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Metal-insulator transitions in NdNiO 3 thin films
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We present a study of the crystallography and transport properties of NdhiiOfilms, grown by pulsed-
laser deposition, on a variety of substrates and with a range of thicknesses. Results highlight the importance of
epitaxy, and show that NdNiQ with a sharp metal-insulator phase transition, can be fabricated without the
need for high-pressure processing. The conductivity of the nickelate films was found to be well described by
a linear sum of activated transport and Mott's variable range hopping in the entire measured temperature range
of the semiconducting state, and this description was also found to provide an accurate fit for previously
published transport properties of bulk ceramics. The transition was subsequently modeled using a percolative
approach. It was found that the temperature of the metal-insulator phase transition, in both our films and in
bulk, corresponded to a critical percolation threshold where the volume fraction of the semiconducting phase
(Vo) was 2, as expected for a three-dimensional cubic lattice. For the thinnest films grown on Nd&aO
possible crossover to two-dimensional percolation was indicatédsb)é.

INTRODUCTION fitting the entire temperature range of the semiconducting
state, and questions such as whether the charge-transfer gap
Rare-earth nickelates have the generic formRIMiO; s itself a function of temperatur®,or the possible partici-
(whereR is a lanthanide rare eajthand belong to the per- pation of Mott's variable range hoppingVRH) in the
ovskite structural family. Compounds in which the rare eartkconductivity,13 remain open.
is smaller than lanthanum are orthorhombically distorted at Another issue concerns the difficulty in synthesizing nick-
room temperature, and display a first-order metal-insulatog|ates with a sharp Ml transition: the synthesis of nickelates
(MI) phase transition. Evidence suggests that the critical with good MI switching properties requires the application
temperature of the phase transition() is dependent onthe ¢ high pressure$~200 bay of oxygen at relatively high
Ni-O-Ni bond angle: straightening the angle stabilizes theemperatureg~1000°0. Nickelates made under ambient
metallic state over the semiconducting one, lowerlig.  nressyre show only a marginal transformation behavior.
This can be achieved by increasing rare-earth radius or by, e high processing pressures are not easily attainable,

3ﬁrly$n§ueﬁ:evrgﬁlr:,]ﬁ;%sﬁgnprgﬁzdgi'Igb%i?\zztéh;:ﬁéﬁj , hey represent an important obstacle for widespread nickelate
y 9 ' esearch. This paper addresses these two issues, and is di-

change across the semiconductor-metal transttiaithough vided into two main sections
it should be noted that in YNipa symmetry change has (i) Synthesisthe specimens studied in this work were

been detected betwe@bnmand P2, /n space group5. K o ) o
The low-temperature state of nickelates is generally clastabr'cated by pulsed laser depositi#iLD). This fabrication

sified as a lowA charge-transfer semiconducfotThe tran- method produced NdNiQwith a sharp M transition without
sition to a high-temperature metallic state is believed to bdh® need for high-pressure processing. A description and ra-
caused by gradual closing of the band gap between the ox)t,Lonahzgtmn.of the crystallographic and transport properties
genp and the nickeH orbitals across the Fermi level. Con- Of the films is presented.

the charge carriers being heavy electrons in both the metalli/dNiOs, applicable to both thin films and ceramics, was
and semiconducting statés Although the expected Jahn- found. This was then used to characterize the percolative
Teller distortion of the Ni@ octahedra has not been directly transitions in the films.

observed, recent oxygen isotope exchange experiments sug-

gest that indeed Jahn-Teller polarons are present even in the

metallic phasé! Nickelates also show unique low- l. SYNTHESIS
temperature magnetic ordering: Ni ions, in “ferromagnetic o o . ,
planes” perpendicular to thg111] e qocupie COUPIE in the Crystallization of perovskite nickelates requires the nickel

sequence++——++——).1% Although the Nel tempera- 0 adopt the relatively unstable Wi valence state. De-

