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Remar ks on the phase diagram of high-temperature
super conductors. pressure dependence

JAN STANKOWSKIY, MARCIN KRUPSKT, ROMAN MICNAS?

Ynstitute of Molecular Physics, Polish Academy of Sciences,
M. Smoluchowskiego 17, 60-179 Poan®oland

?Institute of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Ro#aland

TheT.(x) dependence of high-temperature superconductors shows that superconductivity occurs
above a critical concentration. For concentrations exceedirg T.increases until an optimal concentra-
tion X, is reached and drops with further increase. ohbove X, i.€., in the overdoped region, there
exists a singld,; which can be taken as the temperature of the Cooper pair formation and, simultaneously,
of their condensation (BEC) to the superconducting state. For carrier concentrations below the optimal
value, X < Xop, there are two characteristic temperatuiBsy T.. At T', phase incoherent local pairs
(LP’s) are formed and only & the system undergoes the superconducting phase transition. The exis-
tence of these two characteristic temperatufesind T,, reflects various phenomena related to strong
electron correlations. We review the pressure effects in the cuprate family YBCO and propose their ex-
planation within the Hubbard model and crossover from BCS cooperative pairing to Bose—Einstein of
preformed pairs. The scaling of the pressure effects above and kglds analyzed in terms of two
parameters: the transfer integtahnd on-site energy. With increasing pressure,increases and the
density of states at the Fermi level decreases. Akgyd . ~ 1/2zt anddT/dp < 0. Belowx,, however,

the derivativedT/dp > 0, sinceT,~ t%/U.

Key words:high T, cuprates; pressure effect; Cooper pairs; local pairs; phase diagram

1. Introduction

High-temperature superconductivity (HTSC) discovered by Bednorz and Miller
[1] in layered structures of copper oxides is well seen for,€B#s.x. An increase
in the oxygen concentrationcauses a controlled change in concentration of carriers
(holes). This unique feature ¥BCO allows spin and charge correlations to be moni-
tored in the antiferromagnet{éF) insulator state fox < 0.5 and in the superconduct-

"Corresponding author, e-mail: janstank@ifmpan.poznan.pl



176 J. STANKOWSKI et al.

ing (SC) state whenr varies from 0.5 to 1. A general phase diagram of the cuprates
[2] (Fig.1) exhibits two characteristic concentratiansat which the superconducting
phase occurs angl.., Where this phase disappears. For very low concentrations of
carriers (holes/electrons), the materiahibits antiferromagnetism, and spin and
charge are localized. With increasing cardencentration, pair correlations develop
and almost free bosonic-like local pairs occlhe origin of a pseudogap temperature
T is still discussed. In particular, NMR data Bhanomaly ascribe this temperature
to a spin gap [3].

T
Non-Fermi liquid
I
T
Pseudogap -
state
Il T,

Supercondﬁlc‘ring
phase

X 1 X opt X max X

Fig. 1. Phase diagram of a high-temperature superconductor (after Ref. [2])

In this paper, we review the presseféects in HTSC and propose their explana-
tion within the concept of preformexhirs and BCS-BEC crossover scenario.

2. Pressure effect theory and experimental results

The pressure effect in HTSC has been analyzed in detail by Griessen [4]. The data
collected for YBCO showed & the pressure coefficiedt/dp is large and positive for
materials withT, close to 25 K, and its absolutelua tends to zero when the critical
temperature attains its highest vallig= 90 K (Fig. 2). Theoretical explanation of the
pressure effect explored various modelspagithem 3D and 2D BCS models [5, 6], the
Resonating Valence Bond (RVB) approach [7] and multipolaronic models [8].

The starting point for the first two models is the equationTfowell known in
BCS theory. Under the assumption t@fo-dimensional transport in L&SKLCuQO,.,
and YBCO, the equation has the form given by Labbé and Bok [6]:

keT, =1.1D exif- 12Y?) 1)

wherekg is the Boltzmann constamt,= N(Eg)U«_pn is the effective parameter of the
electron-phonon coupling, amlis the width of the van Hove singulariBf = y*/[(Eq
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—E,)* + 16/]"2 The parameteyis the overlap integral (3d,,_. and 2porbitals.Eq
andE, are the electron site energies of 8ppger and 2p oxygen orbitals, respectively.
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Fig. 2.dInTJ/dInV versus critical temperature (after Ref. [4])
By differentiating Eq. (1), one obtains the volume dependentg of

dinT, dInD 1 dind
= + (2)
dinV dinv  24Y2dInVv

FordinD/dInV =4, dinA/dInV =-3 andD = 0.3 eV, Egs. (1), (2) qualitatively
describe the experimental data. The value of the paranigetdetermined from
Eqg. (1), strongly depends on volume,igihmeans that electron-phonon interaction

remarkably changes with increasing pressure.
In the RVB model [7], thi3d,._,- orbital of the copper ion Glis hybridized

with the 2R oxygen orbital, forming the soded Zhang—Rice singlet. The critical

temperature has a BCS-like form:

keT, =1.13ha, exd— A7) )

where A =(8/x)(t/U)@(x) . The transfer integral and the on-site interactiod
satisfy the relatiold >>t, and @(x) is some function depending exclusively on the
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carrier concentration. In this model, the cutoff enetgy is defined by the transfer
integralt. Taking 2@, = 0.08 eV andi = 0.4 yieldsT; = 95 K for a nearly half-filled

band & = 1). For heavy hole carriers, the exgsion for the critical temperature as-
sumes the form:

T, =tdexp(-Ud/t) 4

whered = t/U is the admixture of the Clstate in the main state of €uThe critical
temperature scales &8J [7]. The theory of bipolaronic superconductivity yields the
largest value of the pressure coefficidiydp [8, 4].

