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Abstract

NiO, CoO, MnO single crystals and single crystal solid solutions of Ni.Mg;_.O, Co.Mg;_.O and Mn.Mg,_.O were grown by the method of
chemical transport reaction (the “sandwich” technique). The nature of the observed absorption and luminescence bands is explained in terms of
the electronic transition of bivalent nickel, cobalt and manganese. The fine structure of the observed bands in NiO and MnO are connected to the

pure exciton transition and to the exciton-magnon excitation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A single crystal solid solution containing transition metal ions
(3d-ions) is an important object of investigation both for theoreti-
cal speculations and for practical applications [1-5]. By varying
the 3d-ions content, it is possible to change the phase transi-
tion temperature, optical and other properties of solid solutions.
Chemical transport reaction (CTR) method has been developed
to obtain best quality single crystals of nickel, cobalt and man-
ganese oxides and single crystal solid solutions of transition
metal oxide—-magnesium oxide. Absorption and luminescence
spectra of these materials are under study.

2. Experimental details

NiO, CoO, MnO single crystals and single crystal solid solutions of
NiO-MgO, CoO-MgO and MnO-MgO were grown by the method of chemical
transport reaction (the “sandwich” technique [6]). The MgO single crystal cut in
(111) and (100) planes with thickness of ~1 mm are largely used as substrate
for transition metal oxides and solid solution grown. The initial substances are
the Ni(NO3)2-6H,0, Mg(NO3)2-6H,0 and Co(NO3),-6H>0. The substances
mixed in certain molar correlation (ratio) and heated at temperatures 700-900 K
during 6 h for removal NO;, then pressed and annealed again at 1400 K during
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60—100h in air for formation of the single phase polycrystalline solid solution
of Me.Mg;_.O.

It is difficult to obtain the single MnO-MgO solid solution, because the
majority of oxygen-containing manganese salts decompose without formation
of monoxide MnO. Polycrystalline MnO is received in vacuum or CO, atmo-
spheres with thermal decomposition of manganese oxalate or carbonate. The
obtained MnO is examined by X-ray analysis and IR-spectroscopy [7]. It has
been experimentally found that the best quality film can be grown in the fol-
lowing optimum conditions: the substrate temperature 7=1150-1200K, the
temperature difference between the source and the substrate AT=50-100 K, the
hydrogen chloride pressure 40-60 mm Hg. The rate of single crystal growth in
the above mentioned conditions is 0.03-0.1 wm/s. Size of the obtained crystals is
6 mm x 10 mm, thickness 50-100 wm and depends not only on the growth time
but also on the concentration of metal ions in the source. It has been established
that the single-crystal solid solution of Me.-Mg;_.O has a face-centered crys-
tal structure of NaCl type and an orientation coinciding with that of a substrate.
The chemical transport reaction method was used for growth of the single-crystal
solid solutions of Ni-Mgj_.O, Co.Mg;_.O and Mn.Mg_.O, where “c” varies
from O to 1. Lattice parameter of obtained single crystals are given in Fig. 1.
The chemical composition of a solid solution was determined by instrumental
neutron activation analysis [8].

The luminescence spectra have been measured with a SPM-2 monochroma-
tor having diffraction grating of 651 lines/mm. The crystals were exited with a
high-pressure xenon lamp (DKSEL-1000) connected with the monochromator
(ZMR-1) with a quartz prism. Monitoring was carried out by a synchro-detection
method using a photomultiplier tube (FEU-119) in the visible region and a
recording part of the spectrophotometer “VSU-2P” (Karl Zeiss Jena) in the near
infrared region. The optical absorption spectra were measured using double-
beam spectrophotometer “Specord M-40” (Karl Zeiss Jena) operating in region
50,000—11,000 cm ™! and the one-beam spectrophotometer “VSU-2P” in region-
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Fig. 1. Lattice parameters of 1, Ni.-Mg;_.O; 2, Co.Mg;_.O; 3, Mn.-Mg;_.O
single-solid solution as function of metal ion concentration.

30,000-3700 cm™~!. The optical measurements were made in the temperature
interval 300-10 K.

3. Results and discussion

The absorption spectra of Ni_Mgj_.O are shown in Fig. 2. In
the concentration range of nickel ions smaller than ¢=0.01, the
absorption and luminescence bands are connected only with the
spin-allowed transition. In the energy range 7800-8300cm™!
these spectra correspond to 3A2g — 3T2g magneto-dipole tran-
sition in Ni%* and consist of two zero-phonon lines (E and
T) at 8005 and 8182 cm~!. These two lines, previously, have
been explained by the spin-orbit splitting [9]. In [10], it was
suggested that these lines were due to the splitting of the
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Fig. 2. Optical absorption spectra of Ni** ions in single-crystal Ni-Mg;_.O
(1-¢=0.01;2—¢=0.1;3—¢=0.5;4 — c=0.85).

