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Abstract—The effect of chemical composition and temperature on exciton—magnon interactionsin Ni;Mg; _ O
single crystals was studied using optical absorption spectrain the region of the magnetic-dipole 3Azg(G) —
3T ,4(F) and electric-dipole *A,y(F) — *E4(D) transitions. The two zero-phonon lines at ~7800 and ~7840 cm™
on the low-energy side of the magnetic-dipol e transition band were assigned to a pure exciton transition and an
exciton—-one-magnon transition at the center of the Brillouin zone. The intensity of the exciton—one-magnon
peak decreases rapidly with increasing magnesium ion concentration and/or temperature, to vanish altogether
aT=6Kforc<095andat T =130K for c= 0.99. Thus, the contribution of long-wavelength magnonsin
optical absorption spectraof NiMg; _ O becomes negligible at temperatures substantially lower than the Néel
point Ty (the antiferromagnetic ordering temperature). This observation can be explained as being due to asub-
stantial decreasein the characteristic spin—spin interaction length with increasing concentration of the diamag-
netic magnesium impurity ions (static disorder) and/or with increasing amplitude of thermal atomic vibrations
(dynamic disorder). At the same time, the peak at ~14500 cm™, which lies in the electric-dipole transition
region and corresponds to excitation of an exciton and two magnons at the Brillouin zone edge, remainsvisible
up to the Néel temperature. This is accounted for by the short-wavel ength magnons being sensitive to short-

range magnetic order, which persists up to Ty. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Pure nickel oxide NiO is an antiferromagnet of the
second kind with a Néel temperature Ty, = 523 K. Sub-
gtitution of apart of nickel ions by magnesiumionspro-
duces acontinuous series of Ni.Mg;, _.O solid solutions
[1]. The magnetic phase diagram of the Ni_Mg, _.O
system, which has been established earlier by elastic
neutron scattering [1] and SQUID magnetometry [2],
indicates the existence of four regions (Fig. 1) [1]: (1) a
homogeneous antiferromagnet (0.63<c< 1), (2) aclus-
ter antiferromagnet (0.4 < ¢ < 0.63), (3) a spin-glass-
type structure (0.25 < ¢ < 0.4), and (4) a paramagnet
(c < 0.2). We note that both of the experimental meth-
ods mentioned above [1, 2] are sensitive to long-range
magnetic order. Microscopic studies [3] of the effect of
composition and temperature on the domain structure
of Ni;Mg, _ O single crystals provided additional infor-
mation. It was established in [3] that adomain structure
exists at temperatures substantially below Ty (Fig. 1)
and that it is more sensitive to the solid-solution com-
position than the Néel temperature. Magnetic order in
theNi;Mg;, _ O solid solutions was also investigated by
optical absorption [4], luminescence [5], and Raman
spectroscopy [6].

This publication reports on a study of the contribu-
tion of exciton—magnon interactions to the optical
absorption spectra of NiMg,_.O single crystas.
Attention is focused on the dependence of the one- and
two-magnon contributions on the solid-solution com-
position and temperature.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Ni.Mg; _.O single crystals were grown by chemical
transport reactions [7, 8] on (100)-oriented MgO sub-
strates. The samples were of a greenish color, whose
intensity depended on the nickel content and varied
from green for ¢ = 1 to light green for small c. The
chemical composition of the solid solutions was
checked by neutron activation analysis[9]; it wasfound
that the nickel content was stoichiometric to within
+0.01%. The optical absorption spectrawere measured
on a Jasco V-570 double-beam spectrophotometer with
atungsten lamp serving as a light source. The absorp-
tion spectra were recorded by a photomultiplier tube
and a PbS photocell in the energy intervals 11110-
18500 and 7600-12500 cm™?, respectively. The tem-
perature of the samples, fixed in a helium cryostat, was
measured in the 5-to 293-K range to within £1 K.
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Fig. 1. Magnetic phase diagram of the Ni;Mg, _ O solid
solutions obtained using elastic neutron scattering [1] and
SQUID magnetometry data [2]. The region of an infinite
antiferromagnetic cluster [3] is specified by open squares. P
denotestheregion of the paramagnetic phase, AF isthe anti-
ferromagnetic phase, and CSG indicates the cluster spin
glassregion.
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Fig. 2. Low-energy part of the 3A,y(F) — 3Tp4(F) mag-
netic-dipole absorption band in Ni_Mg, _ O single crystals
measured at T = 6 K. The peaks corresponding to the pure
exciton and the exciton-one-magnon transitions are
denoted by A and B, respectively.

