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Raman scattering in Hf,Zr ;_,O, nanoparticles
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Raman spectroscopy demonstrates thatnm dimension HZr;_,O, nanocrystals prepared by a nonhydro-
lytic sol-gel synthesis method are solid solutions of hafnia and zirconia, with no discernable segregation within
the individual nanoparticles. Zirconia-rich particles are tetragonal and ensembles of hafnia-rich particles show
mixed tetragonal/monoclinic phases. Sintering at 1200 °C produces larger pa2@+39 nn that are mono-
clinic. A simple lattice dynamics model with composition-averaged cation mass and scaled force constants is
used to understand how the Raman mode frequencies vary with composition in the tetrag@nal, G
nanoparticles. Background luminescence from these particles is minimized after oxygen treatment, suggesting
possible oxygen defects in the as-prepared particles. Raman scattering is also used to estimate composition and
the relative fractions of tetragonal and monoclinic phases. In some regimes there are mixed phases, and Raman
analysis suggests that in these regimes the tetragonal phase particles are relatively rich in zirconium and the
monoclinic phase particles are relatively rich in hafnium.
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I. INTRODUCTION reported the first synthesis of hafnia-zirconia solid solution
nanoparticled? Solid solutions of hafnia-zirconia
Hafnia (HfO,) and zirconia(ZrO,) are called twin oxides (Hf,Zr,_,0O,) are of interest for several reasons, including the
because of their similar chemical and physical propertiesneed to understand the mode structure of such mixed nanoc-
They are isostructural in the bdlland this close correlation rystals. This is still an issue in bulk mixed crystals. For in-
in properties is due to the identical valence states and nearstance, the question of possible two-mode behavior in bulk
identical ionic radii for Hf and Zr. Still, there is slightly Hf,Zr,_,O, has attracted much attentidh.
stronger bonding in Hf compounds relative to the analogous For these binary oxides, six of the 18 normal modes are
Zr compounds:2 The dielectric constants of hafnia and zir- allowed Raman modes in the tetragonal ph@smce group
conia at low frequency are both very high, very roughly Diﬁ, Z=2) and 18 of the 36 normal modes are allowed Ra-
20:°this, along with their stability when in contact with Si, man modes in the lower symmetry monoclinic phésgace
make them interesting candidates for insulating barriers irgroupcgh, Z=4). Many of the studies of Raman scattering of
microelectronics. First principles calculations give tetragonal zirconia present evidence for conflicting assign-
orientationally-averaged dielectric constants of 20 for zirco-ments of the observed Raman mo&é%:8 To our knowl-
nia and 16-18 for hafnia in this monoclinic phase, and mucledge, there have been no previous Raman scattering studies
higher dielectric constants for the tetragonal phase, 47 andn tetragonal hafnia nanoparticles or hafnia-zirconia nano-
70 respectively:® particle solid solutions, other than a brief report by the
Bulk hafnia and zirconia can each adopt three differenfresent authors in Ref. 14. The present authors presented
crystal structures at ambient pressures, i.e., monoclinic, tgreliminary results regarding the Raman spectra of as-
tragonal and cubic. In the bulk, each oxide is stable in thesynthesized HZr,_,0, nanocrystals excited by the 325-nm
monoclinic phase at room temperature and each transformime from a He-Cd laser, Raman analysis was not possible
to tetragonal at high temperatures, the former at 1720 °C angith excitation at 488 and 514.5 nm by an argon-ion laser,
the latter at 1170 °€ At even higher temperatures, 2600 °C because the background luminescence was too intense.
and 2370 °C, respectively, the tetragonal phases transform to This paper reports on the Raman spectra ofZHf, O,
the cubic phase. At room temperature, zirconia is stable imanocrystals over a range of composition, particularly for
the monoclinic phase for dimensions=100 nm, while those small particles in the tetragonal phase. These spectra
nanometer-sized zirconia is stable in the tetragonal phaséemonstrate that the particles are solid solutions of hafnia
The reported “critical size” below which the tetragonal phaseand zirconia, with no discernable segregation within the in-
is stable ranges from 9-30 nfm'° The reason for the forma- dividual nanoparticles. A simple lattice dynamics model is
tion and stability of tetragonal zirconia nanocrystals is stillused to explore how changes in the average cation mass and
uncertain, and has been attributed to one of several factorimteratomic force constants with alloy composition affect the
including the lower surface free energy for the high temperaRaman-allowed mode frequencies. The minimization of
ture phaséand anionic vacancies that nucleate the tetragonabackground luminescence from these particles, which in
phasetl1? There have been relatively few studies on themany cases is needed to be able to observe the Raman spec-
polymorphs of hafnia, and particularly nanosizedtrum, is also addressed. The control of luminescence in these
crystalst®4The first extensive synthesis of tetragonal hafniaand other nanocrystals can provide insight into the location
nanoparticles was reported recently by the authors, who alsand control of defects.
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Il. EXPERIMENTAL PROCEDURE TABLE I. Sizes of HfZr;_,O, nanoparticles analyzed after an-