ture (T\) coincides withTy, for R=Pr and Nd, the magnetic Mazeauet al® were the first to report successful nickelate
ordering in the rest of the series is independent from the MpBynthesis using high temperature-high pressure conditions:
transition! confirmed by the fact that magnetic fields have R,O;, NiO, and KCIQ, were reacted together in a sealed
no significant influence over transport properfiés. platinum capsule at 950 °C, and thermal decomposition of
However, some fundamental aspects of the transpoithe chlorate produced in-situ oxygen pressures of 60 kbar.
properties of nickelates, particularly in the low-temperaturevVassiliou et al, on the other hand, reported PrNi@nd
semiconducting stat€;** are still not fully understood. For NdNiO; prepared by sol-gel methods, with typical firing con-
example, to date no simple function has been capable afitions of ~600°C and atmospheric presstfeAlthough
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other variations on the sol-gel route have been desctibed, 500 = - ~
nickelates prepared following low-pressure methods tend to 400p g e 3 e ]
be oxygen deficient, and show only marginal transformation. 3006 & § = é 3
Lacorreet al. used high-temperature—high-pressure syn- 2004 5 = 8\ =
thesis, reacting oxides at1000 °C and~200-bar Q.! To 108 @) & ﬂ S
date, only specimens prepared under these conditions have oleor ol o~
shown the characteristic sharp first-order MI transition. Al- 7 PP B2 ullZ
though thin films with good switching properties have been g 10000p 2 gz
made by sputtering, a high-pressure post-anneal was still re- S 5000 ) (B e
quired to achieve optimum switching characteristfts. - - s
Recently the authors established that PLD could be used § 15000 | 3 Q" 3 Q"
to grow thin films with as-grown switching characteristics = 10000 | z § z §
comparable to those of nickelates processed at high Sz gllz
9 : 5000 | g18 S
pressured? The details of the growth process and the analy- © A= (3
sis of results are presented below. 20008 ]
Q 2lo 3
15000 | 5 A 3
A. Experiment 16000 | g Zls 1
L . . 5000 | S gha i
The thin films of NdNiQ were grown from an oxide ce- @ ~
ramic target onto single-crystal substrates{®00 MgO, 10 Zodiffragégion agogle (295)0

{100 SITiO; (STO), {110 NdGaQ (NGO), and {100
LaAlOz (LAO), with a KrF excimer lasef(Lambda Physik FIG. 1. 6-26 XRD scans for films grown ofe) MgO, (b) STO,
COMPex 205, A=248nm). Typical deposition conditions (c) NGO, and(d) LAO. Films grown on STO, NGO, and LAO
were 0.15-mbar @ 675°C and with an energy density of show a preferential orientatioffl00} pseydocunicP@rallel to the sub-
~1.5 J/cn? at a pulse frequency of 10 Hz. Typical deposition strate, suggesting epitaxy. Films grown on MgO are consistent with
times of 15 min yielded film thicknesses of several hundredandom orientation. The spinel impurity originates from the sub-
nm. Films of reduced thickness were also fabricated to studgtrate.
the effect of epitaxial strain on transport properties.

The out-of-plane lattice periodicity of all the films was to the substrate surfad&igs. 1b)—-1(d)]. TEM, performed
deduced from conventiona#26 x-ray diffraction(XRD) on  on a film grown on NG(Fig. 2b)], also indicates a high
a Siemens D5000 diffractometer using € radiation. In-  degree of in-plane orientation. The diffraction pattern shows
formation on the in-plane crystallography was obtained froma doubling of the cell periodicity along one of the in-plane
plan-view transmission electron microscof@EM). A Phil-  axes, consistent with a NdNiOorthorthombic in-planec
ips 400T microscope was used. TEM sample preparation wasxis. This orientation minimizes the total mismatch strain on
performed using standard grinding and milling techniques. NGO. On the whole, these results suggest coherent or semi-

dc resistance was measured as a function of temperatus®herent growth of films on STO, NGO, and LAO, and in-
for all samples using a conventional four-probe techniquesoherent growth on MgO.
(HP 34401 A dc multimetgrand a closed-cycle cryostat Table | shows the out-of-plane perovskite lattice param-
(CTI cryogenics M22 Resistance was measured on botheter of the films as a function of substrate as measured by
cooling and heating in a temperature range of 12—300 K. Th&RD. The lattice parameter on LAO is relatively undistorted
measuring currents were automatically changed by the mufrom bulk values[c=3.807 A (Ref. 1)], owing to the rela-
timeter to ensure linearity in all resistance ranges; these wet@vely small lattice mismatch. The out-of-plane lattice param-
1 mA for R<1kQ, 0.1 mA for 1 K2<R<10kQ}, and 10 eters on STO and NGO are below bulk values, but full co-
uA for 10 kQQ<R<100 K. The temperature was controlled

by a Lakeshore 330 temperature controller, with a ramp rate
of 3 K/min.

