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Abstract. Inelastic neutron scattering and magnetic susceptibility measurernents have been
performed on the distorted perovskite NdGaQj;. The magnetic susceptibility data show a Curie—
Weiss behaviour with an effective magnetic moment close to 3.6x¢p per mole of Nd ions. No
long-range magnetic ordering was detected in the temperature range 2-300 K. The inelastic
neutron spectra observed at T = 12 K exhibit four peaks of magnetic origin between 11 and
70 meV which can be unambiguously assigned to the complete crystalline-electric-field splitting
pattern in the ground-state J multiplet “Ig,:z of the Nd** ions. We analysed the spectra in terms
of geometrical considerations based on the actuad Cy site symmetry of Nd**. The best agreement
between the experimental spectra and the calculated level structure was obtained for a mode!
that takes into account the three nearest-neighbouring coordination polyhedra associated with
the O%=, Ga®* and Nd3* ions as well as J-mixing between all multiplets of the *I term. We
conclude that single-particle crystal-field theory adequately explains the majority of magnetic
and crystal-field properties of NdGaOs.

1. Introeduction

The discovery of high-temperature superconductivity in layered perovskite systems [17 has
generated considerable effort in the understanding of the physical properties of oxides having
the perovskite and related structures. High-T, compounds are close to the metal-insulator
(M) transition which occurs under decreasing oxygen content as well as under disordering.
The parent compounds of copper-oxide superconductors are charge-transfer (CT) insulators
(see, for example, [2]). Doping with extra holes or electrons turns these systems from
the insulating regime into a metallic or superconducting regime. A few perovskite-type
oxides are known to exhibit MI transitions. In most cases their mechanism is not yet
well understood. Representatives of these systems are the ternary rare-earth—transition-
metal-oxygen compounds. Recently synthesized distorted perovskites RNiO3 (R=rare earth)
exhibit a series of interesting properties, including a MI transition which is accompanied by
significant changes of Ni-O-Nj angles and Ni-O distances [3], as well as by long-range
magnetic ordering associated with the Ni sites [4]. The nature of the energy gaps in the
nickelates is not yet understood. Thus, as pointed out in a recent article by Medarde et al [5]
three kinds of gaps could be responsible for the M1 transition in RNiOs: Mott-Hubbard-type,
CT-type, or negative-A-type, although a CT gap opening appears the most likely mechanism
to explain the electronic localization.
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An interesting behaviour is also cbserved in the group of rare-earth aluminates, such
as PrAlO; and NdAlO;, which have Rsy,, Symmefry at room temperature and undergo a
trigonal-to-cubic perovskite transition at high temperature [6]. Whereas PrAlO; has two
additional phase transitions below room temperature, which are attributed to an interaction
between the crystal vibrations and the electronic excitations of the Pr¥t ion [7], NdAIO;
does not have any magnetic or structural transition down to T =2 K.

NdGa0s is structurally related to the RNiO; and RAIO; compounds. However, there is
no indication of any phase transition in the temperature region 2 < T < 300 K. Therefore
an investigation of the electronic structure of this compound is a good starting point for
understanding the nature of structural transitions in aluminates, as well as the origin of
magpetism and band gaps in nickelates. Inelastic neutron scattering (INS) is one of the most
powerful techniques to investigate crystalline-electric-field (CEF) phenomena, particularly for
optically opaque materials like the perovskite-type compounds, as extensively demonstrated
in the past (see, for example, [8-10]}. Moreover, CEF investigations for high-T
superconductors provided direct evidence for CT processes [11] and phase separation [12].

In this paper we report results from INS and magnetic susceptibility measurements for
NdGaO;. From a fundamental point of view NdGaQs; provides a good opportunity to
study CEF effects in a low-symmetry environment, yielding significant contributions to the
CEF Hamiltonian from both imaginary and odd terms. From the application point of view
RGa0; compounds have considerable potential as a substrate material for high-temperature
saperconducting films, since their lattice and thermal-expansion behaviour is close to the
1-2-3 systems [13].

