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We report a temperature-dependent Raman scattering investigation of thin-film rare earth nickelates
SmNiO3, NdNiOs, and Sm 4oNdg 4gNiO3 which present a metal-to-insulator (MI) transition at Ty and an
antiferromagnetic-paramagnetic Néel transition at 7Ty. Our results provide evidence that all investigated
samples present a structural phase transition at 7y but the Raman signature across Ty is significantly different
for NdNiO3 (Ty=Ty) compared to SmNiO3z and Smg ¢)Ndg 4gNiO3 (T # Ty). It is namely observed that the
paramagnetic-insulator phase (Ty<T<Tyy) in SmNiO3 and Smg)Ndy4oNiOs is characterized by a pro-
nounced softening of one particular phonon band around 420 cm™'. This signature is unusual and points to an
important and continuous change in the distortion of NiOg octahedra (thus the Ni-O bonding) which stabilizes
upon cooling at the magnetic transition. The observed behavior might well be a general feature for all rare earth

nickelates with T # T and illustrates intriguing coupling mechanism in the 7y <7 < Ty regime.
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I. INTRODUCTION

Rare earth nickelates with the generic formula RNiOj
(R=rare earth) have attracted a lot of research interest since
the report of a sharp metal-to-insulator (MI) transition
whereof the critical temperature Ty can be tuned with the
rare earth size. Further to this, in the insulating phase most R
nickelates exhibit a complex antiferromagnetic ordering be-
low the Néel temperature Ty. Depending on the R, these two
transitions occur either at the same temperature or they are
distinct.!~*

For a long time the crystal structure of R nickelates was
thought to be orthorhombic (space group Pbnm) in both the
metallic and the insulator regimes and the understanding of
the MI transition remained somehow puzzling.>* This view
has been challenged by neutron diffraction and high-
resolution synchrotron diffraction experiments which reveal
two distinguishable NiOg octahedra in the insulator phase of
RNiO; leading to a monoclinic distortion with space group
P2,/n.>° The observation of two independent Ni positions
has been interpreted by the presence of a long-range charge
dispropornation (2Ni** — Ni**?+Ni*) in the insulating re-
gime, while nickel is uniformly trivalent in the metallic
regime.’ Recently, several authors*’- have proposed that the
charge order in the insulating regime might induce improper
ferroelectricity, thus multiferroicity, but this theoretical pre-
diction is not yet experimentally verified. The charge-
dispropornation scenario has been supported by a number of
studies (e.g., Refs. 9 and 10) although other authors suggest
a segregation into primarily ionic and primarily covalent
bonding rather than charge transfer between the two Ni
sites.!! Further to this, there is increasing evidence that R
nickelates present local deviations from the average crystal
structure. However, their electric, magnetic, or structural na-
ture is not yet clear and several scenarios such as two-phase
and bond fluctuations''~!3 or a short-range charge order even
in the metallic state!* have been suggested. It is usually as-
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sumed that both the low-temperature monoclinic charge
dispropornation-type distortion and the short-range order are
shared by all members of the RNiO5; family and thus lead to
a common mechanism of the MI transition independently if
TMI: TN or TMI * TN'

In this paper two R nickelates have been investigated:
SmNiO; and NdNiO;. These two nickelates are particularly
interesting to compare because for NdNiO; the magnetic and
MI transitions occur according to literature at the same tem-
perature (Tyy=Ty=~-80 °C) while they are distinct for
SmNiO; (Tyy=125 °C, Ty=-100 °C) and this although
the ionic radii of Nd* and Sm®" differ by only 0.03 A.
Furthermore, Ty, can be readably adjusted!’ by varying x in
Sm,;_,Nd,NiO; and our comparison has thus been extend by
the composition Smy ¢(Nd 40NiO5; which has a MI transition
near room temperature thus offering a promising suitability
for applications.

The aim of our paper is threefold: (i) to verify if SmNiO;
presents a symmetry breaking at the MI transition, knowing
that such a symmetry breaking is not observed by high-
resolution diffraction, (ii) to investigate if the mechanisms at
the MI transition is driven by the same structural phase tran-
sition at Ty for Tyy=Ty and Tyg# Ty systems, and (iii) to
investigate if the phonon signature is notably affected by the
magnetic and electric transitions.