In complex oxides, the pressure coeffitiean not only take different values but it
can also change the sign. Driessen et alh§e shown that the pressure coefficients
at the onset temperatufe, and critical temperatur&y, defined as the intersection of
the tangent to linear part of the resistiiR¢T) curve with theT-axis, have opposite
signs (Fig. 3). The pressure coefficiefi/dp > 0, anddTs/dp < 0, have opposite
signs over the entire pressure range, from 0 to 170 kilobars. The change of sign in the
pressure coefficient is associateith strong fluctuations abové > T.. For a low
concentration of the Cooper pairs, the presswefficient is positive, while it is nega-
tive at the critical point for high contenof the superconducting phase. This shows

that the pressure expands the fluctuation regig~(T«) o< p.

TEMPERATURE (K)

cf

T

co

-

50 L 1 1 J
0 50 100 150 20C

PRESSURE ( kbar)

Fig. 3. Dependence af, and T on pressure for YBCO [9].
Inset: T, — critical onset temperature and zero-resistiViitemperature

In cuprate HTSC, the empirical relation betwdgrand hole concentration (the
number of holes per one Cu atom in the gplane) is approximately described by
a parabolic dependence [10, 11]. This dependence correctly dest(ieor such
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compounds as: YB&U:Ogy, Y1CaBaCuOg, La,SKCuQy, La,SrCaCuyOs as
well as for (Calay)(Bay.75xLap 2540 CUsOy for various oxygen contenys

Now we arrive at the fundamental gtien. Why and how do the phase diagram
andT.(xX) change when a pressure is applied? The answer was given in the paper by
Sadewasser et al. [12], who present a compleseription of recent investigations of
the pressure dependence Tofin YBaCuwOs.x in function of the concentration of
oxygen defects in CuOFrom their data (Fig. 2 in [12]), the parabolic dependence
T.(X) for various pressures may be obtained. The dependence is shown in Fig. 4 for
atmospheric pressure and for 8 GPa.

120

pressure crossing point

100

40

20 |

Fig. 4.T, versus oxygen content in YB2u;Og.x for p = 0 and under the pressyre 8 GPa
The plots are a parabolic approximation to the experimental data taken from Ref. [12]

The critical temperature depends not omycarrier concentration, but also on the
degree of buckling of the Cy(lanes, on the occurrence of structural phase trans-
formations, and on pressure induced relaxational phenomena. The latter highly inter-
esting effect is related to the orderingrobbile oxygen defects in the lattice; an in-
crease in pressure reduces the mobility of defects and simultaneously increases the
degree of ordering of oxygen defects. Thisparticularly well observed in YBCO
samples with reduced oxygen contents [12], where the increagewdth pressure,
and hence the values df/dp, strongly depend on the temperature at which the pres-
sure is varied. For example, the ggere coefficient of a sample with= 0.41, subject
to the effect of different pressures at low temperatufes 00 K), is (T./dp).r
= +2.1 K/GPa. However, a much larger valueddf/dp is obtained if the sample is
subject to the same pressure at room tratpre for a period sufficiently long to al-
low a full relaxation. A well oxygenated sample=0.95) does not exhibit relaxation
effects and its pressure coefficiefi/dp = +0.24 K/GPa.
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Changes induced by hydrostatic pressameoxygen-chain ordering were observed
by Liarokapis et al. [13ln Raman spectra of YB@uOs.x Single crystalsX= 0.5 and
overdoped) in the temperature range 77-300 K. In the overdoped compounds
(x > 0.92), pressure tends to decreasetriduesition temperature, reducing the disor-
der. This is probably connected with austural phase transformation in the GuO
planes observed for> 0.95 [14].

As was mentioned above, the dependencE. @in carrier concentration approxi-
mately satisfies the following parabolic type relation [12]:

T, =T, [1— A(x- xopt)z} (5)

whereT™, A, x, andx, are functions of pressure. ¥BCO, the carrier concentra-

tion x can be varied by changes in oxygen concentration, by cation replacements or by
applying a pressure. In a simple “charge transfer modgkan increase only by in-
creasingk, with all other parameters congtaAccording to such a modelJ/dp = O

at the optimal concentration= X, In reality however, the pressure coefficient is
nonzero and positive, and varies from +1 tok#zPa. In the modified charge transfer
model [15], the total pressure derivative consists of two parts:

&G
dp ox )\ dp dp ) oo

The first term stands for normal charge transfer to the,@leEdes caused by increas-
ing pressure, while the second term accumulates contributions from the pressure de-
pendences of ™, A, andx,,. However, this model is not capable of explaining all
the changes observed experimentally. The experimental chanfiegsim function of
pressure and can be explained only if one assumes H&, A, andx.y are quad-
ratic functions of pressure, as demonstrddgdover et al. [16] for the thallium com-
pound.A very large anisotropy of the coefficieit/dp as a function of axial pressure
was observed in YB&wO;. If the axial pressure was applied along ¢haxis, the
coefficient was equal to —2.0 K/GPa. Along thaxis it was 1.9 K/GPa and along the

¢ axis —0.3 K/GPa [17, 18]. Compression alonglitexis yields a reduction in hole
density, while compression along thexis enhances this density.