2. Experimental details

A single crystal of NdGaO; was grown by Czochralski pulling from a stoichiometric melt
prepared from 99.99% Ga;Q; and Nd»;O3. A non-oriented narrow NdGaO; crystal from an
earlier growth experiment was used as a seed. The pull and rotation rates were successively
changed from an initial 2.5 mm h~! and 30 rpm for the seeding phase to 1.3 mm h~! and
20 rpm during growth of the crystal cylinder of 25.4 mm diameter and 63 mm length. After a
total of 64 hours growth the 317 g crystal was programme-cooled to room temperature. The
dark crystal with typical Nd absorption was free from macroscopic inclusions, and nearly
free from cracks and twin boundaries. Part of the crystal was used for the preparation of
the polycrystalline material.

The magnetic susceptibility was measured on a single crystal (0.23 g) by the Faraday
balance technique in a magnetic field of 0.004 T at temperatures ranging from 5 to 300 K.
The magnetization on a powder sample was measured with a superconducting-quantum-
interference-device (SQUID) magnetometer [14] in the temperature range 2-300 K.

The neutron scattering experiments were performed at the Saphir reactor in Wiirenlingen
(Switzerland). For structural studies the double-axis multicounter diffractometer (DMC)
was used [15], The triple-axis spectrometer RS served to measure the CEF excitations (a
pyrolitic graphite monochromator, analyser and filter, with the analyser energy fixed at
15 meV, the modulus of the scattering vector @ in the range 1.4 < O < 4.85 A~ and the
temperature in the range 12 € T £ 150 K). For zero-energy transfer the energy resolution
was AE ~ 1.2 meV. The NdGaOj powder sample (15 g) was enclosed in a cylindrical V
or Al container (12 mm diameter, 40 mm length} for the neutron diffraction or spectroscopy
experiments, respectively.
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3. Results

Qur neutron diffraction study of NdGaOj; shows that the nearest-neighbour oxygen ions
around the Nd>* site form considerably distorted octahedra (figure 1). The structural
parameters obtained by a Rietveld refinement of the neutron powder diffraction patterns
are listed in table 1. The space group of NdGaQj is Py,y, with C, point symmetry at the
Nd site. Detailed results of the structure investigation will be described elsewhere [16].

Figure 1. Crystal structure of NdGaOs showing the tift of the oxygen octahedra.

Table 1. Structural parameters of NdGaOs at T = 12 K. Lattice parameters ¢ = 5.4243 &
0.0002 A, b = 5.5014 £0.0002 A, ¢ = 7.7016 £ 0.0002 A; and atomic eoordinates x, y, z.

x ¥ z

Nd  (.0102+0.0004 00435400003  0.0000

Ga  {.505 £ 0.002 -0.004 4 0.002 0.2562 = 0.0008
01 0.5826+0.0004 -0.0189+0.0004  0.0163 £ 0.0009
02 - 02880002 0.289 - 0,002 0.217 £+ 0.001
03  0.296:0.002 0.297 £ 0.002 0.805 £ 0.001

The INS spectra at T = 12 K exhibit four well-resolved inelastic curves at 11.4, 22.5,
52.7 and 68.0 meV (figure 2). It is- well known that the intensities of CEF {ransitions
decrease with increasing scattering vector due to the form factor, and their temperature
dependences are governed by Boltzmann statistics, whereas phonon intensities usually
increase with increasing scattering vector and their temperature dependences follow Bose
statistics. Typical temperature dependences of the observed spectra are shown in figure 3.
The phonon density of states of the non-magnetic reference compound LaGaOs measured
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Figure 2. Energy spectra of neutrons scattered from NdGaO; at T = 12 X. The curves are the
result of a least-squares fitting procedure in which the CEF transitions are described by single
Gaussians.

at T = 150 K was found to exhibit a few broad inelastic lines with very small intensities, at
least an order of magnitude smaller than the CEF transitions. Thus, we have clearly cbserved
four inelastic peaks of magnetic origin.

