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Abstract Inelastic neutron scattering has been employed to study the erystallineelecbiofield 
interaction of the distorted perowkite ErCaO,. The observed energy spectra show several well 
defined inelastic peaks of magnetic origin in an energy transfer range up to 86 meV which are 
attributed to crystalline-electric-field transitions within the ground-state, J multiplet )H4 of the 
PI'+ ions. The spectra are analysed in terms of single-particle crystal-field theory based on 
geometrical coordinations associated with the C, site symmetry of the P?+ ions. J mixing as 
well as the imaginq  part of the crystal-field Hamiltonian are found to be important to reproduce 
the experimental data. The resulting crystal-field parameters are close to the values extrapolated 
from a similar study of NdGa03. Our approach turns out to constitute a useful extrapolation 
scheme for other structumlly related perovskitetype compounds. 

1. Introduction 

A detailed knowledge of the crystalline-electric-field (CEF) interaction of the rare-earth ions 
in the perovskite-type compounds W O 3  (R = rare earth; M = Ni, Al. Ga) is indispensable 
for understanding the thermodynamic magnetic properties such as the Schottky anomaly 
of the specific heat, the magnetization, and the anisotropy of the magnetic susceptibility 
as well as the various structural and magnetic phase transitions. Since the discovery 
of high-temperature superconductivity there is increasing interest in the electronic and 
magnetic properties of oxides having perovskitetype structures. The RMO, compounds 
have been widely studied by various experimental methods such as transport properties 
[1,2], electronic Raman effect [3-51, specific heat [6], optical spectroscopy [3,4], x-ray 
absorption spectroscopy [7]. and neutron scattering [8-11]. In particular, the investigation 
of the CEF interaction reveals important information about the peculiarities of the electronic 
structure and plays a key role in determining~the magnetic ground state. 

Measurements of the CEF splitting in NdGaO, by inelastic neutron scattering (INS) 
have been reported recently [9]. They showed that the single-particle CEP theory based on 
geometrical coordinations associated with the real symmetry of Nd3+ adequately explains 
the majority of magnetic and CEF properties of this compound. The aim of the present paper 
is to discuss new INS measurements of the CEE splitting in the distorted perovskite PrGaO3. 
To our knowledge there is no experimental information about other physical properties of 
PrGaO3 in the current literature. 
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2. Experimental details 

A single crystal of PrGaO3 was grown by standard Czochralski pulling. Part of the crystal 
was used for the preparation of the polycrystalline material. 

The neutron-scattering measwements were carried out at the reactor Saphir in 
Wiirenlingen (Switzerland). For the structural studies the doubleaxis-multicounter (DMc) 
diffractometer was used [12]. The INS experiments were performed in the neutron energy- 
loss configuration with use of the triple-axis spectrometer IN2. The analyser energy was 
fixed at 15 meV, and a pyrolitic-graphite filter was inserted into the outgoing neutron beam 
to reduce higher-order contamination. For zero energy transfer the energy resolution was 
A E  2 1.2 meV. The Pffia03 powder sample (15 g) was enclosed in a cylindrical V or A1 
container (12 mm diameter, 40 nun length) for the neutron-diffraction or spectroscopy 
experiments, respectively, and mounted in a closed-cycle He refrigerator to achieve 
temperatures T > 12 K. 

3. Results 

The PrGaO3 compound crystallizes in the orthorhombic GdFeO3 perovskite-type structure. 
Our neutron-diffraction study shows that the ideal cubic symmetry of the perovskite is 
significantly distorted leading to a lower-symmetry smcture (space group Dit-Pbnm). 
There is no indication of any phase transition in the temperature region 10 e T e 300 K. 
The Pr3+ ions occupy the 4c sites (site symmetry C,-m). Table 1 lists the structural 
parameters obtained by the Rietveld refinement. Details of the structure analysis have been 
reported elsewhere [IO]. 

Table 1. Sttuctunl parameters of PrGa03 at T = 12 K lattice parameters a, b. c and atomic 
coordinates x ,  y .  L. 