. . nealing at 600 °C or sintering at 1200 °C, both for 1 h in airs
Hf,Zr,_O, nanoparticles were synthesized through a nonyom |cp measurements. Phases are also shown from XRD twith

hydrolytic sol-gel synthesis. The appropriate amoudis- o tetragonal andn for monoclinic. Particles were also sintered for
tated by the value ofx) of Hf(iso-propoxidgs, HfCls, 1 hin air at lower temperature: 900 9€=0, 8.4 nm:x=0.45, 5.4
Zr(iso-propoxideg, and/or ZrC} were added, under argon, t0 nm; x=0.46, 7.2 nmand 1000 °0(x=0.35,15,3 nm

degassed trioctylphosphine oxiEEOPO, which acts as both

solvent for the reaction and surface ligand for the product Particles annealed at  Particles sintered at
nanocrystals The reaction mixture was heated quickly to 600 °C 1200 °C
350 °C and held at this temperature  h with vigorous Phase Phase
stirring. The reaction mixture was then cooled +®0 °C from from
and acetone was added to precipitate the hafnia nanopaparticle type Sizénm) XRD Size (nm) XRD
ticles. The precipitate was retrieved by centrifugation and
washed several times with acetone to remove excess TOP&O2 3.8 t 20.8 m
The particles are capped with TOPO ligands and can béifo12ZrosdO2 4.8 t 26.8 m
readily redispersed in hexane producing a colorless solutiordfy 1¢Zrg g0, 5.1 t 26.2 m
Further details of these preparations can be found in Ref. 144f ..7r o0, 4.6 t 23.1 m

Unless otherwise stated, before Raman analysis all agsf, ,.7r, .0, 4.3 t 26.1 m
synthesized particles were annealed at 600 iCLfb in air. ¢ Zr ' 0 a1 t+m 236 m

. . . . . . 0.46~'0.54-2 ' '

Larger particles were obtained by sintering in air at '[emperai_lf 51 4 19.9
tures up to 1200 °C for 1 h. The average nanopatrticle size 0.7¢70.202 5'5 t+2 29'5 z

was determined by Debye Scherrer analysis of x-ray powde'?'foz
diffraction (XRD) scans, which were recorded on a Scintag

X2 diffractometer using Cu Ka radiatida =1.54056 A op- increase noticeably around 900 °C. In the earlier work by the

erating at 35 mA, 45 kV. T_he elem_e ntal composition of theseauthorsl,4 TEM showed that these particles are single crys-
nanoparticles was determined by inductively coupled plas

(ICP) vsi MAs. Table | gives the size and Hf fractian(obtained from
analysis. . ICP analysi$ of particles examined by Raman scattering af-
Ner annealing at 600 °(3.8-5.5 nm dimensigrand sintering

figuration using the 488 nm and 514.5 nm lines of a continu- ~ _: o ;
. in air at 1200 °C for 1 H20-30 nm. Raman scattering was
ous wave argon ion las€Coherent Innova 100and the 325 also examined for several particles sintered in airfd at

nm line of a helium-cadmium lasé©mnichrome, at room lower temperatures: 900 °=0, 8.4 nm;x=0.45, 5.4 nm;
temperature unless otherwise stated. The beam was focused ' ys"~ ' o and 1000 aqxz’o 35 153 nﬁ1 T '
to a spot size 0f-2 um and all incident power was less than Ther'e was strong background Iur’ninescence when all as-

1 mW, to minimize heating in these powder samples. A 0.6 : : : . i i
triple spectromete(SPEX 1877, Triplemajein subtractive mz%/anggﬁs;eigréazggagicie; r\:vn(:reTi);Clé?gisg'i?nSyvg;&nﬂ?nap a

configuration was used to collect and disperse the spectr%road’ starting at the excitation wavelength, and prevented