3. Sign inversion of the pressure coefficient in composite
PST-YBCO in thevicinity of the “ pressure crossing point”

The parabolic dependenci€gx,0) andT(x,p), plotted in Fig. 4, show that there
is a crossing of the parabolas in the “overdoped” regime, pvittD andp # 0, sug-
gesting a change in the sign of the presswefficient from positi® to negative. This
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result is also suggested by the theory, esiftr low concentrations of holes in HTSC
there are strong fluctuations of the comskte, which coexist with the local pairs
(LP’s). When pressure is applied, the numiifeLP’s in the Fermi sea increases, caus-

ing an increase ifi;. For large concentrations these fluctuations are less important

and the BCS theory can be applied, predicting a negative pressure effect. The "cross-
ing point", which gives rise to the sign clganof the pressure coefficient, has been
observed in samples of composite YBGPST, (PST — Pb(STays)03) [19]. For

YBCO, a positive value of the pressure coefficididp = 0.5 K/GPa was obtained.

The sign inversion of the pressure caméfnt was also observed in composite PST-
YBCO in the vicinity of "cossing" point (see Fig. 5).

1 1 I 1 1 I

0.4

0.3

0.2

0.1

(K)

0.0

co

I~

| -0.1
-0.2
-0,3

-0,4

p (GPa)

Fig. 5. Pressure dependence of the critical temperatureT{pit— T.(0),
in composite YBCQ, PST, for different concentrations of PST [19]

For the dispersed superconducting phase witheasing concentrations of PST
(which is a reservoir of holes), the pressewefficient decreased and changed its sign
to negativedT/dp < 0, for high values of. The quadratic dependenceTgf onx was
also confirmed. This suggests that thegsure effect depends on whether the under-
doped or overdoped regime of the investigated material is considered.

The dispersion of superconducting YBCCGai®?ST composite leads to a change in
the hole concentration of HTSgfains. Strontium in PST is a reservoir of holes in the
PST-YBCO composite. When the fraction BET increases, the hole concentration



182 J. STANKOWSKI et al.

inside the YBCO superconducting grain risdence changes of the dispersion of the
YBCO-PST composite make it possiblegass smoothly through the crossing point
with the carrier concentration. The ssing point phenomena related to stabland
Xopt Shifted towards lower temperatures canrélated to changes in the symmetry of
pairing mechanisms [7, 20].

4. M odelling the effect of pressureon T.in HTSC

The pressure effect has been recently discussed on the basis of the extended Hub-
bard model, in particular the influence pfessure on the parabolic character of the
T.(x, p) dependence in HTSC [21]. It has bemncluded that the pressure effect is
related to a pressure induced charge teansbm the reservoir of holes to the GuO
planes. The data for the Hg-1201 material alsggest the existence of an intersection
point that leads to the sign changedd§/dp. It has been found that the hopping inte-
gral depends on pressure and fhais proportional to the pressure applied in the un-
derdoped regime [22].

According to the model of local pairinggvo important lines can be drawn on the
phase diagram of HTSC (Fig.6:line of pair correlations (T'), at which carriers
form LP's, anda coherence line (T.), below which the superconducting condensate is
formed [23].

Palring
formation

NFL

T‘k

BL

(LP + fermions)

Fig. 6. A line pair correlatioii p separating
the Fermi liquid (FL) and Bose liquid (BL)
regions (the latter is formed by nearly free LP)
. - and the phase correlation lifk, enclosing
X Xopt  Xemox X the superconducting condensate (SC)

Coherence
line

SC

One should also add that Abrikosov [24], his analysis of fluctuation effects,
proposed the formation of superconductifignients in one crystal direction only,
i.e., of one-dimensional superconducting channels. Such channels that occur beyond
the percolation threshold can induce the superconductivity of a sample. Nonuniform
carrier distribution and strong fluctuatis are essential phenomena in superconduc-
tors with low carrier concentration, for wh there are two characteristic tempera-
tures, T andT,, as well as charge and spin pseudogaps.
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For low carrier concentrationg;(< X < Xop) atT, fermions start to bind into LP’s
(composite bosons), which condensd& atFor large concentrationS,f; < X < Xmay),
both characteristic lines eventually merge @ng T. which means that Cooper pair
formation takes place at the same temperature at which the superconducting conden-
sate emerges. A line of pair correlatioten be considered as a formation line for
bosons, attaining a macroscopic phase coherence omly atwhich the whole sys-
tem is described by a single wave function.

Within the model of local pairing by Mias and Robaszkiewicz [23], the pressure
effects, measured Wif/dp, scale differently on both sides of the optimal carrier con-
centrationX,,. The transfer integral rises withcreasing pressure. Therefore, the
pressure coefficient is positive belaxy,, sinceT. scales Iiket2/|U|. However, T,
scales like 1/2 abovex,y, which implies that the pressure coefficient is negative (like
in the BCS model) (Fig.7).

LP —"Normal Metal” — Fermmi Liquid

txp
Underdoped ! Overdoped
® X < Xopt : X 2 Xopt
5 i
g dT. i dT.
(0] c I c
—_— > ——lie
3 dap >0 | dp 0
e |
: 1
]
! oC
: 2zt
|
I
1
I
!