B. Results and discussion

1. Crystallography

NdNiO; films grown on MgO showed relatively poor
crystallinity with only{11qpseudocubi@nd{ZOOJ’pseudocubicre'
flections apparenfFig. 1(a)]. These two reflections have
been observed to be the most intense in randomly distributed (2) (b)
powder diffraction patternsX rays would therefore indicate
that films grown on MgO are likely to be randomly oriented.  piG. 2. plan-view TEM selected area diffraction from a film
Subsequent plan-view TEM investigation largely supportsyrown on MgO (a) and NGO (b). Both diffraction patterns are
this interpretation, as diffraction imagé&ig. 2@] show  consistent with a perovskite structure, but whereas films on MgO
limited in-plane orientation and no systematic absences. show a limited preferential orientation, films on NGO are coher-

In contrast, films grown on STO, LAO, and NGO show ently oriented with an orthorhombic in-plagexis, as indicated by
strong preferential orientations Witfl00} ,seygocunicP@rallel  the doubling of the real-space periodicity along one of the axes.

0.25 A1
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TABLE I. Substrate pseudocubic lattice parameters, lattice mis- TABLE Il. Properties of the metallic state and the MI phase
match between substrate and NdNisilk ceramicgextracted from  transition for NdNiQ films grown on different substrates. Typical
Ref. 1, and film out-of-plane periodicity deduced frofri26 XRD bulk ceramic values have been extracted from Refs. 2 and 10 to
scans. allow a comparison.

MgO STO NGO LAO Resistance Metallic
Substrate T\, /K Hysteresis/K Sharpness change  quality

Substrate pseudocubic  4.20 3.89 3.86 3.79

lattice parametefA) SITio; 130 20 0.025 ~20 1.710°3
Substrate-bulk nickelate 10.2% 2.10% 1.31% —0.5% NdGaQ, 170 25 0.07 ~150 2.7 1073
mismatch LaAlO; 120 20 0.2 ~500 3.3 1073
Film’s out-of-plane 3.830 3.797 3.784  3.806 Bulk 195 4 0.7 ~1000 3.5¢10°3
pseudocubic lattice +0.005 *0.005 *0.005 =*0.005

parametefA)

Transition sharpnesgeak value of-d(In R)/dT against

. . T on heating.
herence aqd volume conservauoq of the nickelate unit cell Resistance change across transitiaatio of the resis-
would predict the out-of-plane lattice parameter to be mor

) MO%ances at the beginning and end of the hysteresis in the
contracted for films grown on STO than on NGO. As this IS esistance-temperature plot.

Iri]lfélthteocl:?eselleégeci)er?eurl(taifltjr?agrﬁrt'légit mrr(?v?/ngz)or:NlTl ((3)?) STO are Quality of the metallic statenormalized resistance slope
y 9 ' at room temperature (B/dRdT@ 300 K) X°

These parameters are summarized for each of the films in
Table Il along with those characteristics of bulk samgkes

Figure 3 shows typical curves for the resistance as a funazept for films grown on MgO, which are semiconducting at
tion of temperature for films grown on different substrates.all measured temperatupesThree of the parameters—
To allow a precise comparison of behaviors, we have definegtansition sharpness, resistance jump, and normalized resis-
the following parameters. tance slope—show more bulklike behavior as the lattice mis-

Metal-insulator transition temperatur¢Ty,): the tem-  match is reduced. Hysteresis across the transition is
perature of the maximum in the pletd(InR)/dT againstT  relatively constant and greater than that observed in bulk.

2. Switching characteristics

on heating. Tw increases from STO to NGO, but is dramatically reduced
Transition hysteresighe difference betweehy, on heat- gn LAO.
ing and on cooling. In all cases, the switching characteristics of the as-grown
films were superior to those reported to date for ceramics
10 fabricated by low-pressure techniques. The properties of the
films grown on LAO are comparable to those sputtered and
annealed under high pressure by DeNatale and KdBuie:-
spite the fact that growth by PLD did not involve any post-
deposition annealing. PLD is a relatively high-energy pro-
10°L@ ‘ cess compared to sputtering. lonized plume species in PLD
have an energy of the order of hundreds of\nd since
the ionization potential of Ni", required to form NdNi@, is
10° : 35.16 eV?! it seems likely that PLD is capable of producing
~ Ni®* during deposition, making the later stage of high-
90« 10 L ®) pressure post-annealing unnecessary.
g However, excitation of the species within the plume is not
g 107} the only factor required for the production of films with good
& 10% switching characteristics. Films grown on MgO are incoher-
10't ent, and do not display any MI transition, and in general, as
10° (©) ] seen above, the properties of the transition improve as the
lattice mismatch is decreased. It is thus necessary that two
10*} factors act simultaneouslyi) A high-energy deposition pro-
103} cess(capable of producing Nf ions in the plumg (i) A
10! good epitaxial match between the film and substrate.
0’ G One general feature of the MI transition of the nickelate
10 050 100 150 200 250 300 films is thatTy, is significantly lower than for bulk ceramics.