%r;]de iéfl\e/cf:;t;de Sslpgcfr[; alglr:gmd;tltiancé(?f;vlze)r(e Suzzgtrt%mcalﬁ)btaining a Raman spectrum. This luminescence was absent
brate the 70 to 800 cth frequency range(resolution or weak enough with 325-nm excitation in sort@7 nm

~2 cmY). All peak intensities and positions are the result of 102, 5.5 nm HfQ, 4.3 nm Hp 4210550, and 4.6 nm

. L ; . f Il icleg4
Lorentzian fitting. The luminescence from as—synthe:yzed_| 03f0.602) but not all particles

) . . .~ Heating as-synthesized particles to 150 °C for 10 min in
nanoparticles was monitored as a function of temperature iDir decreased room-temperature luminescence by 40—70%
oxidizing (air or oxygen, reducing(forming gas: 95% B

+5% Hy), and presumably nonreactiv,) gas environ- (A=514.5 nm, but no change was seen after heating under

. . these conditions in either Nor forming gas. Heating at
ments. The heat-treated particles were then reexamined ﬁt%gher temperature and Ionzgler times ig agir o;@crea%ed
room temperature in the same gas environment. Any backé

d due to lumi biracted before determi mission even more. All particles heated to 600 °Cifdn in
ig:]rgl:)r:aakiehif?s uminescence was sublracted betore determill, produced Raman spectra with no interfering background

emission at any of these three excitation wavelengths. The
luminescence intensity of as-synthesized particles measured
in air decreased by 20-70% after treatment by an oxygen
plasma for 30 min.

The synthesized particles were typically quasispherical The Raman spectra of HfQ ZrO,, and several
nanocrystals with=3.8-5.5 nm dimensions, typically for ~ Hf,Zr;_,O, nanoparticles taken at room temperatupe
<0.46, while those wittk>0.46 were typically nanorods =514.5 nm after annealing at 600 °C in aifTable ) are
with dimensions~3 nm by ~8 nm, as shown by earlier shown in Fig. 1. The peak frequencies of the six modes that
transmission electron microscofEEM) analysist* Only the  are prominent for thex<0.46 particles—the six tetragonal
quasispherical nanocrystals were examined here. modes—are labeled T1-T6 in Fig. 1 and are plotted in Fig. 2

The average particle size, as determined by XRD, did novs x. At eachx examined, the mode structure in the spectra of
change with heating up to 600 °C. Particle size began tgarticles sintered at or below 1000 {Table | caption was

Ill. EXPERIMENTAL RESULTS
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FIG. 1. Room temperature Raman spectra ofzrf O, nano-
particles after heating at 600 °C in air for 1 h, taken with\at
=514.5nm:(a) ZrO,, (b) Hfg 12210 gd02, (€) Hfp4sZro5602, (d)
Hf g 4210505, (€) Hfg 75Zrg 2505, and(f) HfO,. The Lorentzian fits
of the peaks are shown only {a). Peaks labeled T1-T6 are the six 150
tetragonal phase first order Raman modes. The two arrows point 130
from monoclinic phase peaks in spectra of loweto the same 110

i i 90 L
gg{a;krissst highek. Plasma lines from the laser are denoted by an o 02 04 06 08 1.0

x (Hf,Zr,,0,)

similar to Fhe corresponding structure in Fig.(lut is not FIG. 2. Measured frequencies of the tetragonal modes of the
shown). Figure 3 shows the Raman spectra for therXZrl_on nanoparticles from Fig. Icircles fit to a solid ling

~20-30 nm dimension particles after sintering at 1200 °Coompared to model predictions. Model predictions include assum-

(Table ). ing linear mass averaging onfy — — lineg, and mass scaling with
force constant scaling of all six force constants of zirconia by a
IV. DISCUSSION factor of 1+0.09 (- - ), similar scaling of only the four Zr-O
interplane force constants - — - 9, and scaling of only these four
force constants by a factor of 1+@&.2- - - — - - % The results for
With 514.5 nm excitation at room temperature, lumines-1+0.0% scaling of the four or all six force constants nearly overlap,
cence decreased greatly after either heating to only 150 °C iexcept for the T4 mode. The modes are T1-T6 from bottom to top.
oxygen-containing environments or exposure to oxygen p|as(.N0te the measured shifts of T3 exceed those of T2 foxr.all
mas, but not after heating in forming gas. This suggests that

