. The

black line is the linear fit to the data between 1.5 and 5 K.
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electron-electron collisions, p ¼ 1, whereas electron-

phonon scattering gives rise to p ¼ 3 [13]. T0
0 is related

to the transport mean free path, which represents the lower

length cutoff for diffusive motion. Figure 2 shows the sheet

conductance as a function of lnðTÞ for a 7 u.c. film. A linear

fit to this curve yields a slope of 1:1� 10�5 S � e2=�h,
which is precisely equal to the theoretical prediction given

by Eq. (3) with p ¼ 1. This points to electron-electron

collisions as the main inelastic scattering mechanism.

The remaining fitting parameter �0 � p e2

�h
lnðT0

0Þ returns

a value of 1.2 mS. For 6 u.c. thick films, the slope is

1:2� 10�5 S, again very close to e2=�h. The dotted line

in Fig. 2 indicates how the conductance would behave if

electron-phonon collisions were dominant. At this stage,

two points should be noted. First, a 2D model was used to

describe the low-temperature behavior, which requires that

the inelastic scattering length be larger than the thickness

of the film. As will be shown later, this constraint indeed

appears to be fulfilled in our samples and we have further-

more checked that the data cannot be fitted to a three-

dimensional model where the conductivity goes as Tp=2

[13]. Nevertheless, the validity of the 2D assumption needs

further confirmation. Second, Coulomb interactions would

also lead to a logarithmic increase of the resistivity [17].

Both of these issues can be clarified by analyzing the MR.

A uniform magnetic field breaks time-reversal symme-

try and destroys the phase coherence of the ‘‘closed path’’

electronic waves, hence suppressing weak localization

effects. This picture predicts a negative MR when spin

effects are absent. In Fig. 3(a), the MR in perpendicular

field is shown for a 7 u.c. sample for different temperatures.

The latter is found to be negative and its magnitude steadily

decreases with increasing temperature, consistent with

weak localization. The negative sign of the perpendicular

field MR is evidence for the fact that the low-temperature

resistivity behavior is not dominated by electron-electron

interactions, as these would lead to a positive MR [17].

No detectable MR was observed in metallic or insulating

films. Figure 3(b) shows the magnetoconductance

[�ðHÞ � �ðH ¼ 0Þ] in units of e2=�h for different

temperatures, H being the applied magnetic field. For

the weak localization regime in 2D, in the absence of

spin-flip scattering, the magnetoconductance was calcu-

lated to be [13]

�ðH; TÞ � �ðH ¼ 0; TÞ ¼
e2

�h

�

c

�

1

2
þ

1

x

�

þ lnðxÞ

�

; (4)

where c is the digamma function and x ¼ l2in4eH=@. The
only fitting parameter here is the inelastic scattering length

lin. This theory was successfully used to fit the experimen-

tal data, as shown in Fig. 3(b). In the 3D case, the magneto-

conductance would behave as H�1=2 [18]. The T
dependence of the inelastic scattering length, predicted to

scale as T�p=2, was determined for three different samples

[see Fig. 3(c)] leading to a lin � T�1=2 variation. This form

confirms that p ¼ 1, as was previously deduced from

resistance versus temperature measurements. We also

note that lin is about 10 nm at 6 K, which is about 4 times

larger than the film thickness, hence indicating that these

films are indeed in the 2D regime.

In order to further confirm the 2D weak localization

behavior, we also measured the MR for magnetic fields

applied parallel to the film. In a 2D system, and in the

absence of spin-orbit scatterers or magnetic impurities,

orbital contributions to the MR are quenched in parallel

fields. Figure 4 shows the in- and out-of-plane MR mea-

sured at 1.5 K for a 7 u.c. LNO film. Remarkably, for both
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FIG. 3 (color). (a) Perpendicular magnetic field dependence of

the MR, ½RðHÞ � Rð0Þ�=Rð0Þ, of a 7 u.c. film for several fixed

temperatures. (b) Magnetoconductance as a function of magnetic

field including fits to the data discussed in the text. The number

of points and temperature curves were reduced for clarity.

(c) Temperature behavior of the inelastic scattering length,

extracted from the fits of the magnetoconductance for three

different samples showing weak localization. The solid and

dotted lines are theoretical curves for the case where p ¼ 1
and 3, respectively.
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1.5 K for a 7 u.c. LNO film.

PRL 106, 246403 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
17 JUNE 2011

246403-3



field orientations, the MR is the same. Furthermore, an

angular sweep of the magnetic field from the perpendicular

to parallel configuration exhibited no particular features

(resistance variations of less than 0.01%), indicating a

nearly isotropic MR. This surprising result can in fact be

understood within the Maekawa-Fukuyama theory [19]. It

can be shown that, in the presence of significant spin

fluctuations, the above two characteristics of the MR

emerge naturally when one includes magnetic terms in

the diffusive electronic scattering processes. In that regime,

Eq. (4) can still be used to fit the MR, provided we define
1
�in

¼ 1
�"
þ 2

�s
(l2in ¼ D�in, where D is the diffusion con-

stant). The energy (magnetic) relaxation times �" (�s) are

such that �s > �" and
�"
�s
>� D2e2

�2
B

. � is a coefficient on the

order of 0.06 in the low field limit. One possible origin of

these spin fluctuations could be the slight oxygen defi-

ciency in the LNO films that leads to the formation of

magnetic Ni2þ ions. We may surmise that, owing to the

ultrathin character of the films, the concentration of vacan-

cies may be large enough to preclude the formation of

Kondo singlets in the metallic phase of the film. For this

conducting state, interactions between spins of the Ni2þ

atoms are expected to be of the RKKY type such that, in

the presence of disorder—recall that the system is close to

a MI transition—they may promote a spin-glass type of

ordering. We note that in bulk LNO samples, for large

enough densities of vacancies, spin-glass behavior has in-

deed been reported [6,7]. In 2D, a true spin-glass transition

would only take place at T ¼ 0 K [20], and one does not

expect the kind of static and time-dependent anomalies that

are the hallmark of this state. Yet, if T is low enough, one

anticipates a fair amount of magnetic fluctuations and

scattering on these fluctuations by diffusing electrons is

expected to dominate orbital contributions and to impact

the MR as discussed above [21].

Another possible origin of the magnetic fluctuations is

the proximity to a charge ordered antiferromagnetic insu-

lating state characteristic of RNiO3 with the rare earth R �

La [22]. Recent work has demonstrated that unlike bulk

LNO, ultrathin layers in a superlattice configuration dis-

play ordering phenomena such as charge and orbital order-

ing as well as possible antiferromagnetic ordering [23–25].

In summary, transport measurements in ultrathin LNO

films revealed an evolution from a metallic to a strongly

insulating behavior, as the room temperature value of the

sheet resistance approaches h=e2 ¼ 25 k�. In the inter-

mediate regime, a transition region was found where weak

localization is observed. The MI transition can be associ-

ated with a dimensional crossover from 3D to 2D, which

emphasizes the role of disorder. A detailed investigation

of the transport properties in the weak localization

regime does not reveal any obvious signatures of strong

electron-electron interactions. However, such interactions

cannot be ruled out in the thinner, strongly localized films,

where correlations may become more important. The un-

expected observation of isotropic MR also reveals the

presence of magnetic scattering, suggesting the proximity

to either a spin-glass state or a charge ordered antiferro-

magnetic state akin to that of the other members of the

RNiO3 family.
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