LP x,, _ BCS

Doping ——

Fig. 7. Scaling of the pressure effect below &)
and abovex(> X, the optimal carrier concentration

Close toT.™, the pressure coefficient is neadgro. Hence, the pressure causes

an enhancement df, in the concentration regime where two distinct characteristic
temperatures] andT,, are present. [’ = T, the pressure coefficient is negative and
T. is reduced by pressure like in “classical” superconductors'. Such a dependence was
confirmed by experiment in the casethé composite YBCO-PST [19], for which
positive and negative pressure coefficient$ofere observed.

The different scaling of the pressure effect below and akgyvean also have an
explanation in a nonuniform and flueting charge distribution for sma¥, and
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a homogeneous and relatively stable charge distributionot,,. FOrx > Xop T =T,
because fluctuations are negligible. K6t Xops, T > T, and pressure shifts the equilib-
rium from the s- to the d-state. This diffece can be explained by a possible occur-
rence of a structural instability, leadingaghase separation and self-organized stripe
array. The stripes are one dimensional fietabjects, “topological defects” in the
antiferromagnetic insutar. The stripe structure slowfluctuates, which can be taken

as the effect of the phase sepamatiEmery et al. [20] introduced tvlo temperatures

in their phase diagram. At the stripe structure occur€harges are ordered along
these stripes and charge correlationsldbealong the chain (there are no perpen-
dicular correlations). At the temperatuFg a pairing takes place in metallic chains,
giving rise to a spin gap. There is no coherence between neighbouring chains which
suggests that one can observe “free Cooper pairs” in such a state. The phase coher-
ence of these free pairs takes placeTatand correlations between the pairs in
neighbouring chains can result from Josephson coupling. The pressure effect is
positive here, since the pressure increases the transfer irteégthe extended Hub-

bard model.

Recent calculations by Micnas and Tobigsgka show that the expansion of the
pseudogap region associated with mixing afnd d-wave components gives rise to an
additional increase iffi; in the underdoped regime [25]. Above the concentragign
the linesT (x) merge with the lind(x) and BEC takes place in the metallic region,
where charge and phase fluctuations can be neglected like in the BCS model. Hence,
the pressure effect is negative here. However, the experimentally discovered shift of
Xma tOwards lower concentrations still remains unexplained.
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Photochromic dyes undergo a reversible change in their absorption characteristics upon UV light ir-
radiation. By incorporating such photochromophores into sol-gel derived inorganic-organic hybrid poly-
mers, versatile coatings with a fast photochromic response and high photochromic activity can be ob-
tained. In the present study, the isomerization kinetics of spirooxazine dyes entrapped in hybrid polymer
coatings were investigated in situ. The chemical properties of the matrices used were characterised in
terms of their inorganic network connectivity (NMR measurements) and paramagnetic properties (EPR
spectroscopy). Their photodegradation behaviour was studied by means of artificial weathering.

Key words: photochromic dyes; switching kinetics; sol-gel materials; hybrid polymer 1

1. Introduction

Sol-gel derived inorganic-organic (hybrid) molecular composites are used in
awide range of applications, such as laser optics, data storage, and antiscratch and
antireflective coatings, e.g., on optical and ophthalmic components. Thisis due to the
multiple advantages offered by their high transparency and low processing tempera-
tures and the availability of suitable precursors [1]. Hybrid polymers (ORMO-
CER®s") combine, to a certain extent, advantages of inorganic glasses (hardness,
transparency, chemical resistance) and organic polymeric materials (modification of
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chemical environments, control of composite properties, low processing tempera-
tures).

A photoinduced change in the absorption of a molecule by areversible processis re-
ferred to as photochromism [2]. Usually an uncoloured form A undergoes isomerisation
to a coloured form B, exhibiting a different absorbance behaviour. The spirooxazine
dyes investigated in this work are characterised by a relatively week Cg,ire—O bond,
which, by a heterolytic cleavage caused by UV irradiation (“on-reaction”), forms
aplanar merocyanine-type structure (Scheme 1) [3].
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H3C
=0
HaC 'T’ o—
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Scheme 1. Photochromic reaction of Blue D

The half-life time of the thermally induced bleach back process (“off-reaction”)
can range from seconds to minutes [4]. Organic photochromes can be chemically
modified in such a way that covalent attachment to an inorganic network becomes
possible (seetheinset in Fig. 1) [5]. Sol-gel matrices provide a stable environment for
the chromophores, preventing their self-aggregation and interaction with the degrada-
tion products. Optical transparency in both the UV and visible light region and low
processing temperature makes these kinds of materials attractive for the incorporation
of photochromic dyes [6-8]. By tuning the nature of the matrix and dye the optical
response can be optimized. The photochromic properties can be strongly modified by
the presence of polar groups (i.e. Si—OH), complexation, protonation, matrix rigidity
and steric hindrance [9, 10]. Strong interactions between the dye and host matrix re-
duce dye mobility and thus the thermal decoloration rate. A very good example are
matrices made from hydrophobic polydimethylsiloxane species cross-linked by hy-
drophilic zirconium oxopolymers, used as hosts for spirooxazine (SO) and spiropyran
(SP) dyes. The amount of the coloured form after irradiation depends on the molar
percentage of the zirconium oxopolymer domains. In the hydrophobic matrix, where
the Si—OH groups are fully hydrolysed, direct and very fast photochromism can be
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observed [11]. Some advantages of this type of incorporation, such as an increase in
photochromic activity and photochemical stability, have been reported earlier [6].

The matrix systems chosen in the present study have been proven to be suitable
systems for the incorporation of organic photochromes. Epoxy-functional alkoxysi-
lane hydrolysates were cross-linked with anhydrides and amines to produce matrices
of different network density and polarity.