This cannot be attributed to an oxygen deficiency, as recent
work on sol-gel-derived samples indicates that oxygen va-
FIG. 3. Resistance as a function of temperature for NgNiO cancies raisdy, , rather than lowering it>** DeNatale and

films grown on(a) MgO, (b) STO, (c) NGO, and(d) LAO. The Kobrin'® argued that depression dfy, in thin films is a
transition sharpness improves as the substrate-film lattice mismatdigsult of epitaxial strain. This possibility is explored in Sec.
decreases. IB3.

Temperature (K)
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Films on LAO Films on NGO Films on STO
10 10° 10°
10° 10
10° 10° 10°
10' 10°
°L240om ] 1185 nm 101,200 nm
g 10 10* 'l _ _
g FIG. 4. Resistance as a function of tempera-
g 10° 10° ture for films of different thickness grown on
-8 107 10? LAO, NGO, and STOT,, decreases for thinner
&~ films, suggesting strong epitaxial strain effects.
10! 16 nm 10 37 nm 10 65 nm
10*
10°
10° 10°
2
10 10°
10! 8 nm 10! 18 nm 102 13 nm
0 50 100 150200250300 O 50 100150200250300 0 50 100 150200 250 300
Temperature (K) Temperature (K) Temperature (K)
3. Epitaxial strain effects on transport properties mismatch and to the thickness, and consequently there is a

Films of reduced thickness were grown on STO, NGO’critipa_\I thickness {;) aboye Whi_ch the_elastic_energy may be
and LAO substrates. When the film thickness is reduced, thgufficient to produce dislocatiorf8. Films thicker thant.
relative impact of the strain generated at the film-substrat&ay therefore show two distinct regions: one closer to the
interface becomes increasingly important, and thus th&ubstrate and relatively dislocation free; and one farther from
changes in related properties become more obvious. Filrthe substrate, in which the dislocations alleviate the epitaxial
thickness was reduced by decreasing the deposition timgtrain. It is conceivable that these two regions would have
from 15 min down to 30 s. The thickness of the resultingtwo different transition temperatures: lower for the
films ranged from~550 nm down to~8 nm. dislocation-free region, in which the whole film experiences

Figure 4 shows the evolution with thickness of the resisthe maximum strain; and higher for the upper region, in
tance as a function of temperature for films grown on STOwhich the strain has been relaxed. As the film thickness is
NGO, and LAO, respectively. There is a marked differencereduced, the relative importance of the two regions will shift
between the behavior of films grown on STO and thoseaowards the dislocation-free one, and eventually films thinner
grown on NGO and LAO. The quality of the metallic state thant. will only show one transition temperature and a sharp
for films grown on STO substrates decreases on reducing thesistance change, which is the trend observed in Fig. 5.
film thickness to such an extent that, for the thinnest films,
the normalized resistance slope at room temperature be-

. . L 0.15
comes negative, and the “metal-insulator” transition is only 550 nm
signaled by hysteresis in the resistance curves, with the dis- 0.1 cooling o
tinction between the “metallic” and the semiconducting 0.05 — heating 3

states being marginal. Films grown on NGO and LAO, on
the other hand, show a clear Ml phase transition in all cases.

Thicker films grown on NGO display a double peak in 001'§
—d(In R)/dT againstT (Fig. 5). As the thickness decreases, o1
the relative height of the double peaks changes, and for the 0.05
thinnest films only one of the peaks is evident. This anoma-
lous behavior does not appear in the films grown on LAO.

The origin of this double peak is uncertain. One possible

-d(InR)/dT
[

0.1 3

explanation is that the nature of strain in films grown on 0.05 3
NGO can decouple the magnetic transition from the metal- 0

insulator one. Certainly lattice distortion in nickelates in 02 ]
which the rare earth is smaller than Nd decoupigsfrom 0.15 ]
Tw»* and anomalies in resistance associated with thel Ne 0.1 E
temperaturé are observed® However, the double peak 0.05 3
would then be expected in the thinner, more strained films, %0 100 150 200

which is not the case.

Another possible explanation is that the epitaxial strain
for films grown on NGO exceeds the critical elastic energy FIG. 5. Evolution as a function of thickness of the peak in
necessary to produce systematic misfit dislocations. The d(In R/dT againstT for films grown on NGO. The double peak
elastic strain energy in the films is proportional to the latticeof the thicker films disappears in the thinner ones.