oxygen is removing bulk or surface oxygen deficiencies ofiso the only_qnes seen for ¢ihZro 340 nanopartlcle_s._ For
defects, or is reacting with the surface ligands or other deX>0-45, additional peaks are see_n_due to mqnocllnlc-phase
fects that luminesce. After treatment at 600 °C, the back-mOdeS' A very We"?lk monocl|n|_c peak is seen for
ground luminescence is weaker than the Raman scattering!_.|f‘3-4¥r0-55>02 ngnopar_tmles at 513 cth (Se? the tail of the_
ght arrow), which is likely due to a mode in the monoclinic

When the as-synthesized particles were excited at 328 . o
nm, relatively low levels of luminescence were observed;phasel' More dominant monoclinic peaks are seen for larger

this luminscence did not interfere with Raman measureX This suggests that only the tetragonal phase is present for

ments.(See also Ref. 1#Note the band gap in bulk hafnia- the smallerx(<0.45, while there is evidence of both tetrag-

zirconia alloys is~5-6 eV (~200—-250 nmand is expected ©nal and monoclinic phases for large(>0.45 and for
to be no smaller than this in hafnia-zirconia nanoparticleshafnium nanoparticles. This likely means that there is a mix-

Therefore. the 325 488 and 514.5 nm excitations are aft'€ ©Of tetragonal and monoclinic particles and not mixed
below the band gar;- ’ phases within a particle, because TEM has shown that each

particle is a single crystal. Raman spectra were taken at vari-
ous points in the probed powder, because the employed Ra-
man diagnostic probes a lateral dimension of abown?

The room temperature Raman spectrum of the small zirThese spectra of different spots showed no essential differ-
conia nanoparticles in Fig. (3.8 nm, annealed at 600 YC ences.
has six peaks, labeled T1-T6 for increasing mode frequency The Raman mode frequencies vary with hafnium content.
(with peaks T2 and T3 overlappifigthese six peaks are a Also, no pure zirconia or pure hafnia Raman modes are ob-
signature of the tetragonal phase. These tetragonal peaks aerved for these alloy nanoparticles. Both observations dem-

A. Background emission

B. Raman spectra
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perature for bulk monoclinic HZr,_,0,.> Given the large

width of the peaks for these very small particles, it is un-

® likely that any two-mode behavior could be observed.
Zirconia-rich particlegx<0.45 sintered at 900 °G5-8

nm dimensiof have only tetragonal phase Raman peaks,

while the spectra of the even larger nanoparti¢kes 0.75

« sintered at 1200 °@20-30 nm have only monoclinic peaks

(Fig. 3). This suggests the critical diameter for the transition

from the tetragonal to monoclinic phases is roughly between
© 6-8 and 20-30 nm in this composition range. In the one
® sintering run at 1000 °C, H&Zrg =0, nanoparticles grew to

15.3 nm. The room temperature Raman spectrum of these

nanoparticles has only tetragonal peaks, so the critical diam-

©)

Intensity (arb. units)

ST~ MA@ eter forx=0.35 is between 15 and 23 nm.
100 200 300 400 500 600 700 800 The Raman identifications of tetragon@&lig. 1), mono-
Raman shift (cm") clinic (Fig. 3), and mixed phase$ig. 1) were confirmed by

XRD analysis(Table I).
FIG. 3. Room temperature Raman spectra ofarf ,O, nano-

particles after sintering at 1200 °C in air for 1 h, taken with\at Using Raman scattering for quantitative analysis
=514.5 nm: (a) ZrO,, (b) Hfp122r0 gd0,, (€) Hfg 452105802, (d) . -
Hf o 420,505, (€) Hfg 7270 2605, and (f) HfO,. The Lorentzian fits Peak T2 seems relatively unaffected by monoclinic peaks

of the M12 (475 cn7d), M16 (616 cnmd), and M17 (637 cnrl)  and peak M12 seems to be relatively unaffected by tetrago-

