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Behavior of one-magnon frequency in antiferromagnetic NiMg,_.O solid solutions
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The one-magnon scattering was studied in antiferromagnegiddyi O solid solutions. We observed un-
predicted behavior of both temperature and composition dependences of one-magnon excitation energies. First,

the abrupt change of the one-magnon frequency by

7—8 oocurs betweer=0.98 andc=0.9 in the limit

of T—0 K. Second, upon increasing temperature, the one-magnon energy for highly diluted nickel oxide

vanishes significantly below the Néel temperature.
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I. INTRODUCTION

PACS nun®er75.50.Ee, 72.10.Di, 78.30j, 87.64.Je

chains Nf*-O?"-Ni%*. The magnons-dispersion curves in
NiO were determined by inelastic neutron scattering in Ref.

The NiMg, O system forms a continuous series of solids Near the Brillouin zone cent¢BZC), two magnon modes

solutions with a rock-salt crystal structurédue to a small
difference(about 0.02 A of the ionic radii of Nf* and Mg*

were observed, which correspond to antiferromagnetic reso-
nance(AFMR) out-of-plane and in-plane modes he out-

ions, allowing them to substitute each other. The lattice conpf-plane AFMR mode was detected at 36.6 ¢fhand it was

stant of NjMg,_.O solid solutions variésfrom 4.177 A in
pure NiO(c=1) to 4.212 A in pure MgQ(c=0) close to the
linear dependence, predicted by the Vegard'siawore pre-
cisely, the lattice constant values lie slightly belgup to
0.002 A the Vegard’s model predictidrjue to the off-center
displacement of the nickel ioffs;aused by the 90° superex-
change interactioig (Jyy=11 cni'in Ref. 5 between two
nearest-neighbotNN) Ni* ions via an oxygen ion. It is
noteworthy that such an exchange-coupling of NN*Nons
leads to a formation at 0.64c<0.2 of isolated Ni*-Ni2*
pairs, observable in photoluminescence spéttra.

The magnetic properties of the NMg;_.O system vary
strongly with the composition from antiferromagneticlike be-
havior, for pure NiO, to diamagneticlike behavior for pure
MgO.1? For intermediate compositions wita>0.3, the
paramagnetic-to-antiferromagnetic phase transition occu
upon cooling-? Thus, the simplicity of the crystal structure
and the ease of preparation make theMyj; _.O solid solu-

tions an ideal system to study the physics of diluted antifer

romagnets and, in particular, the magnon excitations.

In this paper, we present the compositi@h5<c<1.0
and temperaturé10<T<400 K) dependence of the one-
magnon Raman scattering in the ,Mg;_.O system. Both

dependences show unpredicted behaviors for diluted compe;,

sitions(c<1).

Pure NiO is a type Il easy-plane antiferromagnet with the

Néel temperaturdy=523 K2 Below Ty, the spins of the
Ni2* jons in NiO are ordered ferromagnetically {111}

planes, where they lie along tH&12) axes>'° The antifer-

also found in far-infrared absorption spectrum of NiO in
Refs. 12 and 13. The in-plane AFMR mode was observed at
~8 cnitin Ref. 5.

Magnon excitations in pure NiO were successfully probed
in the past by Raman spectroscopy. In particular, the
one-magnonr?~1"two-magnon&-1418-2%and four-magnori8
scattering was detected.

Temperature-dependent measurements of the one-magnon
scattering in blacKoxygen-deficientNiO evidenced a dou-
blet structurg37.6 and 43.8 cint at 10 K), which melts into
one broad line at room temperature: it was attributed to sur-
face and bulk magnon modes, respectiVél{n the other
hand, more recent measurements carried out on green NiO
did not show clear evidence of the doublet peak sHépe.
Note that the observed temperature dependence of the one-

agnon scattering in pure NiO is in good agreement with

eoretical predictions for the BZC magnon frequency

21,22
W1 M-

The two-magnon scattering in NiO occurs, in the limit of
T—0 K, atw,y=1550 cm* and is associated with the Bril-
louin zone-boundaryBZB) magnons excitation. This scat-
tering has a relatively higher intensity when compared to
other magnon excitations, since the magnons density is
strongly peaked at the BZBTemperature dependence of the

Wwo-magnon scattering was studied in Ref. 18 and shows
expected behavid® The four-magnons scattering in pure
NiO is very weak and was observed only in Ref. 19.
Pressure dependence of the one-maghand two-
magnonr! scattering in NiO was also studied and was ex-
plained by the variation of the dominating NNN exchange

romagnetic structure of NiO is determined by dominatingenergyJynyy @s a function of lattice constant.

superexchange interactiofiy=150 cn! in Refs. 5 and
11) between next nearest-neighb@E\N) in the linear atom
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Only two workg%24 exist to our knowledge dealing with
the magnetic excitations in diluted nickel oxide. In Ref. 24,
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two-magnon Raman scattering was measured in calcium-
doped NiO with calcium content up to 6 mol %. It was found
that upon dilution, the position and shape of the two-magnon
band follow the expected behavidr??