In order to address the above questions, we have used
Raman spectroscopy which is known to be a versatile tech-
nique for the investigation of thin-film oxides and in particu-
lar for the detection of even subtle structural distortions in
perovskites.'92% Phonons are also known to be influenced by
spin and electronic correlations thus offering a complemen-
tary tool for understanding transition-metal oxides.

II. EXPERIMENTAL DETAILS AND
SAMPLE CHARACTERIZATION

The preparation of RNiO; materials in bulk form is diffi-
cult due to the necessity of an important oxygen pressure to

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.104101

GIRARDOT et al.

stabilize Ni in its 3+ state of oxidation.! A way to circumvent
this difficulty is to stabilize RNiO5 by epitaxial strain in thin-
film growth.!>1821 Most of the used deposition techniques,
such as pulsed laser deposition, also need high oxygen pres-
sure in order to fabricate the targets. On the other hand, a
low-pressure metal-organic chemical vapor deposition
(MOCVD) process offers an opportunity?' to obtain RNiOs
phases without using high oxygen pressures. Here, we have
used an 1:1 Ar-O, ratio at a pressure of 10 mbar with a flux
of 600 cm?/min. Nevertheless, RNiO; can be only synthe-
sized by MOCVD on cubic or pseudocubic single crystalline
substrates presenting a lattice parameter close to that of the
nickelate. It is then the stress imposed by the substrate to the
film which leads to the thermodynamic stabilization of the
nickelate phase.

Our thin films were obtained by injection metal-organic
chemical vapor deposition “band flash” using 2,2,6,6-
tetramethylheptanedionato-chelates of corresponding metals
as volatile precursors. Polished single crystalline substrates
of perovskite-type (001) LaAlO; (LAO) was used to achieve
an epitaxial stabilization of the films. Deposition conditions
were 680 °C using an atmosphere of argon-oxygen at 10
mbar pressure followed by an in sifu annealing during 30
min at ambient pressure under a pure oxygen flow. It has
been previously reported that this technique and conditions
lead to good quality R-nickelate thin films on various
substrates.??~23

The thickness and chemical composition of the films were
determined by wavelength dispersive spectroscopy (WDS)
using a CAMECA SX50 spectrometer. A slight excess of Ni
is measured corresponding to a minor NiO (220) oriented
phase which is detected by x-ray diffraction on a Siemens
diffractometer in a 6/26 geometry with a Cu anode (A
=1.5406 A). Furthermore, x-ray diffraction indicates that
the SleO3 (SNO), SmoﬁoNd040NlO3 (SNNO), and NleO3
(NNO) films are textured on the (001) oriented LaAlO; sub-
strate. Thicknesses are, respectively, 173 nm, 52*5 nm,
and 75%5 nm. A transmission electronic microscopy study
of the SNO film (not shown) testifies an atomically flat and
coherent interface.

The temperature-dependent electrical characterization of
the thin films was measured from —270 to 250 °C by the
well-known four-probe technique®® using a dc current and
platinum wires with a conducting silver paint (Ag epoxy,
each separated by 0.5 mm). The surface of the contacts is
about 0.5 mm?. The value of the measured resistance is ob-
tained by the average of four measurements at different cur-
rents injected by a precision current source Keitley 6220 on
the external electrodes. A nanovoltmeter Keitley 2182A was
used to measure the voltages across the electrical leads, with
two internal probes, to obtain the resistance of the sample.
The resistivity p is calculated from the resistance R by using

=—R,

P 2

with w being the thickness of the film.?” Figure 1 shows the
temperature-induced evolution of the resistivity for different
rare earth nickelate thin films and illustrates that all three
films undergo a MI transition at Ty and that Ty depends
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FIG. 1. (Color online) Resistivity vs temperature for different
rare earth nickelate thin films [SmNiO; (SNO, @/O),
Smyg ¢Ndg 4oNiO3 (SNNO, »>/I>), and NdNiO3 (NNO, % /¢)]. The
full and open signals correspond to heating and cooling, respec-
tively. py is the resistivity at Ty

critically on the size of the rare earth. The observed Tyys are
determined from the point of deflection of the resistivity
curve at 120 °C (SNO), 45 °C (SNNO), and -115 °C
(NNO, on heating). These values differ from the values re-
ported in literature on bulk samples; the difference can be
attributed to the effect of strain in the thin films. In agree-
ment with literature, the resistivity curve of NNO presents a
hysteresis indicating a first-order phase transition; such a
hysteresis is not observed for SNO and SNNO.