peaks that are used for composition analysis are shown orily.in Nal peaks, and they are both strong, making them good can-
didates for use in composition and phase analysis.
onstrate that the particles are solid solutions with at least & Determining compositiorRaman scattering can deter-
fairly good mixing of Hf and Zr, with no discernable segre- Mine composlltlon, and as such_|s a nondestructive alternatl\_/e
gation of hafnia and zirconia within the individual nanopar- {0 ICP analysis. Raman scattering has been used to determine
ticles. (Such mixing cannot be determined by usual powdethe composition in bulk, monoclinic kZr;_,O, by tracking
XRD because of the nearly identical lattice constants othe Raman shifts of two of the higher frequency peaks that
hafnia and zirconia This also indicates there are no distinct, have been shown to vary smoothly and linearly with
pure hafnia and pure zirconia particles fonot equal to 0 or ~ compositior??*Although, XRD analysis can be used to de-
1. The dependence of the tetragonal mode frequencies atermine the composition in bulk k#r,;_,O, by measuring
modeled below on the basis of this mixing. Also, particlethe lattice spacing, this requires high-resolution XRD be-
compositions are determined below on the basis of this mixeause the lattice constants of Hf@nd ZrQ, are nearly
ing and the consequent dependence of the mode frequeneyjual?® Such analysis is much more difficult for the alloy
on x. nanoparticles because of peak broadening in the
Not all 18 modes of the monoclinic phase can be identinanoparticles.
fieq in the Raman spectra of the hafnig-rich particles in Fig. Figure 2 shows that the T2 peak frequency varies fairly
1, in part because of the peak broadening for these very smajhearly with x, and so composition could be determined by

particles!® The assignments of the stronger _monoclinicinearly interpolating between the measured mode 2 frequen-
modes M1-M18 are now presenteé@hey are as in Ref. 1, jes for the zirconia (x=0, 274 cm?) and hafnia (x

but with M7 anq M8 reverse_d and_ M16 and M17 reversed,:ll 293 cm?) particles. Table Il shows the agreement be-
so the frequencies monotonﬁglly increasehe stron% a}nd tween the ICP and Raman scattering is quite good and within
sharp modeg MZ near 135 cmand M4 near 150 cit in + 0.1. In principle, variations in mode shifts with diameter
pure monaclinic hafnia overlap the T1 peak. The observe%’ould be significant in using such methods to determine com-
shoulder at 240 cit in the hafnia particles here is due to the ¢ be Sig . 9 .
medium strong hafnia M6-M8 peaks at 242, 256, andposmon in alloy partlcl_es.(AII of the tetragonal particles
270 cm’. For mixed tetragonal/monoclinic phases, spectrapave apout the same d|amet(_ar hgre.
analysis of T2 and T3 could be weakly affected by these 1h€ M12 peak frequencies for samples annealed at
peaks and by the hafnia M9 mode near 336&tnstrong 600°C  show a C'?ar variation  with COTpOS'“O”:
hafnia monoclinic peaks near 384 and 398 tifM10 and  Hfo4eZlos020 487 cm™, Hfg76210260,: 502 cm™,  and
M11) are seen as a broad peak near 390'm the mixed ~ HfO: 505 cn1. This monoclinic-phase peak M12 was used
phases. The hafnia M12 peak at 503 ¢iis very strong, and t0 analyze composition in the largef20-30 nm,
it is seen here as a peak for 0.46 nanoparticles, which has monoclinic-phase particles that had been heated at 1200 °C
a low frequency shoulder due to T4. The strong and broadFig. 3. Linearly interpolating between the frequencies mea-
hafnia modes M16642 cm?) and M17(672 cm?) are seen  sured for these zirconia and hafnia nanoparti¢kss and
in Figs. Xd)-1(f) to overlap T6. 503 cm?), assuming single-mode behaviérgives x in

No evidence of two-mode behavior is seen for any modesTable Il. This was also done using peaks M16 and NA16
evidence of some two-mode behavior was seen at low temand 637 cm! in zirconia, and 641 and 675 ¢hin hafnia,
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TABLE Il. Comparison of composition determined from Raman is more difficult to address.For the x=0.46 mixed phase
scattering to that from ICRyiven asxin Hf,Zr,O,) for tetragonal  particles previously heated to 600 °&,(using the T2 peak
p_artlcle_s(annealed at 600 °C; using peak)Teénhd monoclinic par- i .32 andx,, (using the M12 peakis 0.43 (see Table II
ticles(sintered at 1200 °C; using either peak M12 or peaks M16 anq’:aptior). For thex=0.75 mixed phase particles previously
M17). For Hfy4eZr0540, particles annealed at 600 °Qnixed heated to 600 °Cx, (using the T2 peakis 0.63 andk.. (usin
phase, x,,=0.43 from the monoclinic peak 12. See Table | for par- the M12 peak is tO( 96 ?n both Ea?es th-e tetra %E}al ghase
ticle dimensions. P T . 9 P -

seems to be relatively rich in zirconium and the monoclinic
phase relatively rich in hafnium. This is reasonable because