2. Experimental section

2.1. Chemicals

The photochromic dyes Variacrol® Blue D (1,3,3,5,6-pentamethyl spiro-[indolino-
naphthoxazine)), its silylated derivative (hereinafter called graftable Blue D, gr. Blue D;
inset in Fig. 1, Table 2), a spiro-isoindolinooxazine analogous in structure to Blue D
(Blue C, Table 2), a spiro-indolinooxazine with a 5’ -morpholino-1,3,3-trimethyl sub-
stitution (PNO, Table 2), ared-switching chromene with proprietary structure (Red A,
Table 2), and the chromene 3,3—diphenyl-3H-naphtho[2,1-b]pyran (Photo L, Table 2)
were kindly supplied by Great Lakes Chemical Corporation, Italy.

Blue A (1,3-Dihydro-1,3,3-trimethyl spiro[ 2H]-indole-2,3-[3H] naphth[ 2,1-b][ 1,4] oxaz-
ingl, CAS-No. 27333-47-7) was purchased from Aldrich.

3-Glycidoxypropyl trimethoxysilane (GPTMS), 3-aminopropyl triethoxysilane
(APTES), and methyl diethoxysilane (DH) were ABCR products. 3-triethoxy-
silylpropyl succinic anhydride (TESSA), cis-hexahydrophthalic anhydride (HHPA),
and phenyl trimethoxysilane (PhTMO) were purchased from Wacker Chemie, Fluka,
and Aldrich, respectively. All chemicals were used without further purification. THF
and n-Propanol were purchased from Promochem and used as received.

2.2. Preparation of materials

Preparation of the GG matrix: H,O and an amine catalyst were added to GPTMS
placed in around bottom flask in the molar ratio GPFTMS : H,O : cat. =1: 1.5: 0.05,
and the mixture was stirred. After hydrolysis was complete (as determined by Raman
spectroscopy [12]), n-PrOH (100 g per mole of GPTMS) and TESSA (molar ratio
GPTMS : TESSA = 1: 0.5) were added. After stirring for 1 h the mixture was in a
ready-to-apply condition.

Preparation of the GB matrix: GPTMS and PhTMO in the molar ratio 0.75 : 0.25
were placed in a round bottom flask and stirred. Subsequently, H,O and an amine
catalyst in the molar ratio GPTMS : H,O : cat. = 0.75 : 1.5 : 0.0375 were added and
the mixture was stirred until hydrolysis was complete. Finally, n-PrOH (100 g per
mole of GPTMS) and HHPA (molar ratio GPTMS : HHPA = 0.75 : 0.375) were
added. After stirring for 1 h the sol wasin aready-to-apply condition.
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Preparation of the GA10 matrix: H,O and an amine catalyst were added to
GPTMS placed in a round bottom flask in the molar ratio GPFTMS : H,O : cat. = 1:
1.5: 0.05, and the mixture was stirred. After hydrolysis was complete, n-PrOH (100 g
per mole of GPTMS) and APTES (molar ratio GPTMS : APTES = 0.9 : 0.1) were
added. After stirring for 1 h the mixture was in a ready-to-apply condition.

Preparation of the GAD matrix: H,O and an amine catalyst were added to GPTMS
placed in around bottom flask in the molar ratio GPTMS: H,O : cat. = 1: 1.5: 0.05, and
the mixture was stirred. After hydrolysis was complete, n-PrOH (100 g per mole of
GPTMS) and APTES (molar ratio GPTMS : APTES = 0.9 : 0.1) were added. After
APTES was fully hydrolysed, DH (GPTMS : DH = 0.9 :0.25) was subsequently
added. After 30 minutes of stirring the mixture was in a ready-to-apply condition.

The dyes were dissolved in mixtures of THF and n-PrOH (wt. ratio 2:1), so that
the total amount of additional solvent in the coating sol did not exceed 30 wt. %. In
order to ensure that materials with identical chromophore concentrations were inves-
tigated, the mass of the side chain was taken into account in the mass calculation of
the silylated dye. Variacrol® Blue D was added to the prepared sols as an additive.
Graftable Blue D was added at an earlier stage, in order to allow its co-condensation
with the polysiloxane oligomers that formed during the sol-gel process. For the hy-
drolysis of the dye, an additional amount of water was added in the molar ratio graf-
tableBlueD : H,O=1:15.

The chromophare concentration was 3 wt.% with respect to the solids of the sols.

The freshly prepared systems were spin-coated on glass slides and CR 39° lenses,
and cured thermally at 125 °C for 20 min. The glass slides and lenses were cleaned
prior to coating as follows: after immersion in NaOH for 5 minutes (50°C), the sub-
strates were washed with deionized water, placed in a ultrasonic water bath for 3 min,
washed again with deionized water and dried with compressed air.

For NMR and EPR measurements, powdered samples were prepared from dye-
doped and undoped gels and dried in aluminum vessels at 125 °C for 20 min.