Raman spectra were recorded with a LabRam Jobin-Yvon
spectrometer. The 514.5 nm line of an Ar* ion laser was used
as excitation line. Experiments were conducted in micro-
Raman; the light was focused to a 1 um? spot. All measure-
ments performed under the microscope were recorded in a
back-scattering geometry; the instrumental resolution was
2.80.2 cm'. It has been reported earlier that Raman spec-
tra recorded on black manganite’®?® and nickelate thin
films'® can show a strong dependence on the exciting laser
power. As a consequence, standard experiments have been
carried out using low powers (less than 1 mW under the
microscope, using a times 501f objective) and it has been
verified that no structural transformations and overheating
take place. Namely, the below discussed difference in Ty
between Raman scattering and conductivity measurements
and between bulk and thin-film data do not result from laser
heating. Temperature-dependent Raman measurements have
been carried out by using a commercial LINKAM heating
stage placed under the Raman microscope. After an initial
cooling, all presented spectra have been obtained by heating
the sample from low temperature (—180 °C) above room
temperature (up to 150 °C), this is in the following simpli-
fied as “heating.” The Raman spectra before and after tem-
perature measurements are identical, attesting the reversibil-
ity of temperature-induced changes.
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III. RAMAN SCATTERING OF Sm,;_,Nd,NiO; THIN FILMS
A. General considerations

The high-temperature metallic phase of R nickelates is an
orthorhombically distorted perovskite with space group

Pbnm. With respect to the ideal cubic Pm3m perovskite
structure the orthorhombic structure is obtained by an an-
tiphase tilt of the adjacent NiOg octahedra (a~a"c¢* in Glaz-
er’s notation?®). R nickelates are thus ferroelastic. The 10
atoms in the unit cell of the orthorhombic structure give rise
to 24 Raman-active modes'8

1_‘Raman,anm(meta]lic) =7A lg + 7B1g + 5B2g + 5B3g'

The proposed>® low-temperature monoclinic structure of R
nickelates (space group P2,/n) presents also 24 Raman-
active modes

1_‘Raman,P21/n(insulat0r) = 12Ag + 12Bg'

As a consequence of this, the number of Raman bands alone
does not allow distinguishing between the orthorhombic and
monoclinic space groups, but changes in the spectral signa-
ture are expected to mirror any change in symmetry. To date
Raman scattering data on R nickelates remain still limited in
the literature and the authors are only aware of a
temperature-dependent investigation of NdNiO; (Ref. 18)
and a room-temperature spectrum of SmNiO; (Ref. 22).

B. Room-temperature spectra

Let us first remind that NNO is at room-temperature me-
tallic (orthorhombic), SNO is insulating (expected mono-
clinic), and SNNO is close to the metal-insulator transition.
Figure 2 presents a comparison of room-temperature Raman
spectra for SNO, SNNO, and NNO. The spectrum of NNO is
similar to the data reported in the literature!® and clearly
distinct from the SNO spectrum, suggesting that NNO and
SNO do not adopt the same crystal structure at room tem-
perature. It can also be seen that the Raman signature of
SNNO is rather similar to that of NNO which in turn suggest
that SNNO is orthorhombic at room temperature.

C. Temperature-dependent Raman scattering

Figure 3 presents temperature-dependent Raman spectra
for SNO, NNO, and SNNO while Fig. 4 shows how the band
positions change with temperature for SNO and SNNO.

The spectra of NNO are similar to those previously re-
ported in Ref. 18. Although the low-wave-number soft mode
is not observed due to the Notch-filter cutoff of our spec-
trometer a phase transition around Tyy=7Ty=-115 °C is evi-
denced by significant changes in the spectral signature.
When going from low to high-temperature one notices,
namely, (i) the change from of one strong band
(=300 cm™') and one weak band (=330 cm™') toward a
new single band around (=310 cm™), (ii) a sudden low-
wave-number shift of some of the bands around 420 cm™,
and (iii) a disappearance of the bands around 400 cm™'.