:r?:égisd Particles sintered at the monoclinic phase appears in these smaller particles when
at 600 °C 1200 °C the hafnium fraction increases. As the particles grow during
%, from % from X, from heating, one might expest andx,, to both approack (and
tetragonal  monoclinic monoclinic X, to decrease hereFor thex=0.46 and 0.75 particles pre-
Particle type peak 2 peak 12 peaks 16 and 17  Viously sintered at 1200 °Gll monoclinig, x=x, (using the
M12 peak is 0.36 and 0.71 respectively, and so both cases
210, 0.00 0 0 show this trend(Note that if the different phases have dif-
Hfo.112r0802 0.07 0.02 ferent compositions, perhaps these nanoparticles should not
Hfo 1210 860> 0.05 0.04 0.01 be termed HfZr; O, particles, although these mixed phase
Hfo.120.8102 0.16 0.07 0.12 particle ensembles can still be characterized by an average
Hf 212107402 0.10 0.00 0.19 hafnia fractionx.)
Hf o 3620 6507 0.42 0.25 0.32
Hlo 4210560 0.42 0.39 0.42 C. Lattice dynamics model
Hf o 46205407 0.32 0.36
Hfo 7ZF0 2205 063 071 0.96 The simple linear chain model developed by Bouvier and
HfO, 1.00 1 1 Lucazeau in Ref. 18 to characterize and assign the six al-

lowed tetragonal Raman modes in zirconia nanoparticles is
slightly modified and used here to examine the variations of
as in Ref. 21(by averaging determined using either M16 or the mode frequencies in tetragonal Bf, O, nanoparticles
M17). There is poor agreement with the ICP results or with composition(3.8-5.5 nm, annealed at 600)Eor the
< 0.2 and good agreement for higheusing the M12 peak solid solution nanoparticles, the model uses masses and force
and forx between 0.2 and 0.45 when using the M16 andconstants that are averaged over composition. In the original
M17 peaks. linear lattice chain model for zirconia, each atom in the
b. Determining the fractions of tetragonal and monoclinic Primitive cell is assigned to one of six planes successively
phases Peaks T2 and M12 can be used to determine th&ontaining Zr, O, O, Zr, O, O, and these planes are coupled
fractions of tetragonal and monoclinic phasgsndf,, (with ~ through interactions with differerent force constants, as out-
f.+f.=1), for anyx, and serve as an alternative to XRD. For lined in the Appendix here. Reference 18 used this model to
x=0.46 [Figs. Xd)-1(f)], the ratios of the peak intensities deduce that the (T1,72,T3,T4T5T6 modes have
and integrated areas of M12 and T2 are 1.3 and 2.2 for th&Fg: Eg:Big, Eg: A1y, B1g) Symmetry. The force constan@y,
x=0.46 particles and 1.7 and 2.0 for the0.75 particles. andCdz represent the two different effective stretching inter-
Analysis of the XRD spectrum gives the ratio of monoclinic actions of the Zr and O atom planes and can be thought of as

to tetragonal phase of 1.9 for the 0.46 particles and 1.0 for projections of the real force constants on the axis normal to
the x:g.75 pgrticles 56 the M12. anF()j T2 peaks a.re ver the planes, an€C,, describes non-nearest neighbor contribu-

rouahly the same strenath for the same amount of moné’t_ions and angular interactions that are effectively described
ughly gt as stretching interactions of two O planes. The frequency of
clinic and tetragonal material probed at 514.5 nm. In con

. 23 ot O the Ajy mode is determinied b€y, +Cgp, while the twoB,
trast, Kimet al## claim that monoclinic zironica has a stron- modes are determined I6y,, Cy,, andC,, Analogous shear

ger Raman spectra than tetragonal zirconia, on the basis @fiaractions are characterized by 88, C5,, and CS, that
— . - L L W
the T1 peak near 148 chand the monoclinic peaks from gescribe the thre&, modes. The six force constants for te-