3. RESULTS AND DISCUSSION

The optical absorption spectra of the NiO nickel
oxideand Ni;Mg, _.O solid solutions can beinterpreted
using the energy level diagram of afree nickel ion Ni%*
(3d®) in a cubic crystal field. The observed absorption
bands are related to parity-forbidden d—d transitions,
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three of which, 3A,(F) — 3Ty(F), 3Ay(F) —
STiy(F), and 3Ay(F) — 3Tyy(P), are spin-allowed
(AS= 0), whereas the others are forbidden. We will
consider the two lowest bands, which correspond to the
magnetic-dipole transition 3Ay(F) — 3Ty (F) at
~8800 cm? and the electric-dipole transition
3A(F) — 'E4(D) at ~13800 cmr ™,

At low temperatures (T < 100 K), the magnetic-
dipole absorption band 3A,y(F) — 3T,4(F) of NiO con-
sists of two narrow, zero-phonon lines (peaks A, B in
Figs. 2, 3) and abroad vibronic band with several max-
ima corresponding to simultaneous excitation of an
exciton and phonons [4, 10]. Peak A at ~7800 cm™ is
due to the exciton transition, and peak B at ~7840 cm
is associated with exciton—-one-magnon excitation
involving a magnon with k = 0, i.e,, at the Brillouin
zone center [4, 10]. The magnon energy is determined
by the interval separating peaks A and B [10]. Variation
of temperature and substitution of magnesium for
nickel result in homogeneous and inhomogeneous
broadening of the absorption band, respectively, which
affects the intensity and position of both the A and B
peaks and the vibronic band [11].

Figure 3 displays the temperature dependence of the
absorption due to the 3A,(F) —= 3T,,(F) magnetic-
dipole transition in NiO and the NiygMgy ;O solid
solution. In both cases, peak B disappears at ~110 K,
i.e, substantially below the Néel temperature Ty ~
523 K. The separation between peaks A and B (Fig. 4a)
does not vary with temperature, which implies a con-
stant magnon energy. Nevertheless, the positions of
both peaks, aswell as of the absorption band maximum,
shift to lower energies, which may be attributed to a
changeinthecrystal field strength resulting from lattice
expansion [8]. Another interesting observation is the
nonlinear variation of the I(B)/I(A) amplitude ratio of
peaks A and B (Fig. 4b). A comparison of the two
graphs in Fig. 4 reveals that the I(B)/I(A) ratio varies
faster below 60 K, where the A and B peaks do not
change position. At the same time, the two peaks
change position toward lower energies above 60 K,
although their amplitude ratio remains constant to
within the experimental error.

The absorption originating from excitation of the
long-wavelength magnon (at the center of the Brillouin
Zone) is sensitive to long-range magnetic order; there-
fore, peak B and the magnetic structure of nickel oxide
and of the solid solutions are related. Substitution of
magnesium ionsfor nickel (up to 10%, ¢ > 0.9) strongly
reducesthe peak B intensity already at T=6 K (Fig. 2),
i.e., substantially below the temperature of the phase
transition from the antiferromagnetic to paramagnetic
state (Fig. 1) [1, 2]. To within the experimental error,
the magnon energy in NigMg, _ O for ¢ > 0.95 remains
constant and equal to the value for pure NiO, wy, =
41 cm. A decrease in wyy, by ~8 cm! was observed to
occur for ¢ = 0.95 (Fig. 2). While the one-magnon pro-
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Fig. 3. Temperature dependence of the 3A29(F) — 3ng(F) absorption in NiO and Nig ggMJg 010 single crystals. Peak A corre-
sponds to the exciton transition, and peak B corresponds to the exciton—one-magnon excitation.
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Fig. 4. (a) Variation of the A and B peak positions with temperature in NiO and Nig ggMg,01O single crystals. The separation
between the two peaks remains constant and equal to the magnon energy wyy = 41 cm. (b) *A,y(F) — 3T14(F), 1E¢(D) ratio
of the A and B peak amplitudesin NiO and Nig ggM g 01O single crystals.