All these features of Fig. 3(c) are clear evidences for a
structural phase transition of NNO at Ty;;. Raman scattering
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FIG. 2. (Color online) Comparison of room-temperature Raman
spectra for SmNiO3, Smy ¢)Ndj4oNiO3, and NdNiO3. The arrows
indicate Raman bands from the LaAlO; substrate.

on its own does not allow the determination of the two space
groups but it is likely that the signature corresponds to the
transition proposed in literature®!%!3 when heating NNO:
monoclinic P2;/n— orthorhombic Pbnm. We further note
that a phase coexistence is observed at Ty as, namely, evi-
denced by the presence of both the “monoclinic” band at
300 cm™! and the “orthorhombic” band at 310 cm™' at the
critical temperature. This is in agreement with, and further
evidence of, a first-order phase transition of NNO at Ty.
When the temperature is further increased in the metallic
phase up to room temperature the Raman signature presents
no changes apart from a slight temperature shift due to ther-
mal expansion and thermal broadening of all bands.

We will now discuss the temperature-dependent signature
of SNO. At a low-temperature of —180 °C SNO is an anti-
ferromagnetic insulator and the Raman signature of SNO is
similar to that of NNO, which suggests that SNO and NNO
adopt the same crystal structure. Since bulk NNO is
reported!® to be monoclinic at low temperature this similarity
suggests that SNO also adopts a monoclinic structure in the
low-temperature range below 7). Upon heating SNO enters
at Ty the paramagnetic phase where it shows first significant
changes in its Raman spectra. It can be seen in Figs. 3(a) and
4 that the band at initially 420 cm™' shows from Ty to Ty a
significant softening of 30 cm™' toward lower wave num-
bers. Furthermore, a decrease in intensity (relative to the
massif at 450 cm™') and an increase in its width of the same
band are observed. Although this softening is the predomi-
nant signature of the intermediate paramagnetic-insulator
phase other less visible spectral changes such as the progres-
sive intensity loss of the band at 320 cm™' (relative to the
massif at 450 cm™!) accompany the spectral evolution. The
possible origins of the softening are discussed in more detail
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FIG. 3. (Color online) Selected temperature-dependent Raman
spectra for SmNiOj5 (top), Smy goNd( 4oNiO3 (middle), and NdNiO5
(bottom). The displayed spectra have been obtained by heating from
—180 °C with a step of 5 °C; for simplicity only every second
spectrum is shown. The red spectra correspond to MI-transition
temperatures (deduced from Fig. 1), while the blue spectra corre-
spond to magnetic Néel-transition temperatures (bulk literature
data). Note that T measured by the electrical four-probe technique
(in red) is by roughly 20 °C higher than the observed anomalies in
the Raman spectra (see text).

in the discussion Sec. IV. When the temperature is now fur-
ther increased SNO enters at Ty, the paramagnetic-metallic
phase where new significant changes in the spectral signature
are observed. Three changes are predominant (Figs. 3 and 4):
(i) the suppression of the above-described 420 cm™' mode
and the band at initially 320 cm™, (ii) an abrupt change in
wave number of the band at initially 270 cm™!, and (iii) a
significant change in the intensity distribution of the massif
between 400 and 450 cm™!. Again all these spectral changes
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FIG. 4. (Color online) Temperature-dependent evolution of the
band position in the Raman spectra of (a) SmNiOz; and (b)
Smy ¢oNdy 4oNiO3. Lines and colors are guides to the eye to empha-
size spectral changes which in turn are evidences for a structural
phase transition at Ty (see text).

offer direct evidence for a structural phase transition at Ty,
which most likely corresponds to a transition from a low-
temperature monoclinic phase to the well-known Pbnm
orthorhombic phase above Ty

Although the electrical and Raman measurements are
done on physically the same thin film, the T measured by
Raman scattering is roughly 20 °C lower than what is ob-
served with the electrical four-probe technique. This obser-
vation is likely due to the fact that Raman scattering is a
local probe while the electric measurement probes a macro-
scopic phase transition. In agreement with literature, this ap-
parent discrepancy between electrical and Raman measure-
ments offers thus further hints for local structural/electric
deviations from the average structure in R nickelates.