n (A) 5.4526 * 0.0002 
b (A) 5.4947 i 0.0002 
c (A) 7.7121 * 0.0003 

~~~ 

x Y z 

Pr -0.0065 i 0.0009 -0.0386 f 0.0004 02500, 
Ca 0.5 0.0 0.0 
01 0.0786 rt 0.0405 . 0.5164 i 0.0004 0.25 
0 2  -0.2123 zk 0.0003 ~ 0.2109 * 0.0003 0.0419 f 0.0002 

The INS spectra taken at T = 12 K exhibit five well'resolved inelastic lines at 5.1, 
16.0, 21.5, 67 and 86 meV, whose line widths correspond to the instrumental resolution; 
in addition, there is evidence of a broad inelastic feature at 38 meV. Representative energy 
spectra are shown in figures 1 and 2. We can interpret the six inelastic lines (A-F) in 
terms of CEF transitions out of the ground state, since the phonon density of states of 
the non-magnetic reference compound LaGaO3 measured at T = 150 K was found to 
exhibit little inelastic intensity in the considered energy-transfer range (see figures 1 and 2). 
Moreover, CEF transitions can be identified by the way in which their intensities vary with 
temperature and modulus of the scattering vector Q. As the temperature rises, the phonon 
intensities increase, whereas the intensities of CEF ground-state transitions decrease due to 
the depopulation of the ground state. In addition, we expect to observe CEF transitions out 
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Figure 1. Energy specva of neutrons scattered from PrGaO3 and hGaO3. The lines are the 
result of a Iwt-squares-fitting procedure in which the CEF vansitions are described by single 
Gaussians and the background has been assumed to be linear. 
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Figure 2. Energy spectra of neutrons scattered from M a 0 3  and LaGaO3. The lines are as in 
figure 1. 
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Fiwre 3. Calculated energy-level scheme of PI'+ 
in PrCaO3. The amw denote the observed CEF 
transitions. 

of excited states at elevated temperatures (peak G in figure 1). On the other hand, the 
intensities of CEF transitions decrease with increasing value of Q due to the magnetic form 
factor, whereas phonon intensities ususlly increase. 

The ninefold degeneracy of the ground-state J multiplet 3H4 of the Pr3+ ions in PrGa03 
is completely lifted by the CEF. Thus, in the present INS experiments we have been able to 
observe the majority of the CEF transitions out of the ground state and thereby to assign the 
energies of six among the eight excited CEF levels (see figure 3). 

4. Crystal-field analysis 

The CEF analysis was carried out in the framework of single-particle crystal-field theory 
[13]. The corresponding Hamiltonian is given by 

where A$) is a CEF parameter and CF)(i)  is a spherical tensor operator of rank k depending 
on the coordinates of the ith electron. The summation involving i is over all f electrons 
of the R ion. The indices k and q for which the parameters A:) are non-zero depend on 
the site symmetry. Usually the CEF potential is treated as a perturbation of the ground-state 
J multiplet alone. However, for the PrGaO3 compound examined here, the overall CEF 
splitting is about 120 meV and therefore comparable to the energy separation from the next 
J multiplet (approximately 250 meV), thus we have included intermukiplet interactions 
within the 3H term in our calculations. A crystal-field formalism considering the ground- 
state J multiplet alone has been introduced by Stevens [14]: 

where B;@) is a CEF parameter and Or(i )  an operator equivalent. 
correspond to the real and imaginary parts of the CEF parameters, respectively. The CEF 

B;@) and 
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Table 2. Geometrical coordination factors for the P?+ site in PrCa01 calculated from the 
neutron-diffraction data as explained in the text. 

,4 0 0.12x 10-2 - 
4 2 0.24 x -0.14 x IO-I 
4 4 -0.44x 10-2 0.15 x 104  
6 0 0 . 3 4 ~  - 
6 2 -0.59 x IO@ -0.12 x 10-2 
6 4 0.83~ 0.04 x 10-1 
6 6 - 0 . 1 2 ~ ~  0.27 x lo-] 

parameters A r )  of (1) can easily be transformed into the CEF parameters Br(a)  of (2) by 
using normalizing coefficients [15]. Throughout this paper we will use the CEF parameters 

Perovskites are known as model systems in solid-state physics because of their relatively 
simple structure. However, the interpretation of INS data for these materials is.by no means 
straightforward. The rather low symmetry at the rare-earth site gives rise to a large number 
of independent CEF parameters Br(=); in particular, the CEF potential of C, symietry at the 
Pr3+ site in PrGa03 is characterized by fifteen independent CEF parameters. Although both 
the energies and the intensities can be used in fitting a crystal-field model, we cannot initially 
determine so many CEF parameters and we have to introduce some approximations. To our 
knowledge, the CEF approximations adopted so far for different W O 3  compounds were 
always based on the C, (or higher) symmetry rather than on the real symmetry (see [3-51 
and [SI). Indeed, the number of parameters can be reduced in this way. However, these 
approximations cannot provide a full understanding of the energy level structure of the R3+ 
ions in RGa03, because the low-symmetry environment yields significant contributions to 
the imaginary part of the CEF Hamiltonian. Therefore we have used another approach. 
As repeatedly shown in the past for several perovskite-type compounds [16-19], the CEF 