We now consider the CEF transitions of figure 3 in detail. The peak intensities A,
B, C and D decrease upon raising the temperature from 12 to 150 K. Therefore, we can
interpret these four inelastic lines in terms of CEF transitions out of the ground state. The
ten-fold degeneracy of the ground-state J multiplet *Ip/» of the Nd** ions is split by the
CEF into five Kramers doublets. Thus, we have observed all possible excitations out of the
ground state (marked with A, B, C, D) and thereby completely determined the energy level
scheme of the N@** ions in NdGaOs, as shown in figure 4. The energy spectra taken at
higher temperatures exhibit additional peaks (marked with E, F, G, H) which correspond
to transitions out of excited CEF levels. From the temperature dependences and positions
of these peaks we armrive at an assignment of CEF transitions as indicated in figures 3 and
4. Thus we have been able to unambiguously determine the energy-level scheme of Nd**
in NdGaQs through the observation of all allowed ground-state as well as the majority of
excited-state CEF transitions.

The magnetization measurements of the powder sample clearly show that there is no
long-range magnetic ordering in the temperature range from 2 to 300 K. The magnetic
susceptibility of single-crystalline NdGaQ; turns out to be anisotropic (figure 5) with the
¢ axis as the easy axis of magnetization. Above T = 150 K the experimental data agree
well with the Curie-Weiss law, from which an effective moment of 3.64ty is obtained. This
value is in good agreement with that expected for a Nd&** free ion, ufk(Nd*¥) = 3.62u3.
Below 150 K a deviation from the Curie-Weiss law is expected due to CEF effects.
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Figure 3. Enetpy spectra of neutrons scattered from NdGaQj; for different temperatures. The
curves are as in figure 2.
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4. Analysis of results

Crystal-field calculations were camried out in the framework of single-particle crystal-
field theory [17]. Without any external magnetic or exchange field, the corresponding
Hamiltonian is ag follows:

Heer = Y ADCH () _ (1)
k.q.é :

where A% is a crystal-field parameter and C®() a spherical tensor operator of rank k
depending on the coordinates of the ith electron. The summation involving i is over all
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Figure 5. Temperature dependence of the magnetic susceptibility x of single-crystal NdGaQs
in an applied magnetic field of 0.004 T, The circles and crosses correspond 1o the components of
the magnetic susceptibility parallel xH' I and perpendicular xI' to the ¢ axis, respectively. Inset:
comparison of observed and calculated {curves} inverse susceptibility data at low temperatures;
open circles correspond to susceptibility data of the powder saraple,

f electrons of the R ion. The values for & and ¢, for which the parameters Ag") 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 compound examined here, the CEF
splitting is about 70 meV and therefore comparable to the energy separation to the next J
multiplet {(approximately 250 meV), so these intermuliiplet interactions cannot be neglected.
A crystal-field formalism considering the ground-state J multiplet alone has been introduced
by Stevens [18]:

Heer= Y BP@OrG)y  a=cs )

n.mo

where B™@) is a CEF parameter and OF(i) an operator equivalent. B™© and Br®
correspond to the real and imaginary part of the CEF parameters, respectively. The CEF
parameters A% of equation (1) can easily be transformed into the CEF parameters By of
equation (2) by using normalizing coefficients [19]. Throughout this paper we will use the
CEF parameters B™® of the Stevens operator formalism.

The CEF potential of NdGaO; with C, symmetry at the Nd** site is characterized
by 27 independent CEF parameters. Since we have only four observed lines and a few
intensity ratios from our INS spectra, we cannct initially determine so many CEF parameters
and we have to adopt some approximation. As repeatedly shown in the past [8-12] for
several perovskite-type compounds, the CEF parameters BT for n > 4 may reasonably be
determined by taking into account the geometry of the nearest-neighbouring coordination
polyhedron:

By =™ y)B a=cs. @)
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The coordination factors @ (& = c, s) are defined by Hutchings [20]. Again, ¥™® and
¥ refer to the real and imaginary parts, respectively.