Temperature (K)
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However, the critical thickness inferred from transportapproximation consists of replacing a random distribution of
properties is much greater than that estimated using thmetallic and insulating bonds by a homogeneous lattice in

Mathews-Blakeslee formui&2® which every bond has the same conductaGge This con-
ductance is given bBY
[bZ+b2+(1-v)b2] 1
emT T gm(1t0)b,  to Py (1) Pr(Ge=9n) , Pi(Ge=8s) _ o

gnt(D-1)Ge  gs+(D-1)G,
wherer is the pseudocubic perovskite lattice parameter of . . : . . .
the film, (b,,by,b,) is the Burgers displacement vector of ina cqblc lattice with D nearest neighbor® is the'c.j|men—
the dislocation,y is the Poisson ratio of the film3 is a sionality of the systeim Pr, and P are the probability of a

dimensionless constant, arg, is the lattice mismatch be- bond being metallic or semiconductinin a homogeneous

) : . medium, the volume ratio of metallic and insulating phases
tween substrate and film. Typical values for perovskites are . :
1 in the mixturg, andg,, and g; are the corresponding con-

v=3 and B~48 and perovskite films on perovskite sub- ductiviti . _
: : : fnic uctivities of such bonds. Two observations can be made:
strates tend to show dislocations with pseudocuio0 first, for D=3 this result is the same as that corresponding to

Burgers vectord® Substituting these values in the above for- ) . - )
spherical particles in an homogeneous medium, as assumed

mula yields a critical film thickness of 10ry on NGO, and 10
—30r- on LAO. as opposed to the observed values of?Y Granadosetal,™ second, one can relate the observed
~10(§ for NGé and>p(§)00 for LAO. and therefore the peak in—d(In R)/dT againstT to a percolation threshold: to

0 0 ’ a first approximation, legs=0. The conductivity of the me-

appropriateness of this “double-layer” hypothesis remains . ; )
to be clarified. dium will then be given by

One common feature was observed in all films, regardless gn(DP,—1)
of the substrateT), decreases as thickness is reduced. The Gezizlﬂ?; 4)
reduction inT,, and the decrease in the resistivity of the D-1
semiconducting state can certainly be rationalized in terms aherefore,
epitaxial strain. Strain has a direct impact on the lattice pa-
rameters of the NdNi©films, and consequently on the Ni- JInR 1
O-Ni bond angle. Straightening out this angle increases or- - ﬁ“m ®)
bital overlap, stabilizing the metallic phase and decreasing
T - Thus, there is a singularity in-4dInR/dP, when P,

For films grown on NGO and STO, the in-plane tensile—1/p |f the probability of a bond being metallic changes
strain straightens the bond angle parallel to the substratgyty temperature, as in the nickelates, then an anomaly
Intuitively, however, the in-plane compressive strain inducedshoyid be expected ir d(In R)/dT when the temperature is
by growth on LAO would not be expected to produce thisgch thatP,,=1/D. Thus the temperature of the observed
bond straightening. ] peak in the graphs of d(In R)/dT corresponds to that of the

A subtler effect, however, may be responsible: LAO sub-citical threshold for the loss of connectivity in the percola-
strates are rhombohedral, and thus an increase in the nickyn network.
elate film in-plane symmetry is expected under coherent Following the approach of Granades al.’® g,(T) is

growth. An estimate of the Ni-O-Ni bond angles can be ob-g5nroximated by extrapolating the conductance of the film

tained using Hayashi's formufa well aboveTy,, g«(T) is fitted by the conductance of the
semiconducting phase below the closing of the hysteresis,
6=135+ y13.4 6,— 139, (2 andG(T) is the actual measured conductance of the films in

the mixed state. Assuming that the probability of a bond
; ) X being metallic or semiconducting is equal to the relative vol-
lattice parameters of NANIO If a and b grow in-plane  ;me of the metallic and semiconducting states respectively,
(minimum coherent strain .grovyth cond|'tu)nthen af~vb, _ the substitutionsP.=V, and P,,=1—V, can be made in
and, therefore60~18?°, which yields an in-plane Ni-O-Ni  t4rm 15 (3): the relative volume of semiconducting phase
bond angle of 159.6°, wider than the measured bond anglgiihin the nickelate filmV(T), can then be extracted from
for undlséorted NdNiQ ceramics at r200m temperaturé: Eq. (3).