180-192 cm" (M2-M4) peaks, which are not resolvable for tragonal zirconia were determined from the Raman shits of

the very small particles here. the T1-T6 modes of the 3.8 nm zirconia particles, and are
c. Evaluating possible different compositons in differentgiven in the Appendix.
phasesIn the mixed phase solid solution samplegeter- In the alloy model, the average cation m&B%gon X))

mined by ICP is an average of both phases. It is possible that(1 -x)m,, +xmys replacesm,,, wherem,, and my; are the

the hafnium fractions in the tetragonal and monoclinic phasenasses of zirconium and hafniu(@1.22 and 178.49 amu,
particles,x; and x, are different; eithex;, and x,, could be  respectively, to model the changes in mass with composi-
<x and the other>x—yet still with xf;+x,f,=x. Raman tion. Such mass scaling is not unreasonble with one-mode
scattering is well suited to see if this occ(fable Il). (Also,  alloy behavior. The force constant for the Hf-O stretch is
X andx,,, could be averaged values for each phase and thei@out 9% higher than the Zr-O stretch in diatomic molecules.
could be dispersion about these averages for each—but thighis is determined using the HfO and ZrO vibrational ener-
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gies, which are almost exactly the same969 cn1,23-25>  modes are well described by the model. This again suggests
and their(different reduced massdsThe force constants for consistency with(though not proof of the assignment that
zirconia were either used direct{gs a base case to examine the two lowest modes have this same symmetry.
mass effects onlyor the zirconia constants were multiplied  The measured frequencies are higher than predictions for
by 1+0.0% to provide scaling to hafnia. modes 3 and 6, the twB,; modes, with either model using
The model was tested using the mode assignments for thie+0.0% force constant scaling. This could indicate different
T1-T6 modes zirconia from Bouvier and Lucazeau, and alscalings of several of the force constatgeme should scale
ternatively, earlier proposed and different symmetry assignmuch faster than assumed here on the basis of the different
ments of the six modes:(Byg,Ey Biq.Eq.A1q,Eg),"® IR frequencies in zirconia and haffi®, an incorrect mode
(Eq,B1g,A1g,Eq:B1g,Eg),2® (Big,Eq,A1q,Eq,B1g.Eg),?” and  assignment, or an inherent weakness of this simple lattice
(Eg,Al,‘:,,Blg,E@J,Bl(_l,,E(_l,).28 The assignments from Ref. 18 plane model with averages to account for the composition
were the only ones to yield reasonable results for the,ZrOchanges. Figure 2 also shows the faster 1x 8caling of the
and HfZr,_,0, nanoparticle mode models. Assumption of four Zr-O interplane force constants, which explains mode 6
the other mode assignments led to negative or imaginarpetter. There is no indication of a decrease of mode fre-
force constants. This is noted, although it is not proof that thejuency in tetragonal particles asapproaches 0.4@nd the
Ref. 18 assignments are correct for zirconia or the alloystransition to the monoclinic phase at highgteyond that of
This assignment has been confirmed for zirconia by the latthe model expectationfor every model that includes the
tice dynamics study of Ref. 29. Another strength of the Bou-scaling of the force constanfsand as such there is no evi-
vier and Lucazeau assignment is that it is based in part odence of a soft mode.
their observation of anticrossing of the two lowest frequency Use of such a simple lattice model presupposes bulklike
modes(T1 and T2 at elevated pressure, which indicates theymaterial. For successively smaller particles, the Raman spec-
have the same symmetry. The frequency of the T2 mod#a change for several reasons and each Raman mode can
decreased with pressure, and was identified as the soft modéange differently. A lattice model can account for some, but
leading to the transition to an intermediate tetragonal struchot all, of these effects. Strain can change with particle size
ture preceding the transformation to the cubic structire.  due to surface tension, defects, and so on, and this can be
Figure 2 compares the experimental Raman shifts with théncorporated as force constants that change with size. Pho-
lattice model predictions, with the model using non dispersion, and consequently phonon confinement, is
compositionally-averaged cation masses, either with or withdifferent in smaller particles and this and other factors, in-
out the scaled force constants described above. This congluding particle shape, are less easily incorporated into a
parison should be evaluated seriously onlyxap to 0.45—  simple lattice model. For very small particles, even small
although some data are provided for largerbecause of dispersion in particle size can strongly affect the Raman
uncertainties with overlapping monoclinic modes for largerspectrumt® For example, in ceria nanoparticles, the cubic
X. With such scaling of the cation mass and of all six forceRaman peak becomes more redshifted and broader for
constants, the model accounts for modes 1, 2, and 5 fairlgmaller particles sizes because of strain, phonon confine-
well. Model improvements could come from different scal- ment, and size dispersidfiThe decrease in the Raman peak
ing of the cation masses or force constants. linewidth of zirconia nanoparticles from room temperature to
From Egs(A1)—(A3), oneE; mode(mode 2 and theA;; 96 K, measured in Ref. 10, suggests that phonon confine-
mode (mode 5 do not depend on cation mass, because thénent may not make the dominant contribution to the line-
cation does not move in the vibration. The increase of forcevidths observed here, at least for zirconia nanoparticles. In
constants withx accounts for the observed slow increase ofany case, such analysis of the effect of size is beyond the
their frequencies witlx. For the other four modes, this mass scope of the present treatmef#ll of the tetragonal particles
variation decreases the frequency by a factor between 1 argescribed in Figs. 1 and 2 have about the same dimension, so
[(My,+2mg) / (<MgaiiodX) > +2mg) 12 (which is <1), while  no scaling with diameter is needed for the model presented
bond stiffening tends to increase it withThis mass factor is  in Fig. 2)
nearly 1 for modes 4 and 6, and nearer the lower limit for
modes 1 and 3. With the stated force scaling, the predicted
decrease of frequency withis faster than the observed de- V. CONCLUDING REMARKS
crease for modes 1 and 3, and, the predicted increasexwith
is slower than the observed increase for mode 6, which sug- Raman scattering demonstrates that theZHf, O, par-
gest the need for a slower mass variation and/or a fastefcles are solid solutions of hafnia and zirconia, with no dis-
stiffening with x. Indeed, averaging the reciprocals of the cernable segregation within the nanoparticles and there are
cation masse$Meaion 4X))=1/[(1-X)/mz+Xx/mys] gives a  no distinct hafnia and zirconia particles. A simple lattice dy-
slower mass variation, but this change has a relatively minonamics model with composition-averaged cation mass and
effect. scaled force constants is used to understand how the Raman
Only mode 4 near 460 cthis significantly affected when mode frequencies vary for these alloys. Background lumi-
instead of scaling all six force constants, only the four Zr-Onescence from these particles is minimized after oxygen
interplane force constant€y;,Cq,,Cg1,Cj,) are scaled and treatment, suggesting possible oxygen defects in the as-
the two effective interactions between the O-O planegrepared particles. Raman scattering can also provide semi-
(Cw,Cy) are not. Then this mode and therefore all thEge quantitative, nondestructive analysis of composition and the
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fraction of each phase. In some regimes there are mixe@he effective shearing interactions by t8§,, C3,, andC;,
phases, and Raman analysis suggests that in these reginge force constants between the analogous pairs of planes.
the tetragonal phase particles are relatively rich in zirconium The eigenfrequency of the A;; mode is given by
and the monoclinic phase particles are relatively rich in
hafnium.