In our previous work on NMg;_.O solid solutiong? the
dependence of the two-magnon band on the composition and
temperature was studied by Raman spectroscopy in a wide
range of compositions(0.3<c<1) and temperatures
(10-300 K. The observed variations of the two-magnon
scattering® are consistent with the magnetic phase diagram
of the Ni;Mg;_.O system.

In the present paper, we extend our studies to the case of
long-wavelength one-magnon scattering, which is more sen-
sitive to the destruction of the long-range magnetic order
upon dilution than the short-wavelength two-magnon scatter-

ing does. FIG. 1. Temperature dependence of the one-magnon scattering
in NiggMgg 4O solid solution in the anti-Stokes and Stokes Raman
II. EXPERIMENT spectra. The asterisk indicates the position of a plasma line from

. ) argon laser.
The samples used in our experiments were both polycrys-

talline and single crystal. Polycrystalline pure NiO and solid
solutions NiMg;_.O with ¢c=0.9 andc=0.5 were prepared

using ceramic_ technology from the appropriate amounts 0operated in photon-counting mode. The signal was stored
aqueous.solutlons O.f MBIO),-6H,0 and NINOs),- 6H,0 ._into a multichannel analyzer and then sent to a microcom-
;alts, which were mixed and slowly evaporated. The remaing uter for the analysis. The Raman spectra were recorded at
ing dry flakes were heated up to 500-600 °C to removey 5 \o1 spectral steps from —80 to 90 chnthus including
NO, completely. The obtained polycrystalline solid solutions both anti-Stokegmagnon annihilationand Stokegmagnon

were pdre;shsed anpl ﬁnnealeldddlérlng 1?0 Mgt 12t00 c "; creation parts. Note that all Raman experiments were per-
ar an en quickly cooled down 10 room temperature.c, o q iy zerg magnetic-field conditions.

Single-crystal solid solutions witle=0.99, 0.98, 0.80, and
0.60 were grown epitaxially from polycrystalline (Mg, _.O
solid solutions of the same composition on freshly cut and Il. RESULTS AND DISCUSSION

polished single-crystal MgQ00 substrates by the method ) )

of chemical transport reactions using HCl gas as the trans- Representative experimental results of the one-magnon
port medium?® The single crystals had a size of about 6 Scattering in NiMg;_O system are shown in Figs. 1 and 2

X 6X 1 mne. for two composition=0.6 andc=0.8.

All the obtained samples had a green color. The chemical Figure 1 clearly indicates that one-magnon excitation,
composition of solid solutions was controlled by instrumen-corresponding to the out-of-plane AFMR mode, can be well
tal neutron-activated analysié.It was confirmed that the Observed in both anti-Stokes and Stokes parts of the Raman
content of nickel in the samples was in agreement with thépectrum. This allows for more precise determination of the
stoichiometric one within £0.005-0.01 depending on the

Intensity

60 40 20 0 20 40 60
Raman shift cm™)

of 3 cnl. The filtered radiation was detected by a cooled
%—35 °C) photomultiplier tube(RCA, model C31034A-0

composition. For high nickel content in Mg,_.O solid so- Ni_ Mg O - ' )
lutions with c=0.99,0.98, the estimated accuracy is +0.005, “_"'a o2 8 Nrmmeawaon
whereas it decreases to +0.01 going to lower nickel concen- i 67
trations(c=0.5. Our previous x-ray absorption spectroscopy ..._,.,.../-" Nrangtad
studies indicate also that the number of nickel and magne- Pt 13
sium ions in the second shell of nickel ions varies in agree- 2 /.r\
ment with the uniform distribution modél. D s A 172
Temperature-dependent measurements were carried out 2 P *

. Ew 216
from 10 to 400 K using standard macro-Raman apparatus, Lo,
with a right-angle scattering geometry. The Raman spectra R )
were excited by the 5145-A line of an argon laser, with a T, 256 |
nominal power of 100 mW at the cryostat window. The i mrnnaed

i iqui i e, 265

samples were mounted in a liquid helium flux cryostat, and AN et Ny
the temperature was controlled within +2 K. The scattered 10 20 30 a0 50

radiation was focused at the entrance slit of a one-meter focal
length double monochromatédobin-Yvon, model Ramanor
HG2-§, mounting concave holographic grating2000 FIG. 2. Temperature dependence of the one-magnon scattering
grooves/mn. The experimental resolution was of the order (the Stokes paytin Niy gMg O solid solution.