parameters Br(@) for n > 4 may reasonably be determined by taking into account the 
geometry of the nearest-neighbouring coordination polyhedron: 

Br(lr) of the Stevens operator formalism. , 

5,mW = (y,"("'/y,o)B,o (U = c, s). (3) 
The coordination factors y,"(")(a= c, s) are defined by Hutchings [ZO]. Neutron-diffraction 
measurements [9,10] showed that for RGa03 there is a considerable spread of the radial 
extension of the coordination polyhedra around the R3+ ion. From the structural information 
for PrGaO3 listed in table 1 we derive the following ranges of the three nearest-neighbouring 
shells associated with the 0'-, Ga3+, and Pr3+ ligand ions: 

- 

~ 2.357 < R(Pr3'-O'-) < 3.300 A 
3.185 < R(Pr3+4a3+) < 3.532 A 
3.819 < R(Pr3+-P?+) c 3.923 A. 

More distant coordination shells have interatomic distances larger than 4.45 A. We have 
therefore included .the three nearest-neighbouring coordination polyhedra in the calculation 
of the geometry factors y,"@) by properly weighting with the nominal charges of the 
ligand ions.  the^ resulting coordination factors are listed in table 2. The second-order 
parameters are not well estimated by this way, because they are governed by long- 
range electrostatic contributions. We have therefore allowed the three CEF parameters B t ,  
B;'" and B?f' to vary independently. . 
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Table 3. Observed and calculated energy levels and normalired transition probabilities of the 
CEF states in PffiaO,. Jp denotes the component of the total angular momentum operator 
perpendicular lo the scattering vector 4. 

- - r(1) - 0 
r(2) 5.1&0.1 5.6 1.0 I .o 

16.0&0.2 16.0 o . z i o . i  0.19 
rc4) 21.5 i o . 2  23.4 0.5 &O.I 0.60 
res) 38.oiz.o 32.9 o.zio.2 0.3 I 

ro) 67.0&z.o 69.3 0.4 &0.2 0.30 
r@) 86.0*z2.0 85.8 0.310.2 0.17 
r(*) - 113.1 0 0.0 

r(6) - 67.4 0 0.02 

The most difficult problem of any non-linear least-squares-fitting procedure is a 
reasonable choice for the start values of the fitting parameters. We have started from 
the CEF parameters B;, B: and B: based on our detailed measurements of NdGaO3 [9]. 
Then we have extrapolated these values to the parameters expected for PrGaO3 by the usual 
relation: 

(4) 0 - O n  0 B, -an(r  )xnvn 
where (r") is the nth moment of the radial distribution of the 4f electrons [21], x. is 
a reduced matrix element [15], and a," is a reduced CEF parameter reflecting the charge 
distribution independent of the particular rare-earth ion. From (4) we derive 

Thus, using these constraints we are left with five independent CEF parameters which were 
then varied in the least-squares-fitting procedure. The best convergence was achieved for 
the following CEF parameters: 

B; = -0.90 f 0.05 meV 

B;(') = -0.17 f 0.05 meV 

E;(') = 0.23 i 0.05 meV 

B: = (0.46 f 0.02) x lo-' meV 

B t  = (-0.36 5 0.01) x meV. 

The off-diagonal fourth- and sixth-order CEF parameters were fixed according to (3). 
Figure 3 and table 3 show the calculated CEF level scheme, which is in good agreement 
with the observations. Table 3 also lists the normalized observed and calculated transition 
probabilities, which are found to agree as well. There is only some disagreement with 
respect to the energy of the r(5) level. The corresponding ground-state transition tumed out 
to be anomalously broad (see figure Z), similar to NdBazCq@ I221 where the broadening 
of the CEF line at around 36 meV has been shown to result from an interaction with the 
phonons. We may encounter the same situation here. 
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5. Discussion and concluding remarks 

4105 

We would like to point out two particular points. Firstly, we emphasize the role of the 
imaginary part of the CEF Hamiltonian in the low-symmetry RGaO3 compounds. Our 
attempts to determine the CEF level structure in these systems from higher-symmetry 
considerations clearly fiiled. Secondly, the final parameters B t  and E t  determined for 
PrGa03 agreed within experimental uncertainty with those extrapolated from NdGaO3 
according to (4). In other words, the actual charge distributions (reflected in the reduced 
CEF parameters U,") are found to be very similar for both NdGaOs and PrGaG. Table 4 lists 
also reduced CEF parameters for other perovskite-type RMO3 compounds. The resulting 
values of U: turn out to be reasonably consistent, although the tilt angle of the 0 octahedra 
is much larger for the gallates than, e.g., for the aluminates. 

Table 4. Reduced CEF parameters 0," and a: for different RMO, compounds. 

PrGaOl NdGaO3 PrA103 NdA103 

Reference this work [9] [SI I31 
a! (IO'meV A) -2.4i0.2 -2.4+0.3 -1.7rt0.2 -1.9 
a?( IOdmeVA) -4.9i0.2 -4.6i0.3 -3.3i0.3 -4.2 

In conclusion, we have presented the results of INS measurements of the CEF transitions 
associated with the Pi3+ ions in hGa03.  We have been able to determine a set of CEF 
parameters based on geometrical coordinations describing the real symmetry at the P s +  
site. The reduced CEF parameters resulting from the present work may conveniently be 
used to extrapolate the CEF interaction to other RM03 compounds; however, for a detailed 
understanding of the CEF level structure it is essential to take account of the real symmetry 
around the R3+ ions. 
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