Having discussed the spectral signatures of SmNiOz and
NdNiO;, it is now interesting to inspect the signature of a
member of the solid solution Smy,Nd(49NiO;. It can be
seen from Fig. 3(b) that the overall evolution of the Raman
spectra of SNNO with temperature is very similar to SNO
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but different from NNO. Note that the temperature range of
the intermediate paramagnetic-insulator phase (Ty<T
< Ty, by using the range of the mode softening as an indi-
cator, extends over a smaller temperature range for SNNO
when compared to SNO, in agreement with earlier results
from electric and magnetic measurements.>!>

IV. DISCUSSION

It has been shown in Sec. III that the temperature-
dependent Raman signature through the MI transition is dif-
ferent for a R nickelate where Ty;=Ty (NNO) compared to
those where Tyy# Ty (SNO and SNNO). The difference is
revealed by the observation that the paramagnetic-insulator
phase (which only exists in the Ty # Ty systems) has a spe-
cific Raman signature. The predominant signature is a mode
at =420 cm™', which softens significantly to lower wave
numbers when the antiferromagnetic-paramagnetic phase
transition at Ty is crossed upon heating, leading to an impor-
tant shift of 30—40 cm™' between Ty and Ty, thus in the
paramagnetic-insulating phase (Fig. 5). This pronounced
softening indicates an important anharmonicity which cannot
be explained by a classical temperature behavior but points
at a further contribution. A straightforward interpretation of
this softening is difficult because a number of different ex-
planations might be considered. The aim of the following
part will be to illustrate different possible origins and to cut
the discussion down to the most likely scenarios.

At first sight, the considerable spectral changes at Ty for
SNO and SNNO could be an indication of a structural rear-
rangement which has to be subtle or to occur on a local level
since it is not detected by x-ray or neutron diffraction. Al-
though we cannot formally exclude a change in the space
group at T, such a scenario is very unlikely due the absence
of a new spectral signature in terms of new bands, band
splitting, etc. Given the fact that the softening starts at Ty,
one should consider magnetostriction. However, the usually
observed changes in lattice parameter at 7y are by far too
small to cause the observed phonon anomaly, especially over
a broad range of temperature.

It is useful to recall that the important softening is mainly
observed for one band, which indicates that a particular type
of chemical bonding (and its associated force constant)
changes with temperature. In perovskites, the spectral region
of this band is usually associated with vibrations of the oc-
tahedron and, in agreement with literature,'® we thus at-
tribute the 420 cm~! band to a mode involving distortions of
the NiOg4 octahedra which in turn is a signature for signifi-
cant changes in the Ni-O bonding. This brings us back to the
fact that it has been proposed that the Ni-O bonding is con-
siderably modified at Ty, whereof one proposed mechanism
is the following charge dispropornation upon cooling:

1" (metallic, orthorhombic) — Ni1-
2Ni**(metalli horhombic) — Ni**®
+ Ni*~%(insulating, monoclinic).

Such a mechanism conditions on a local level a significant
change in chemical bonding since the charge dispropornation
leads to an increased covalent character of the Ni-O bond.
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FIG. 5. (Color online) Temperature-dependent evolution of the
band showing a significant softening for (a) SmNiO; and (b)
Smyg 6oNdg 4oNiO3. Lines and colors are guides to the eye to under-
line spectral changes at the magnetic (7Ty) and electronic (Tyy)
phase transitions, see text for more details. Ty corresponds to lit-
erature results on bulk samples, while Ty corresponds to the mea-
sured metal-insulator phase transition on physically the same films
which have been investigated by Raman scattering.

The charge order, i.e., the magnitude of &, has been earlier
proposed® to be the order parameter close to the MI transi-
tion. Within this picture it appears natural to consider that the
softening of the band at 420 cm™' might be the signature of
a temperature-dependent increase of the charge disproporna-
tion, i.e.,  increases with decreasing temperature up to the
magnetic phase transition from whereof it is rather stabilized.
However, to the best of our knowledge, there is no example
in the literature where a change in a charge dispropornation
alone has conditioned a large phonon softening.