Mow?’(Ayg) = =0, (A1)
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[MO‘UZ(EQ) - ag_l{[Merz(Eg) - za’g_”:Msz(Eg)

APPENDIX -(a®+2Cy)]-2(p%% =0, (A3)

In the Bouvier and Lucazeau model of tetragonal
zirconia?® the cell is modeled as six planes successively conwhere o°=Cg, +Cj, and g5=C§, - Cg,.
taining Zr, O, O, Zr, O, Qplanes 1 to & The force constant In the current model the cation ma&boveMy,) is re-
Cq1 represents the effective stretching interactions of Ziplaced by the cation-averaged mass, and either the zirconia
planes with the nearest neighbor O atom plaide®, 3-4, 4-5 or cation-scaled force constants are used. The zirconia inter-
and those with adjacent celland Cy, represents the effec- plane force constants used here were fit to the measured Ra-
tive stretching interactions of Zr planes with the next-nearesman shifts of the T1-T6 modes of the 3.8 nm zirconia par-
neighbor O atom planed-3, 2-4, 4-6 and those with adja- ticles, 145, 274, 312, 457, 592, and 635, ¢mand were
cent cells. C,, describes non-nearest neighbor contributionsCy;=2.33, C4,=0.99, C,,=0.13, C3;=0.60, C3,=0.11, and
and angular interactions and are effectively stretching interC®=0.61 N cm?, which are a bit different from those deter-
actions of pairs of next-nearest neighbor O plaf#5, 3-6. mined in Ref. 18.
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