2.3. Test devices and measur ements

The hydrolytic reactions of alkoxysilanes were followed by means of a FT-Raman
spectrometer (Bruker, model RFS 100). Spin-coating was performed by means of
aKSM Karl Siss spin coater, model RC8. Thermal curing was done by means of
Heraeus drying ovens. For the activation of the photochromic coatings, a commer-
cially available UV-A source (Philips face tanner, model HB170) equipped with Phil-
ips CLEO 15 W UV-A lamps was used. The integrated power density on the sample
was 44 W/(cm*min) between 250-410 nm. The lamp-sample distance was adjusted
to 12 cm. The transmittance spectra were measured and AY values (photochromic
acivity) calculated by means of a colorimeter BY K-Gardner, model the Color Sphere.
Prior to each measurement, the samples were activated, manually transferred into the
measurement chamber of the spectrometer, and the spectra recorded with a delay of
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2 s. Kinetic invegtigations were performed “in situ” by means of a custom-made set-up
comprising a HBO 200 W Hg lamp, a water filter for heat absorption, a colorimeter,
and a sample holder placed in the spectrometer. The sample holder allowed the sam-
pleto be fixed in the optical path with atilt angle of 45°.

The photochemical degradation of the photochromic coatings was studied by means of
an air cooled Suntest chamber (ATLAS Materia Testing Technology BV, model Suntest
CPS+), which was equipped with a 1100 W Xenon lamp (according to DIN 1Sl 9000ff
specification). The average irradiance was 750 W/, After each irradiation interval, all
samples were exposed to a bleach-back procedure comprising a heat treatment at 75 °C for
20 min and irradiation with visible light (standard fluorescence bulbs) for 1 h, followed by
dark storagefor at least 2 h at ambient temperature.

Solid state quantitative MAS-NMR measurements were performed on a Bruker
DSX 400 spectrometer. The paramagnetic properties were investigated by means of
astandard SE/X spectrometer (Radiopan, Poznan), the sample holders were sealed
quartz capillaries (1 mm in diameter). The magnetic field was calibrated using di-
phenylpicrylhydrazyl (DPPH) free radicals and modulated at 100 kHz. The EPR spec-
tra were obtained at 9.4 GHz (X-band) and displayed as the first derivative of the
respective absorption curves. For the photochemical degradation of EPR samples,
aHBO 200 W mercury lamp was used. The powders were irradiated for 4 h at alamp-
sample distance of 0.5 m.

3. Results and discussion

3.1. Typesof matrices used

Four matrix types were chosen as hosts for the photochromic dyes. The advantages
and disadvantages of each of the hosts are demonstrated below. The main crosdinking
reactions postulated to occur during thermal curing are shown in Scheme 2.

The GG system is a hybrid polymer with inorganic polysiloxane backbones and
polyether/polyester-like crosslinks, which arise from the thermally induced polyaddi-
tion reaction of epoxide and anhydride groups. The hydrolysis and polycondensation
of the alkoxysilane groups can be carried out at mild conditions and ambient tempera-
ture. Organic polyaddition starts at temperatures above approximately 100 °C. As was
assessed by microhardness measurements, the GG matrix showed a relatively high
rigidity. The universal microhardness was determined to be 110 N/mm for this sys-
tem. Contrary to that, the GB matrix, which exhibits a lower network density and
higher amount of organics, showed the microhardness of only 60 N/mmn?. It is known
that both GG and the GB coating solutions have very low contents of residual water
(less than 1 wt.%) due to its immediate consumption by anhydride groups, which re-
sults in the formation of carboxylic acid species. Thus, GG and GB are both weakly
acidic, and were expected to have arelatively low concentration in silanol groups and
to differ in their cross-linking density.
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Scheme 2. Main precursors and postul ated structures of the hybrid
polymer host materials GG, GB, GA10 and GAD

The GA10 matrix, whose characteristic structural feature is the 3-aminoal cohol
cross-link, is a basic system with no Bronsted acid components. The water content of
GA 10 coating solutions was in the range of approximately 5 wt. %. The GAD system,
whose devel opment was based on the GA10 system, has an even lower polarity in the
cured state as a result of a linear silicone-type backbone and the incorporation of
methyl groups. Therefore, GA10 and GAD are both basic in nature, but should differ
in their polarities.

3.2. Network connectivity accordingto NMR spectra

The photochromic behaviour of the incorporated chromophores strongly depends
on the network characteristics of the sol-gel matrix (the cage effect) [13]. When the
rigidity of the host is high, organic molecules within it will be completely immobi-
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lised and separated from each other (and their degradation products). This may posi-
tively affect the photochemical activity and result in significant stabilisation [6].
Kinetics are determined by factors such as dye structure and rigidity, matrix micropo-
larity, the type of incorporation, and temperature. In a less polar environment, the
closed, uncoloured, less polar forms of spirooxazines would be favoured, while
amore polar environment would stabilise the more polar merocyanine (or even zwit-
terionic) form[3, 14].

In the present study, solid state *Si-MAS-NMR and Raman spectroscopy were
used to characterise the microenvironments supposed to surround the chromophores.
The inorganic network density was measured for powdered bulk samples. Solid state
#5-MAS-NMR spectroscopy yielded valuable insight into the level of inorganic con-
nectivity and allowed the concentration of relevant silicon structural units to be de-
termined (Table 1).

