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Abstract. We present an infrared crystal-field study of Pr2CuO4 single crystals and thin films. Excitations
from the ground state multiplet 3H4 to the 3H5, 3H6, 3F2 and 3F3 excited multiplets are observed in both
single crystals and thin films. A precise set of crystal-field parameters, that reproduces the energy and the
symmetry of the levels, is determined.

PACS. 74.25.Gz Optical properties – 71.70.Ch Crystal and ligand fields – 74.72.Jt Other cuprates

1 Introduction

The local probe that constitute the rare earth crys-
tal field excitations has been successfully used to study
local physical properties [1]. Particularly, Raman scat-
tering and infrared spectroscopy have proven to be use-
ful techniques in the determination of rare earth crys-
tal field (CF) levels in the electron doped cuprates
Re2−xCexCuO4 [2,3] and more recently in the hole doped
cuprates Re1+xBa2−xCu3O6 [4], providing additional in-
formation on the electronic and magnetic properties of the
cuprate compounds.

Pr3+ CF excitations in Pr2CuO4 and Pr2−xCexCuO4

have been observed by Raman [2,5] and neutron scatter-
ing [6]. In addition to the regular site, inequivalent Pr3+

sites of lower symmetry have been reported. Such inequiv-
alent sites were assumed to be a characteristic structural
instability of the 2-1-4 compounds, also responsible for
the ≈580 cm−1 local phonon mode detected by Raman
scattering [7].

In order to further refine our understanding of the
CF in the mother compound, using it as a template
for Pr2−xCexCuO4, we present an infrared transmission
study of Pr2CuO4 single crystals and thin films. The ob-
jectives are: (i) to complete the former (CF) Raman scat-
tering studies of single crystals [5], (ii) to improve the
determination of CF parameters that essentially depends
on the symmetry and the number of the detected transi-
tions, (iii) to determine thin films crystallite orientation
and defects.

a e-mail: griou@physique.usherb.ca

2 Experiment

Infrared transmission spectra of Pr2CuO4 single crystals
and thin films have been recorded as a function of tem-
perature. The single crystals were grown by top-seeded
solution method [8] and polished down to 25 µm along
the z-axis. The thin films were obtained by pulsed-laser
deposition [9] with an average thickness of 3000 Å. A com-
plementary Raman scattering study enabled to check the
orientation of the Pr2CuO4 samples, prior to the infrared
measurements, as well as to study low energy phonons.
The samples were mounted in a continuous-flow temper-
ature regulated helium cryostat and 1 cm−1 resolution
transmission spectra were obtained in the 1800–8000 cm−1

energy range using a Fourier-transform interferometer
(BOMEM DA3.002) equipped with a quartz source, an
InSb detector and a CaF2 beam splitter.

In order to further characterize the Pr2CuO4 single
crystals, microwave conductivity at 16.5 GHz was mea-
sured, in the 4.2–300 K temperature range, using the stan-
dard cavity perturbation technique [10]. This contactless
technique is well suited for the measurements of electrical
conductivity in anisotropic materials [11].

3 Results and discussion

The sample orientation was determined by Raman scatter-
ing. For the Pr2CuO4 single crystal, A1g phonon and A?

local mode were observed in the zz configuration around
228 cm−1 and 571 cm−1 respectively (Fig. 1). Even
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Fig. 1. Room temperature Raman-active excitations of a
Pr2CuO4 single crystal in the x(zz)x configuration (a) and
a Pr2CuO4 thin film in the z(xy)z configuration (b).

though, the A? local mode is symmetry forbidden in the
thin film xy-plane, its detection, as shown in Figure 1, in-
dicates some crystallite mis-orientation, in agreement with
previous analysis of the X-ray diffraction pattern [9].

The C4v Pr3+ site symmetry causes the lifting of the
free ion 4f2 state multiplets degeneracy according to the
representations of Table 1 (column 2). Assuming a perfect
orientation of the crystal, Γ3 → Γ3 and Γ5 → Γ5 transi-
tions are observed for E ‖ Z while Γ5 → Γ1, Γ2, Γ3 and Γ4

transitions are observed for E ⊥ Z. These selection rules
are used in the following section to identify the symmetry
of the transitions.