=157.1°? Furthermore Canfieldet al: .have rglated .the The conductivity of the metallic stateg{(T)) is easily
bond angle tdry, : for the Ty, observed in the thinnest films  fiiteq py a linear regression; the description of the semicon-
grown on LAO(~100 K), a bond angle of-159° would be  §,cting state is more complex, but is essential for the deter-
expected, in good agreement with the above calculations. mination ofV(T), as described above. This is dealt with in
Sec. IIA.

where cogl,=1—2a%b? anda andb are the orthorhombic

Il. MODELING OF THE SEMICONDUCTING STATE AND
PERCOLATIVE ASPECTS OF THE MI TRANSITION A. Fitting of the semiconducting state

It has been proposed that in the hysteretic zone of the In previous work, attempts to fit the semiconducting state
transition, a binary mixture of metallic and insulating regionsto simple activated behavior (leg~1/T) failed, as there is a
coexist; the relative ratios of metallic and insulating materialsteady curvature in the Arrhenius pfott'°In order to ex-
change with temperature, determining the dynamics of th@lain the curvature, it was proposed that the activation en-
phase transitiof® Within this context, the effective medium ergy is itself temperature dependent, being at a minimum
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near the transition and increasing as the temperature is de- 107 F

creased. It has also been suggestéat at lower tempera- logR~ 1T (2)
activated+VRH

tures the conduction could be dominated by Mott’s variable-
range hoppingVRH, logoxT Y4 (Ref. 3)]. However, this

fit appears to be accurate only below 30 K. Power laws have
also been proposed for oxygen-deficient, sol-gel-derived
sample€? To data, no fit based on a single conduction
mechanism seems to accurately describe transport behavior
over the entire semiconducting temperature range. An accu-
rate fitting of the semiconducting state, and an extrapolation
of this fit to determineV¢(T) in the mixed region of the
phase transition, therefore presented a problem.

Mallik et all® observed that the semiconducting state
could be divided into regions with apparently different trans-
port behaviors. One approach could therefore consist of di-
viding the semiconducting range into two parts, one below
~30 K, where VRH would account for the total conduction,
and another between 30 K and the start of the transition,
where a thermal activation law with a temperature-dependent 1041
gap would account for the transport. But this approach pre- LS
sents several problems. 0.01 0.02 0.03 0.04 0.05 0.06 0.07

(i) The splitting into two smaller ranges, and the number /T (K'l)
of parameters added in order to describe the temperature de-
pendence of the gap, would ensure a good mathematical fit FIG. 6. Fits to the semiconducting state of NdNi@®ms grown

of the conductivity, without it being necessarily physically " (a8 NGO and(b) LAO. The best fits correspond to a combination
meaningful. of activated conduction and VRH of the form RLU/

— /Tl - , : I
(i) The origin of the temperature dependence of the gag ~ &P B/T )+ Cexp(-DIT). Inset: hopping contribution to

has not been physically justified, nor has the actual existencd® total conductance, showing that the participation of VRH is

of a sharp transition between conduction mechanisms. ThedBPOrtant even at the higher temperatures, being completely domi-
: - . ' nant belowT~35K.

assumptions are merely mathematically convenient.

(jii} To date, no specific formula has been offered to deq, temperatures. Further, Pollak al®” showed that the

scribe the actual temperature dependence of the gap and onal temperature limit for VRH, implied byE,,

;:rg?;S|ng a particular one in this context would also be arbi-_ KTE, (whereg,, is the exponent of the critical percolation

Instead, we propose that a better model for the semicorﬂ‘npm"’m.Ce in a random network, al_i% is the maximum
ducting state in NdNigcan be obtained by assuming a com- energy difference between the Fermi level and the localized

bination of more than one transport mechanism acting simul§tates mvolved in the hoppihgvas no_t a real limitation n
ercolative systems, because hopping was strongly biased

taneously throughout the entire temperature range, in thi bward sites much closer to the Fermi level tp
case VRH and activated behavior. A similar approach wa A dual mechanism, in which activated behavior and VRH

used before in the nickelates, where a mixture of VRH and re the onlv terms. was demonstrated in dooed semiconduc-
metallic conduction was postulated to model the transportii y ’ P

properties of oxygen-deficient semiconducting LaNiQ, ors near the critical doping level for the crossover between

providing a satisfactory fit in the temperature range 10—30(5netalllc and semponductmg behav?ﬁrAIthqugh NANiG,
K.32 The coexistence of various parallel conduction channel& "0t 2 doped semiconductor, perovskite nickelates are com-

in a single material is not new, as semiconducting SystemBosmonally very close to the crossover between metallic and

are often described in this wayHowever, we feel that it is semicanducting behaviors in the Zaanen-Sawatzky-Allen
important to address two poir;tsi') why ,VRH should be schemé&:® Thus the semiconducting state of nickelates below

expected to persist at relatively high temperatures inTM' would appear similar to that of a semiconductor near the

- ; e itical doping regime, for which a dual conduction mecha-
NdNiO,, rather than abruptly disappear above 30 K; &nd en . : o
why dual conduction approaches used for the description of'sm with a strong hopping coniribution should be expected.