Raman shift {cm™)
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FIG. 4. Composition dependence of the one-magnon frequency
in the limit of T—0 K in NiO and Ni{Mg;_.O solid solutions. The

0 1 1t 1 1
0 100 200 300 400 500 600 solid line is the theoretical prediction from equati¢Ref. 27
Temperature T (K) w1m=(2wgwp+ w3)Y2 The two dashed lines indicate the deviation

of wq)y due to uncertainty i, andJyyy (Ref. 5. The inset figure
FIG. 3. Temperature dependence of the one-magnon frequenghows dependence of the single-ion anisotropy frequencyersus
values in NiO and NMg;_-O solid solutions. The data for pure the sample composition, determined by fitting the previous expres-
NiO from Ref. 16 are schematically shown for comparison by in-sion to each experimental point separately. The solid line in the
terconnected starsee text for detai)s inset is only a guide for the eyes.

one-magnon frequency;y. Note that the in-plane mode, dence of the one-magnon frequency in NiO is in close agree-
expecte@?! at ~8 cni’?, cannot be observed in our experi- ment with the theoretical prediction from Ref. 22, based on
ment due to an overlap with the elastic scattering of lasethe exchange and single-ion anisotropy parameters deter-
light. Forc=0.6, the one-magnon frequency, extrapolated tanined by the neutron-scattering experiments.
T=0 K, is about 29+ 1.5 cit. Upon increasing temperature,  The dilution of nickel oxide with magnesium ions results
the magnon frequency decreases and the peak broadens. Mto a decrease of the one-magnon frequency. However, as
magnon contribution is detected far=0.6 above about one can see in Fig. 3, this decrease is not uniform. In the
190 K due to strong overlap between the magnon peak aniémit of T—0 K, the one-magnon frequency changes only
the too-much intense tail of the elastically scattered laseslightly for the compositions 0.98c=<1.0, for smaller val-
light. The extrapolation of the temperature dependence of thees ofc an abrupt lowering of the,,, value is observed for
one-magnon frequency t@,,,=0 (Fig. 3 gives the critical ¢=0.90, but no significant variation @é,,, is found for 0.5
temperaturel of about 210 K, which is much smaller than <c<0.9. In fact, the one-magnon frequencyTat: 0 K for
the Néel temperatur€,(c=0.6) =310 K Note that this dif- the samples wittc=0.9, 0.8, 0.6, and 0.5 falls within the
ference is significantly beyond the error of tfig determi-  interval 27+3 cm? (Fig. 3.
nation, estimated to be about +30 K at maximum. The one-magnon frequency in zero magnetic field is given
Figure 2 shows the temperature behavior of the oneby wiy=(2wgwa+®3)*%?” where we=zSqnn is the ex-
magnon Stokes scattering in jNMgo ,0. Here the magnon change frequencyw, is the single-ion out-of-plane aniso-
contribution is detectable up to about 270 K, and the onetropy frequencyz is the number of the magnetic neighbors,
magnon frequency extrapolated td=0 K is about andSis the spin. In the case of solid solutions, the conven-
26+1 cm. The magnon frequency decreases and the peaional approach is to substitute with z¢?® so that wg
progressively broadens upon temperature increase. The exzcSJyy. It was used previously to explain succesfully the
trapolation of the temperature dependence of the onesomposition dependence of the one-magnon Raman scatter-
magnon frequency te,,=0 (Fig. 3 gives the critical tem- ing for Fe,ZnF, solid solutions in Ref. 28. The result of the
peratureT of about 300 K, that is, as far=0.6, remarkably calculation for NiMg;_.O is shown in Fig. 4. Here we used
lower than the Néel temperatuiig(c=0.8) =420 K1 S=1, z=6, Jyww=153%3 cm?, and w,=0.785+0.03 crit
Temperature dependences of the one-magnon frequenéthe two latter values are from Table IV of Ref). Bs one
for all the measured compositions are shown in Fig. 3. Herean see, such predicted dependence of the one-magnon fre-
we present also for comparison the data for pure NiO frongquency on the compositiofsolid line in Fig. 4 deviates
Ref. 16. Note that due to a double-peak model utilized insignificantly from our experimental observations.
Ref. 16 to describe the magnon peak at low temperatures, In the above-mentioned expression oy, the two pa-
there are two magnon frequencies below 240 K. Our resultsametersJyyn and w,s, may differ from their values in pure
for pure NiO did not reveal any reliable splitting of the one- NiO upon dilution by magnesium ions.
magnon peak shape, therefore only one magnon frequency An estimate for the variation of the exchange constant
was obtained, which overlaps well with the lower frequencyJyyy in NigMg;_.O can be obtained by combining the results
magnon values of Ref. 16. Note that our temperature deperof the pressure dependent magnetic Raman sttidiewith