In Figure 2, 3H4 → 3H5 absorption bands at
2362 cm−1 (a), (b) and (c), 2755 cm−1 (b) and
2812 cm−1 (b) are associated with Γ3 → Γ5 transitions
while the absorption band at 2697 cm−1 (b) and (c) cor-
responds to a Γ3 → Γ3 transition. Due to local distor-
tions, selection rules are not rigorously respected in the
case of the 2362 cm−1 (c) and 2697 cm−1 (b) bands. In
order to pinpoint the exact energy positions of the tran-
sitions corresponding to the regular site, we have com-
pared Pr2CuO4 absorption spectra to Pr1.85Ce0.15CuO4

Raman CF excitations in which excitations due to defects
have been identified. The nature of these defects could
originate for example from local distortions and oxygen
non-stoichiometry that would provoke, among other ef-
fects, the broadening of the 2697 cm−1 absorption band
in (c). Absorption bands at 2201 and 2268 cm−1 are as-
sociated with transitions from the thermally populated
154 cm−1 Γ5 [5] first excited level to Γ4 (2201 + 154 =
2355 cm−1) and Γ2 (2268 + 154 = 2422 cm−1) levels
respectively.

In Figure 3 (b, c), 3H4→ 3H6 absorption bands around
4416 cm−1, 4610 cm−1 and 4990 cm−1 are associated
with Γ3 → Γ5 transitions, while the absorption band at
4921 cm−1 clearly observed in (a) (thin film) saturates
in (d) (single crystal). It is associated with a Γ3 → Γ3
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Fig. 2. Pr2CuO4 single crystal transmission for E ⊥ Z at
77 K (a) and 20 K (b), and for E ‖ Z at 20 K (c).
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Fig. 3. Pr2CuO4 thin film transmission for E ⊥ Z at 20 K (a),
Pr2CuO4 single crystal transmission for E ⊥ Z at 100 K (b)
and 20 K (c) and for E ‖ Z at 20 K (c).

transition. The observation of such a transition in thin
films helps us to determine its exact energy value. It is
essentially a consequence of a few percent mis-oriented
crystallites as reported by Maiser et al. [9] and as con-
firmed by Raman scattering measurements (Fig. 1). The
absorption band detected at 4343 cm−1 (d) is associated
with a Γ3 → Γ3 transition. Absorption bands at 4189, 4262
and 4767 cm−1 (Fig. 3b) are associated with transitions
from the thermally populated 154 cm−1 Γ5 [5] first excited
level to Γ3 (4189 + 154 = 4343 cm−1), Γ5 (4262 + 154 =
4416 cm−1) and Γ3 (4767 + 154 = 4921 cm−1) levels
respectively.

In Figure 4, 3H4 → 3F2 and 3H4 → 3F3 absorp-
tion bands at (5432 cm−1, 6828 cm−1) and (5398 cm−1,
6550 cm−1) correspond to Γ3 → Γ5 and Γ3 → Γ3 transi-
tions respectively. High temperature absorption bands at
(5328 cm−1, 5295 cm−1) and (6417 cm−1, 6674 cm−1) are
associated with transitions from the thermally populated
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Fig. 4. Pr2CuO4 thin film transmission for E ⊥ Z at 20 K (a)
and single crystal transmission for E ⊥ Z at 20 K (b) and
77 K (c). Inset: Pr2CuO4 single crystal temperature evolution
of the Pr3+ 3F2 and 3F3 CF absorption bands for E ‖ Z.

154 cm−1 Γ5 level to Γ4, Γ1, Γ5 levels respectively. The
transition from the ground state multiplet 695 cm−1 Γ5

level to the 6828 cm−1 Γ5 level corresponds to the absorp-
tion band at 6133 cm−1. Table 1 summarizes our results
together with previous measurements by CF Raman scat-
tering.