cess does not produce a contribution in the form of a
single peak for c< 0.9 at 6 K, the NiygMg, 100 sample
neverthelessreveals a strongly smeared featurein place
of peaks A and B (Fig. 2). According to the magnetic
phase diagram (Fig. 1), antiferromagnetic order at 6 K
isobservedin Ni_Mg; _.O solid solutionsfor c = 0.4[1,
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2]; moreover, for ¢ = 0.6, a continuous antiferromag-
netic domain structure exists[3]. InpureNiO or insolid
solutions with low magnesium content, a continuous
antiferromagnetic domain structure is observed to per-
sist up to ~450 K [3], whereas antiferromagnetic order
exists substantially above room temperature, up to
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Fig. 5. Temperature dependence of the 3Azg(F) —
3T14(F) and *E4(D) absorption in aNig goMgg 400 single
crystal.

523 K. These results reflect the macroscopic magnetic
properties of NiO and NiMg; _.O, whereas optica
absorption spectra are sensitive to magnetic interac-
tions at a microscopic level. Our observations suggest
that the long-wavelength magnons at the center of the
Brillouin zone are very sensitive to violations of the
long-range spin—spin correlations, which occur with
increasing temperature and/or dilution by nonmagnetic
ions.

Figure 5 shows the temperature dependence of the
absorption due to the 3A,(F) — 'Ey(D) electric-
dipole transition in NiggMgp 40. The E((D) absorp-
tion band is seen to overlap partially with the transition
to the 3T y(F) level lying close to 15700 cm™. The
'E4(D) band intensity decreases sharply in the 200- to
275-K temperature interval, somewhat below the Néel
point Ty, ~ 320 K. Our previous studies[12] of asimilar
absorption band in single-crystal KNiF; permit the con-
clusion that the shape of the *E4(D) band is governed by
vibronic processes, in which an exciton and one or sev-
eral phonons are excited simultaneously, and by an
exciton—two-magnon process, which involves excita-
tion of an exciton and two magnons at the Brillouin
zone edge. No pure exciton transition is observed in the
absorption spectrum, because thistransition isboth par-
ity- and spin-forbidden; it should lie near 12500 cm™.
The zone-edge excited magnons are short in wave-
length and, thus, sensitive to short-range magnetic
order. Therefore, the absorption corresponding to the
exciton—two-magnon processis observed to occur up to
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the Néel temperature (Fig. 5). The two-magnon contri-
bution was found earlier to behave in asimilar way in
Raman spectra of NiO [6] and KNiF; [13]. The energy
W,y heeded to excite two magnons in NiO is approxi-
mately ~1400 cm™, i.e., substantially higher than that
in KNiF; (w,y = 813 cm™) [12]. The difference
between the two energies is due to the superexchange
interaction between nickel ions, which is stronger in
NiO.

4. CONCLUSION

Thus, we have studied the temperature and concen-
tration dependences of optical absorption spectra of
NiO and NiMg,;_O single crystas grown on
MgO(100) substrates. Attention was focused on the
magnon contribution in the absorption bands associated
with the magnetic-dipole 3Ay(F) — 3Ty(F)
(~8800 cm™?) and electric-dipole 3Ay(F) — *E4(D)
(~13800 cm™) transitions. It was found that the two-
magnon absorption contribution varies in close corre-
spondence with the magnetic phase diagram for
Ni,Mg;_.O, whereas the one-magnon contribution is
observed only at temperatures substantially below the
Néel point. The results obtained were interpreted as
being due to different magnons being involved in the
processes. The two-magnon absorption involves zone-
edge magnons, whereas the magnon taking part in one-
magnon absorption is excited at the center of the Bril-
louin zone. Because the zone-edge magnons are short
in wavelength, they are sensitive to the short-range
magnetic order, which persists at fairly high tempera-
tures and for large dilutions of nickel oxide by magne-
siumions. At the sametime, the zone-center magnonis
long in wavelength and, therefore, particularly sensitive
to thermal and/or structural magnetic order violations,
which arise already at fairly low temperatures and for a
10% substitution.
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