. : : We therefore modeled the semiconducting state of
doped semiconductors may be appropriate for NdNiO : . X
Electron-lattice interactions are thought to be very impor-.NdN'O3 as the direct sum of two ternisonductances acting

tant in perovskite nickelaté¥.Optical measurements,the " paralle), one arising from VRH and another from normal
oxygen-isotope exchange experim&hand the dramatic ef- gctwated conducpon with ) a  constan{temperature-
fect of pressure® and/or straif® on the transport proper- independentactivation energy:

ties of nickelates leave little doubt about the importance of o= 1IR=A exp(— BITY)+ C exp(—D/T), (6)
electron-lattice coupling in these compounds. The strength of

the polaronic coupling means that scattering by phononsvhereA, B, C, andD are constants.

should be expected to play an important role in the transport Figure 6 shows the Arrhenius plots for the semiconduct-
properties. As has been pointed dYta strong electron- ing state of two typical films grown on LAO and NGO. To
phonon interaction is expected to promote VRH to relativelyallow comparison, the curves have been fitted by VRH, ac-

activated+VRH
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FIG. 7. The good fit to the semiconducting stéfe-150 K) for = 02t 101
bulk ceramicddata adapted from Refs. 18) and 2(b) ] suggests ;:':’ 0 0
that the dual conduction mechanism is a general feature of NgNiO 08 F 03
0.6 F - 0'2
tivated conduction, and a combination of both, to the tem- 04t ERS
perature range between the lowest measured temperatures 02t ; 0.1
(12 K) and the beginning of the transformati¢n90 K for 0 0
films grown on NGO and-50 K for films grown on LAQ. 0 50 T 100tu (1150 200
The fit that takes both phenomena into consideration is emperature
noticeably better, with correlation coefficients 0.999. The FIG. 8. Volume fraction of the insulating phasé(T) and

coefficientD of the 17T exponential corresponds to the band _ q(in R)/dT as a function of temperature on heating and cooling
gap, and yields a consistent value around 200 K regardless @ fiims of standard thicknesé~200 nm) grown on LAO. The
substrate and thickness. This is reassuring, as the corresporgéak that signald,, always corresponds to a volume fractiv
ing activation energy~17—-20 meV is in good agreement =2/3, the percolation threshold of a three-dimensional cubic lattice.
with the values found fitting the higher temperatures to an
Arrhenius law?1° seems to provide a good fit. We therefore think that this is a
In order to illustrate to what extent VRH participates in genuine, general feature of the semiconducting state of
the total conduction, we have plottéthset in Fig. 6 the  NdNiO;, and not a spurious effect that may be attributed to
ratio between the VRH contribution to the fit and the totaldefects in the films studied here, or a mathematical artifact
conductance. The result shows that participation of VRH inresulting from analysis on limited temperature ranges.
transport is significant even at relatively high temperatures. At the very least, the fitting approach used allows a con-
Importantly, for temperatures below35 K, VRH is virtu-  fident extrapolation of the transport behavior associated with
ally the only contribution to the total conductivity, which the semiconducting component beyond the onset of the per-
explains why VRH alone can provide a good fit below thiscolative transition in NdNi@ It therefore provides an effec-
temperaturé? tive method for the determination of¢(T), leading to a

In summary, the fit to the sum of both activated behaviorfurther possible analysis of the transition outlined below.
and VRH is capable of accounting for the conduction behav-

ior through the entire semiconducting range in our films,
without the need for postulating either a temperature-
dependent activation energy or different temperature regimes
for each conduction mechanism. Once the metallic and semiconducting states have been
It could be argued that a model involving the use of fourfitted, it is possible to extract the volume fraction of the
fitting parameters is likely to produce a good mathematicainsulating phase as a function of temperatirg(T). This
fit for any well-behaved curve in the relatively limited tem- quantity acts as an effective order parameter with which to
perature range consideréti2—90 K). A good test for the describe the transformation dynamics. At the same tife,
validity of the model can therefore be obtained by expandingan be correlated to the peak nd(In R)/dT as a function
its temperature range. Although this is impossible to do inof T. In a percolative picture of the transition, this peak
our films, as the purely semiconducting state only goes up tghould signal the percolation threshold of the system, as de-
90 K, the model can be tested for the semiconducting transscribed above. In Fig. 8 we have plott¥q(T) on cooling
port behavior of bulk ceramics as extracted from publishedind heating for some NdNiCfilms of standard thickness
literature. Figure 7 shows the Arrhenius plots for the semi{~200 nm grown on LAO.—d(InR)/dT as a function ofl
conducting states of two different samples extracted fromhas been plotted on the same axes. The plot indicates that the
Refs. 2 and 13. The conductivity of the semiconducting statg@peak associated witly, corresponds to a volume rathd,
of these samples was fitted with formuB) in the tempera- ~0.65, i.e., a metallic ratio of 3, the predicted percolation
ture range 5—150 K. Again, the dual conduction mechanisnthreshold of a three-dimensional cubic lattice[{}/