We analyze the data by using the following CF
Hamiltonian written with one-electron irreducible tensor
operators:

HCF =
∑
k,q

BkqC
k
q (1)

where Ckq is the qth component of a spherical tensor opera-
tor of rank k, and Bkq is the corresponding CF parameter.
The C4v symmetry of the Pr3+ site implies that only five
CF parameters (B20, B40, B44, B60, B64) are nonzero. In
our calculations, we have diagonalized the matrix of the
operator HCF (Eq. (1)) within a truncated basis set which
includes the 7 lowest J multiplets, considering the free ion
intermediate coupling wave functions and energies [12]. In
Table 2, our best-fit CF parameters are compared with
previous results. A relatively good agreement is obtained
with the CF parameters as determined by Raman scat-
tering [5]. Also the theoretical value B20 = −174 cm−1,
which we obtained using the density functional theory
based method [4], compares reasonably well with our best-
fit value given in the last column in Table 2. The measured
CF excitations are compared with our fit in Table 1. The
good precision of the fit achieved is characterized by a
mean error of ≈8.5 cm−1.

The presence of additional absorption bands could be
attributed to inequivalent Pr3+ sites due to oxygen non-
stoichiometry or lattice distortions as previously reported
by neutron and Raman studies of Pr2−xCexCuO4 and
Nd2−xCexCuO4 [1,5]. In order to verify the presence of
such defects, we have measured the in-plane temperature

Table 1. Pr3+ ion CF levels (in cm−1) in Pr2CuO4 as observed
experimentally and predicted by the CF parameters. Note that
2F3 and 2F4 multiplets overlap.

J i(Γi) Experiment Theory

Ref. [5] This work Ref. [5] This work

3H4

3 0 0 −3 4
5 154 154 154 147

1 670 637
4 684 692
5 695 695 696 697

2 721 744
1 751 775

3H5

4 2355 2360 2354

5 2363 2362 2367 2362
2 2422 2420 2417
1 2523 2532

3 2696 2697 2697 2694
5 2772 2755 2767 2754
2 2769 2765
5 2812 2803 2821

3H6

3 4343 4343 4343 4351
1 4403 4405

5 4416 4416 4416 4419
2 4561 4597
5 4610 4624 4619
4 4899 4902

3 4928 4921 4929 4909
5 5004 4990 5004 4977
1 4983 4985
4 5062 5055

3F2

3 5398 5397
5 5432 5438

1 5449 5451
4 5482 5479

3F3

3 6550 6553

5 6571 6568
5 6828 6830
2 6832

4 7026

3F4

5 6998
1 7041

3 7095
4 7186
2 7212

5 7246
1 7349

Table 2. Pr3+ ion CF parameters (in cm−1). Given in brackets
are the mean errors associated with the fitting parameters.

CF parameters Ref. [5] This work

B20 −235 (13) −294 (15)

B40 −2287 (29) −2302 (50)

B44 1864 (14) 1910 (24)

B60 32 (32) 147 (37)

B64 1519(19) 1469 (42)
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Fig. 5. Pr2CuO4 single crystal microwave conductivity at
16.5 GHZ as a function of temperature on a log-log scale. Inset:
Microwave conductivity (log scale) as a function of the inverse
of temperature for T ≥ 250 K.

dependence microwave conductivity of a Pr2CuO4 single
crystal extracted from the same batch as the ones studied
in infrared transmission (Fig. 5). The temperature evo-
lution of the microwave conductivity mimics a semicon-
ducting character above 150 K following the functional
form exp(−Ea/kBT ) with Ea = 0.32 eV. Below 150 K,
the carriers are frozen on impurity sites and only hopping
conductivity regime remains possible. Such observation is
compatible with the optical conductivity of Pr2CuO4 that
reveals the existence of in-gap states associated with oxy-
gen vacancies [13]. Thus some of the additional absorp-
tion bands, detected by our infrared transmission mea-
surements, could be attributed to oxygen related defects.

4 Conclusion

We have reported the first Pr3+ CF infrared absorp-
tion study in Pr2CuO4. 21 CF levels of the five first
excited multiplets have been observed. In addition
to the C4v symmetry regular site, non-regular sites
for Pr3+ have been detected in the single crystals.
Measurements of the CF excitations in the thin films
confirm the single crystal results. They also allow a
precise determination of Γ3 → Γ3 transitions associated
with mis-oriented crystallites within the thin films.
The calculation of the CF parameters provides a good
fit of the observed Pr3+ CF levels and a better de-
scription of the microscopic interactions embedded in

the CF Hamiltonian. An extension to this work, for a
better understanding of the inhomogeneities and their ef-
fects, would be to study various contents of Cerium doped
Pr2CuO4 in analogy with Nd2−xCexCuO4 [3].
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