3T2g state by crystal field acting on Ni ions located in the
off-center positions. This conclusion is supported by X-ray
absorption spectroscopy (XAS) [11]: it shows that Ni ions in
the Ni-Mgj_.O solid solution shift upon dilution to the oft-
center positions, so that the average Ni—Ni distance remains
nearly constant. The additional sharp lines at 7822, 7888, 7921
and 7937 cm~! appear at the Ni concentration 0.01 <c¢<0.1
and correspond to the zero-phonon transition, confirming the
presence of the exchange coupled Ni>*—Ni%* pairs. The max-
imum number of isolated pairs appears at ¢=0.05 [12]. An
increase of the nickel ions concentration (0.1 < ¢ <0.3) results in
an appearance of new bands and in a shift of the bands maxima.
These new bands are caused by spin forbidden electric-dipole
transition: 3Age(F) — 'E(D), 3Aze(F) — 'A1o(G); !Toe(D),
3 A2g(F) = 'T14(G), 3Aze(F) — 'Eo(G); ' T2e(G). The investi-
gation of the band intensity dependence from temperature and
nickel concentration shows that the restriction due to the spin
selection rule is removed by the exchange interaction. In the tran-
sition metal concentration range 0.3 < ¢ < (0.85, a transition to the
magnetically ordered state is observed. The dependence of opti-
cal absorption bands intensity on temperature has an anomaly at
the point of phase transition. We have shown [13] that the energy
difference between two peaks, located at the low energy side of
the band due to the magnetic-dipole 3Ax(F) — 3Toe(F) tran-
sition in NiO is related to the zone-center (k=0) one-magnon
energy, so that the low-energy peak was attributed to the pure
exciton transition, whereas the high-energy peak to the exciton-
magnon excitation.

The optical absorption spectra of single-crystal solid solu-
tions Co,Mgi_.O can be interpreted using the energy level
diagram of a free ion Co®* in a cubic crystal field. The observed
absorption bands are related to d—d transitions from the ground
state 4T ¢(F) to the excited states 4T2g (“F), *T, g(4P), which are
spin-allowed (AS =0) and to excited states 2A4 g(zG), 2ng(zD),
2T1o(?P), >T1o('G), 2E(®D), which are spin-forbidden.

The optical absorption spectra of single-crystal solid solu-
tions Mn.-Mg;_.O at different manganese concentration are
shown in Fig. 3. The Mn?* ions have a 3d> electron configura-
tion. All electron transitions for this configuration are forbidden.
Previous absorption measurement of MgO:Mn>* has been made
by Koidl and Blazey [14]. The manganese ions concentration
increase in Mn.Mg;_.O leads to the appearance of the bands
related with d—d transition in Mn2* ions in the optical absorption
spectra. Comparing the obtained results with the Tanabe—Sugano
diagram [15], the experimental results from [16] and the calcu-
lated values from [17], we conclude that the absorption bands in
Mn:Mg;_.O correspond to the transitions from the ground state
6A1g (S) to the excited state: the band 37,500 cm™!, 4T1g(P);
28,000 cm~!, “Eg(D); 26,000cm™!, 4Tre(D); 23,500cm™!,
“Eg, *A14(G); 20,500 cm ™!, #T2,(G); and band 16,000cm~!,
4T1g(G). The restrictions caused by the selection rule are
removed owing to the exchange interaction. Our last investi-
gation of the high-resolution optical absorption spectra in the
region of the 6Alg(S)—>4T1g(G) transition in single crystal
MnO shows two peaks at 15,680 cm~!, which are attributed to
pure exciton transition (E) and exciton — one-magnon excitation

(E+M).
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Fig. 3. Optical absorption spectra of single-crystal Mn.Mg;_.O (1 —c¢=0.1;
2—c¢=0.3;3—-c=0.85).

4. Conclusions

Very good quality single crystals of nickel, cobalt and man-
ganese oxides and single-crystal solid solution of transition
metal oxide-magnesium oxide were obtained by the chemical
transport reaction (CTR) method. The optical absorption and
luminescence spectra have been measured in the near infrared
and visible regions in the temperature range from 10 to 300 K.
The nature of the observed absorption and luminescence bands
is explained in terms of the d—d electronic transitions within
bivalent nickel, cobalt and manganese. The fine structure of the

observed bands in NiO and MnO is connected to the pure exciton
transition and to the exciton-magnon excitation.
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