In order to cover all possible ratios BJ/BS and B)/B? we introduce the parametrization
[21]:

BYFy = W(l — |y} BEF4 Wxy BYFs = W(l — |x)y (4)

with Fo, = 2, Fy =60, Fg = 2520, -1 € x € 1land -1 £y < 1. W is a scale factor.
The off-diagonal CEF parameters were ﬁrst ﬁxed at their gcomctrical coordination values
defined by equation (2). From a least-squares fit to the observed energy spectra we found
two parameter sets (x =~ 0.2, y ~ £0.9, W 2 0) which gave reasonable agreement between
the observed and calculated data. The two parameter sets differ only with respect to the
sign of the CEF parameter Bg which is known to determine the magnetic anisotropy. From
the anisotropy of the observed single-crystal susceptibility measurements (see figure 5) we
can immediately conclude that BY < 0, i.e. we retain the parameter set with y < 0 and
W < 0. Except for the sign of BY the leading CEF parameters obtained in this way are close
to those given for Nd** in the trigonal phase of NdAIO; {22]. We actually do not expect
an agreement for the second-order CEF parameters, since they are governed by long-range
elccr_rostanc contributions. In a second step we have therefore allowed ali the parameters
Bé" ®) to vary independently. We found that the B,"™ parameters had only little influence
on the overall behaviour of the CEF spectra, thus we assumed 321(“') = 0. The variation of
Bzz("’) turned out to improve the agreement between the observed and calculated intensities.

For NdGaOQ; there is a considerable spread of the radial extension of the coordination
polyhedra around the Nd** ion. From the structural information listed in table 1 we derive
the following ranges of the three nearest-neighbouring shells associated with the 0, G2**,
and Nd** ligand ions:

2282 < R(N&*+-0?") < 3.431 A
3,152 < R(Nd*-Ga*t) < 3.600 A
3.786 < R(Nd**-Nd*>*) < 3.941 A.

More distant coordination shells have interatomic distances larger than 4,33 A. In the third
step of our analysis 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 coordlnatlon factors are listed in table 2.
The final CEF parameters turned out to be:

BY = (—0.1£0.1) x 107! meV
BX? = ~0.15 £ 0.08 meV
B3 = 0.16 £ 0.08 meV

BY = (0.17 £0.02) x 1072 meV
B = (0.16 £ 0.01) x 107> meV.

The results of our analysis are summarized in table 3. In view of the underlying
approximations the agreement between measured and calculated energy levels and
normalized transition probabilities of the CEF states is rather good.
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Table 2. Geometrical coordination factors for the Nd** site in NdGaOy calculated from the
neutron diffraction data, as explained in the text.

4O AVD) ) Goienh)

n m

4 0 013x107?

4 1 -057Tx10°2 0.15 x 1072
4 2 032x10°? 0.15 x 10-!
4 3 —0.10x107? 0.62 x 16~2
4 4 —-030x10"? - —0.18x 10"
6 0 033x107?

6 1 036x10-3 0.29 x 1073
6 2 —067x1073 0.13 x 102
6 3 -~060x1073 -0.91 x 10-3
6 4 084x107? ~0.24 x 107
6 5  0.11x 102 027 x 1072
6 6 -—0.13x1072 =030 3 1072
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Figure 6. Schottky snomaly of the specific heat in magnetic fields up to 5 T, associated with
the ground-state CEF splitting of Nd®* in NdGaOs, calculated on the basis of the present CEF
parameters.

5. Discussion and concluding remarks

We have calculated the magnetic susceptibility on the basis of the CEF parameters derived
in this paper. A nice agreement is obtained with the single-crystal data for T > 25 K
as well as for the polycrystalline data (see figure 5). At present the discrepancy with the
single-crystal data for T < 25 K is not understood.

Based on our CEF parameters we have calculated the Schottky anomaly of the specific
heat in external magnetic fields, which essentially probes the wave functions of the ground
doublet state of Nd** in NdGaO;. The results are displayed in figure 6. However, to our
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knowledge there is no information on the low-temperature specific heat of NdGaQ; in the
current literature.

In conclusion, we have presented a study of crystalline-electric-field and magnetic
properties of NdGaOz; by means of INS and magnetic susceptibility measurements. A set
of CEF parameters has been derived in terms of single-particle crystal-field theory based
on geometrical coordinations associated with the Cs site symmetry of Nd*t and J-mixing
between all multiplets of the *I term, which adequately explains the majority of magnetic
and crystal-field properties of NdGaQ;. Our results may easily be used to extrapolate the
CEF interaction to other compounds having related structures. At present we are involved
in further studies of the CEF interaction in RGaQ and RNiQ; compounds, in order to
understand the nature of the electronic localization in the nickelates.
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