Table 1. 2°Si solid state NMR chemical shifts and inorganic network connectivity

GG GB GA10 GAD
) . ) . ) . ) .
Assignment Assignment Assignment Assignment
[ppri g [ppri 9 [ppm |~ [ppm | "9
66,5 T3 (~74%) | 80,9 | Si-Ph(~21%) | 67,5 | T3 (~77%) | 67,8 | T3(~78%)
60,1 T2 (~22%) | 67,3 T3 (~79%) 59,9 | T?(~23%) | 60,1 | T?(~22%)
52,8 T (~4%)

A signal with a chemical shift & around 67 ppm in the 29Si-MAS-NMR spectrum
can be assigned to the completely hydrolysed and polycondensed species T3, which
forms a three-dimensiona polysiloxane network. In GG, GB and GAD matrices T°
species were detected to a maximum of 79%. Partly condensed T2 and T species,
bearing residual alkoxy or OH groups[1, 15], were found to be present to about 20 %.
Only matrix GB behaves somewhat differently, in that solely T*> moieties could be
found. The resonance at 0= 80.9 ppm can be atributed to T° groups with the substituents
on the silicon atoms being phenyl groups originating from the PhTMO component of the
GB system [16]. Thus, unlike GG, GA10, and GAD, which contain residua hydroxyl or
even alkoxy groups, the GB matrix is supposed to consist of a fully hydrolysed and com-
pletely condensed polysiloxane network. The pore size and distribution of the materias
have not been investigated in this study. It can be, however, assumed that the free volume
is higher in the GB than the GG matrix, which is due to the lacking contribution of the
(purely organic) anhydride cross-linker to the polysiloxane network.

3.3. Photochemical stability

The photodegradation behaviour of Blue D and graftable Blue D under artificia
weathering has been reported elsewhere [6]. For the sake of clarity, the transmittance
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spectra of the activated state of a graftable Blue D doped coating after continuous
irradiation for 28 h and 60 h are presented in Figure 1. The degradation mechanism of
spirooxazines is known to involve radicals [17]. Therefore, in this study it was at-
tempted to take their presence, i.e., the concentration of paramagnetic species as an
indication of dye photostability.

100
bleached state

80
= 60 -
)
[14]
Q
j =
S 404 ]
: %
w
& ~
|: 204c H_n ] activated state

5
0

T T T R T T T
400 450 500 550 600 650 700
Wavelength [nm]

Fig. 1. Transmittance spectra of graftable Blue D (inset) entrapped in the GG host,
prior to and after artificial weathering for 28 h and 60 h (Suntest®)

By means of EPR spectroscopy on powdered bulk samples of the pure matrices as
well as on two series of doped samples (with Blue D and gr. Blue D), radicals could
be detected in a few cases even though the samples were non-irradiated. The results
are displayed in Figure 2a. Substantial amounts of radicals were found for undoped
and doped GAD samples as well as for undoped GG and GA10 samples. The highest
radical concentration was observed for the sample with gr. Blue D covalently bonded
in the GAD matrix.

Figure 2b demonstrates the effect of continuous UV irradiation for 4 h. The EPR
spectra were recorded immediately after the irradiated samples were transferred to the
measurement chamber of the EPR spectrometer. As expected, the EPR signal intensity
rose upon irradiation. This was particularly marked for Blue D doped samples, where
the intensity signal increased by afactor of 10. Interestingly, the radical concentration
of the graftable Blue D/GAD system was not affected by UV irradiation. Among all
other samples, however, the GAD matrix was found to be the worst in terms of
photoinitiated radical production.

The sharp single EPR signals showed a g factor between 2.003 and 2.0045, with
neither splitting nor fine structure. This indicates an anisotropic location or migration
of the detected radical species. Moreover, due to the absence of any Si—C or SO
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splitting, the radicals are supposedly not associated with the photolysis of polysilox-
ane chains[18, 19].
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Fig. 2. Absolute intensities of EPR signals obtained Lo

for powdered GG, GB, GA10, and GAD samples 10,
doped with Blue D and graftable Blue D:
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Radical centres that are present before UV irradiation could originate from an ac-
cidental irradiation with visible light during sample preparation, the energy of which
(~2.5 eV) is sufficient to create some magnetic centres. In the cases where no radical
activity is observed after visible light irradiation only, the energy gap to the excited
state may have been too high. After irradiation with UV light (energy ~5-10 eV) the
number of the active centres rises. The form and g-factors of the EPR signals are not
changed, which means that the characteristics of the magnetic species are the same.
All EPR signals of the measured samples have a g-factor similar to that of a free elec-
tron (g = 2.0023), thus the magnetic centres are of the 1-electron “free radical” type.
In most cases, the radicals have isotropic environments. In a few cases, when the
asymmetric EPR signals are present, the isotropy is slightly distorted.
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Upon storage for 24 h in the dark, the EPR signal intensities of previoudly irradi-
ated samples decreased to the initial level, probably due to diffusion-controlled re-
combination processes. When irradiated again, the EPR signal intensities increased as
before.

In order to correlate the EPR results with the actual photodegradation behaviour,
coated glass samples were irradiated in a Suntest weathering device and the transmit-
tance of the samples was measured after 4 h intervals of exposure. The non-silylated
dye showed higher half-life times in soft and polar matrices (GB and GA10) (Fig. 2¢).
This finding did not correlate with the large difference in the amount of radicals de-
tected after UV light irradiation in the respective powdered samples (Fig.re 2a, b).
The GG and GAD matrices, rigid polar and soft non-polar systems, respectively,
turned out to be less suitable for the physically embedded spirooxazine. This again
was in disagreement with the concentration of radicals after irradiation (low for GAD,
high for GG). For samples doped with graftable Blue D, an increase in the radical
concentration identical to the pure matrix was found. This in general correlates with
the previously obtained result that graftable dyes have higher photochemical stability
than the corresponding physically entrapped dyes.