134415-3



CAZZANELLI et al. PHYSICAL REVIEW B 71, 134415(2005

structural information provided by x-ray diffractiof)KRD)  vanishes altogether dt=6 K for c<0.95 and aff=130 K
(Ref. 3 and x-ray absorption spectroscofyAS).#?° Pres-  for ¢=0.993° due to additional broadening of the exciton
sure dependence of the two-magnon Raman scattéringexcitation. One should note also that in the case of
shows that a decrease of the lattice parameter in pure Ni@el_XZnXF2 solid solution, the one-magnon Raman scattering
from 4.18 A at ambient pressure to about 4.02 A at 30 GPQV&S observed at least up to the Néel tempereﬁfhﬂ'ﬁ]ere-
results in a linear increase of the superexchange constagire, it can be concluded that the one-magnon scattering in
Junn from 153 to 220 cm. The pressure effect on the one- Nj Mg, O solid solutions is very sensitive to the destruction
magnon Raman scattering, measured in Ref. 17 up 8 the Jong-range magnetic ordering with increasing concen-

20.3 GPa, leads to the same results. Therefore, one Cou{pation of the diamagnetic maanesium imourity icssatic
expect that a change of the lattice parameter igVigi,_.O disorder. g g purity  icf

solid solutions can cause the changelgin.
Precise XRD studiésindicate that the lattice constant in
Ni:Mg;_.O solid solutions increases by only 0.015 A from IV. SUMMARY AND CONCLUSION

pure NiO to Nj gMgg 5O that could cause a decreaselgfy . A .
by about 6 crit. However, a nearly constant intensity of the 1€ one-magnon scattering was studied in antiferromag-

pre-edge peak, observed by XABef. 29 at the Ni-K edge, netic NMg; O solid solutions. Note that the samples used
suggests thaly,y remains constant upon dilution. Therefore, in the present work were characterized and deeply investi-
an abrupt change of the one-magnon frequency in Fig. 4ated previously by several experimental techniques as
seems to be not determined fyy, but should be attributed neutrort and x-ray diffraction, instrumental neutron-
to the change of the single-ion anisotropy enetgy The  activated analysi€ optical absorption and luminescerft®,
latter can be estimatetsee the inset in Fig.)4from the  Raman scattering, and x-ray absoption spectroscdi?.
obtained variation of the one-magnon frequency by fitting Two unexpected results were found for temperature and
the above expression fapn;, to each experimental point composition dependences of one-magnon excitation ener-
separately and assuming thagyy=const. Thus obtained gies. We observed clearly an abrupt change of the one-
variation of w, with composition is unclear and could be magnon frequency by 7-8 ¢t betweenc=0.98 andc
attributed to the change of the local environment around=0.9 in the limit of T—0 K. Besides, we found that upon
nickel ions upon dilution. increasing temperature, the one-magnon energy for highly
Another interesting phenomenon, observed igMdj; O  diluted nickel oxide vanishes significantly below the Néel
solid solutions, is related to the dependence of the criticalemperature. While it is difficult to suggest any theoretical
temperaturel, at which w;y(Tc) — 0, on the composition. model that is able to explain the observed behavior, we be-
In pure NiO, T for the one-magnon frequency is close to thelive that its origin comes from the destruction of the long-
Néel temperaturd,, (Fig. 3). However, our results clearly range magnetic ordering upon increasing concentration of
indicate that in solid solutions witb=0.6 andc=0.8, where ~magnesium ions. We would like to remember that no strange
the number of experimental points;,,(T) allows for a reli- behavior was observed by us previously in two-magnon scat-
able extrapolation td with an uncertainty of the order of tering from the same sampl&swhich depends on the short-
10 K, T value given by the above extrapolation is aboutrange magnetic order
100 K lower thanTy, obtained by neutron diffraction and
magnetic susceptibility? Close behavior for one-magnon
excitation was observed recently for joint exciton-one-
magnon transition in the region of the magnetic-dipole A.K. would like to thank the University of Trento and the
%A(G) —>T,4(F) optical absorption band in Mg, O  CeFSA laboratory of ITC-CNRTrentg for hospitality and
single crystals® However, in the latter case, the intensity of financial support. This research was partly supported by the
the one-magnon-assisted transition decreases rapidly with i-atvian Government Research Grants No. 01.0821 and
creasing magnesium ion concentration and/or temperature: @1.0806.
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