B. Percolative effects on the transition:
dimensionality of the model
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13). The result indicates that the coincidence betw&gnpand the

percolation threshold\/szé is a general feature of the metal-

insulator transition of NdNiQ
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This analysis can also be performed on bulk samples. The 0 : ' 0
data reported for bulk NdNiQ(Ref. 13 has been fitted by 50 l%gm eratulrio(K) 200
the present authors following the procedure described above, P

and the correspondin@y, has also been calculated as the F|G. 10. V(T) and —d(In R)/dT as a function of temperature
peak in—d(In R)/dT. The results are plotted in Fig. 9. Again, on heating for two thin films grown on NGO. The observég
the results indicate thaty, corresponds to a volume fraction =1 for the thinnest suggests a crossover toward 2D behavior. This
Ve~ % crossover thickness-15-20 nn is interpreted as an indication of
The percolative model described is dimensionality sensithe size of the semiconducting and metallic clusters in the mixed
tive: in the limit of a two-dimensional system, the percola- state.
tion threshold should change frogto 3; consequentlyT
should correspond to a volume raNq= 3. One would ex-
pect to observe a dimensional crossover in ultrathin films.
Unfortunately, the thinner films grown on LAO cannot be
used for this analysis: Figure 4 shows that for the thinne
films grown on these substratélt and 8 nmy, the hysteresis
closes at very low temperaturdselow 30 K for 16 nm, and
less than 15 K for 8 nm In these conditions it is not possible

(i) Films grown on MgO are not epitaxial, and do not
show any phase transition, being semiconducting at all mea-
'Sured temperatures.

(i) Films grown on STO, NGO, and LAO are strongly
oriented and display a distinct Ml transition. The sharpness

to obtain a meaningful fit of the semiconducting state, as thé)f_the transition improves on substrates with a reduced lattice
conductivity is dominated by pure VRH below 30 K, and mls_rpatch. . . o .
consequentiy.(T) cannot be calculated. (iii) Both tensile and compressive ep|taX|a_I strams. were
On the other hand, although thicker films grown on NGoobPserved to decreasky,, and reduce the resistance jump
display a double peak in-d(InR)/dT (Fig. 5), the thinner betvyeen the met'alllc gnd insulating phasgs. Tensile strain
samples(37 and 18 nm show only one. When correlating straightens the Ni-O-Ni bond angle, which increases the or-
this peak toV, it was found thafT,, evolved towards/,  bital overlap between© and NP*, thus closing the charge-
~1 (Fig. 10. We interpret this apparent crossover thicknesgransfer gap. For films grown on LAO, bond straightening
between three and two dimensions as an indication of théan be rationalized in terms of an increase in the in-plane
size (~15-20 nm of the metallic and insulating regions in symmetry of the NdNi@ films.
the mixed state of the nickelate films grown on NGO. Having established the differences between films grown
on different substrates, in Sec. Il the conductance behavior of
the semiconducting regime was analyzed, and the phase tran-
sition itself was modeled using a percolative approach. The
A study of the transport properties and MI phase transi4main results arising from this section are critically discussed
tion behavior in as-grown NdNiQthin films made by PLD and compared to those reported for bulk ceramics. The con-
was presented. dc conductivity was characterized as a funclusions of Sec. Il can be summarized in two points.
tion of substrate and film thickness, and differences were (i) The semiconducting state of NdNj@an be fitted in
analyzed in terms of the effect of lattice mismatch-inducedhe entire measured temperature range bélgyby assum-
epitaxial strain on the films. The results were presented iiing that thermally activated conduction and Mott variable
two sections: Section | focused on the details of the growtlrange hopping occur simultaneously. This result also seems
study and the effect of epitaxial strain on the transition, ando be a general feature of NdNiGn bulk form. The coex-
Sec. Il aimed to give a more general insight into the transporistence of VRH and thermally activated conduction at rela-
properties and percolative phenomena of our films and pretively high temperatures is consistent with the strength of the
viously published data for bulk. The main results from Sec. lelectron-phonon interaction and the percolative nature of the
are the following. transition in these compounds.

CONCLUSIONS
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