Finally, a possible coupling between spin and phonon de-
grees of freedom can be considered. A useful approach for
the understanding of spin-dependent phonon frequencies is
based on an initial model by Baltensperger and Helman?!
where it has been proposed that the phonon frequencies in
magnetic materials are affected by the correlation of nearest-
neighbor spin pairs.>"3> Such a scenario should be consid-
ered to explain also the observed anomaly in SNO and
SNNO but the amplitude of the here reported softening re-
mains large compared to what is known for other magnetic
materials, e.g., the structurally similar orthoferrite EuFeO;
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presents at its AFM-PM phase transitions a phonon anomaly
of an order of magnitude smaller than what we observe for
SNO.33 The spin-phonon coupling in other materials such as
MF2 (M:Fe, Mn),32 YzRU207 (Ref 34), LaTlO3 (Ref 35),
or ZnCr,0, (Ref. 36) is also significantly smaller than in our
observation.

Nevertheless, we believe that the observation of the
anomaly around T suggests that spin-phonon coupling is a
contributing mechanism but it is unlikely that spin-phonon
coupling alone can explain the observed softening. We thus
consider a coupling to another order parameter which does
change with temperature. One common order parameter in
perovskites is cation displacement thus ferroelectricity. As
mentioned in Sec. I, recent reports propose that R nickelates
present in their insulator phase a charge-order driven (thus
improper) ferroelectricity due to the polar displacements of
Ni cations.*”® Other authors discuss the possibility of poten-
tial ferroelectricity in the antiferromagnetic £ phase of the
orthorhombic ground state of nickelates.”” Ferroelectric soft
modes usually occur at lower wave numbers. On the other
hand, the remarkable softening observed in SNO and SNNO
might be related to the fact that both magnetic and ferroelec-
tric orders coexist and are temperature dependent at the same
time. This allows drawing the following tentative scenario:
The onset of magnetic correlations takes place within a tem-
perature regime that presents ferroelectric lattice instabilities,
i.e., in a regime where the Ni cations are easily displaced in
response to any perturbation (here magnetic correlations).
This scenario is consistent with our assignment of the soft-
ening band to distortions of the NiOg octahedra (thus Ni-O
bonding). This scenario calls for two notes: First, our ob-
served softening extends deep into the paramagnetic phase
thus it has to be primarily driven by local magnetic correla-
tions; as stated in Sec. I such a local (clusterlike) structure is
commonly accepted for R nickelates.!'"'* Second, the local
structure is, namely, characterized by changes in the charge
order (in magnitude and size) which in turn drives the hypo-
thetical ferroelectricity. As a consequence, one can expect an
intimate correlation between magnetism, charge order, and
ferroelectricity in this highly correlated electron system. The
above-described coupling, however, is a hypothesis which
remains to be elucidated, namely, by ferroelectric measure-
ments which are unfortunately (further to conductivity prob-
lems) not straightforward for films on an insulating substrate
as is the case for the here investigated samples.
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V. CONCLUSION

SmNiO3, NdNiO;, and Smg ¢oNdg 4oNiOj5 thin films have
been investigated by temperature-dependent Raman scatter-
ing across their magnetic and MI transitions. The spectral
signature provides evidence that all investigated samples
present a structural phase transition at T);. Interestingly,
the Raman signature across Ty, is significantly different
for NdNiO; (Tyy=Ty) compared to SmNiO; and
Smy ¢oNdg 4oNiO3  (Tyy# Ty), thus suggesting that the
mechanisms are not the same. It has been observed that the
paramagnetic-insulator phase (Ty<T<Tyy) in SmNiO; and
Smy 6oNdg 49NiOj is characterized by a pronounced softening
of one particular phonon band around 420 cm™'. This signa-
ture is unusual and points to important and continuous modi-
fications in Ni-O bonding, which stabilize upon cooling at
the magnetic transition. The observed behavior might well be
a general feature for all rare earth nickelates with Ty # Ty.

We relate this softening to spin-phonon coupling and hy-
pothesize that a coupling to a ferroelectric order-parameter
conditions the unusual strength of the softening. In this
scenario the softening is thus directly related to the
theoretically*”® predicted magnetoelectric multiferroic char-
acter of the insulating regime in SNO and SNNO and would
be the first experimental hint that R nickelates are indeed
multiferroic. More experimental and theoretical works are
needed to unambiguously identify the physical mechanisms
leading to the anomalies reported here and to confirm the
multiferroic character. First-principles calculations of the
phonon spectrum with models including magnetic correla-
tions, the peculiar local structure, as well as lattice instabili-
ties could lead to a better understanding of the proposed
coupling.
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