3.4. Switching kinetics

For the investigation of switching kinetics, coated glass samples were irradiated in
situ in the measurement chamber by means of a UV lamp (HBO 200 W Hg lamp).
The change in optical density was determined in intervals of 2 s during activation as
well as during bleaching.

Dyes entrapped in hybrid polymers generally showed slower kinetics than the cor-
responding solutions in organic solvents (see Table 2) [4, 20]. This was particularly
evident for the fading processes. Nonetheless, the differences were small and indi-
cated a high degree of mobility for the incorporated chromophores.

Table 2. The kinetics of several photochromic dyes;
t,— activation time for 50 % of the maximum transmittance, t;— fading time, both in seconds

Dve GG GB GA10 Methanol Hexane

Y t t t v | 6]t | & v | b | &
Blue A? 4.7 5.8 1.4 6.2 34 | 32 2 1 3 4
Blue CP 205 | 936 10.3 63 14.7 | 286 - - - -
BlueD 6.2 9 5.3 9.6 55 | 89 6 12 4 4
PNO° 39 2.8 37 52 41 | 18 2 1 2 >24
Red A° 75 129.1 4.8 57 58 | 26.6 - - - -
Photo L® 7.4 9.1 55 10 39 | 136 6 11 5 12

It is apparent that covalent attachment noticeably slowed down the “off-reaction”,
which is probably due to steric hindrances and restricted chromophore mobility (i.e.,
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restricted ability to re-orientate within the free volume of the matrix). The determined
bleaching kinetic curves could be fitted by means of a second order exponential decay

(Fig. 3).
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Fig. 3. On/off kinetics of spirooxazines entrapped in the four hybrid polymer matrices,
GG, GB, GA10, and GAD: a) Blue D, b) Graftable Blue D. AY; — change of luminous
transmittance after irradiation for agiven timet, AY,— change of luminous
transmittance at maximum colouration (photochromic activity)

It can be seen that both matrix rigidity and polarity have an influence on the
switching kinetics. The large difference between the covalently bonded and physically
entrapped dyes is clearly evident, for example, in the off-reaction of graftable Blue D
in the GG system, which proceeds slower than for Blue D by about afactor of 10
(squaresin Figs. 3a, b). For the other matrices the effect is observable as well, but less
pronounced. It is conceivable that on the one hand the polar carbonyl and silanol sites
of the GG host material are particularly effective in stabilising the opened merocya-
nine form, thus causing slower bleaching, and on the other hand the back reaction is
sterically hindered as aresult of the covalent attachment to a matrix that is considered
to be the most rigid one (GG). In agreement with this hypothesis, fast on- and off-
kinetics were observed when the dyes were physically entrapped in the more soft and
unpolar host materials.



198 A. KLUKOWSKA €t al.

It is apparent (squares and circles in Fig. 3b) that the bleaching kinetics differ for
GG and GB matrices. This may be attributed to both the differences in network densi-
ties (i.e., free volume) and polarities. As pointed out before, GB, derived from an
organic anhydride cross-linker should have a higher free volume and lower rigidity
than the GG material, whereas GG is clearly more polar than GB. All these factors
may have contributed to the observed differences in kinetic behaviour.

The amine cross-linked systems GA10 and GAD behaved very similar in terms of
colouration, but showed higher bleaching rates as compared to the anhydride cross-
linked systems GG and GB.

4. Conclusions

The switching kinetics and photochemical stability of photochromophores were
found to depend strongly on the chemical properties of the matrix they are entrapped
in, and on the type of entrapment. Significant differences were observed for physi-
cally entrapped and covalently bonded chromophores. The results allow the most
suitable molecular environment to be chosen for a given dye in terms of photostabil-
ity, kinetics and activity —thisis considered to be relevant for potential applicationsin
the ophthalmic sector. In order to create optimised microenvironments, further inves-
tigations on the micropolarity and chemical character of the radical species present in
the irradiated samples are necessary. Low temperature EPR is considered to reved
valuable information in this respect.

Acknowledgements

A. J-F. thanks the Gdansk University for the supporting grant No. BW/5200-5-0316-3. A. K. thanks
the Bayerische Forschungsstiftung for a scholarship.

This work has been funded in part by the European Commission (Brite-Euram BE 3380), which is
gratefully acknowledged.

References

[1] BRINKER C.J., SCHERER G.W., Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing,
Academic Press Inc., San Diego, 1990.

[2] BRowN G.H. (Ed.), Photochromism, Wiley-Interscience, New Y ork, 1971.

[3] Fischer E., Hirshberg Y., J. Chem. Soc., 1952, 4522.

[4] MALATESTA V., Photodegradation of Organic Photochromes, [in:] J.C. Crano and R. Guglielmetti
(Eds.), Organic Photochromic and Thermochromic Compounds, Kluwer, New Y ork, 1999, p. 65.

[5] SCHOTTNER G., Chem. Mater., 13 (2001), 3422.

[6] KLukowskA A., POSSET U., SCHOTTNER G., Wis M.L., SALEMI-DELVAUX C., MALATESTA V., Mat.
Sci. 20 (2002), 95.

[7] CranO J.C., KwaK W.S., WELCH C.N., Spirooxazines and their use in photochromic lenses, [in:]
C.B. McArdle (Ed.), Applied Photochromic Polymer Systems, Blackie & Son Ltd., New York 1992,
p. 31

[8] Kwak W.S., CraNO J.C., PPG Technology Journal, 2, (1996), 45.



Photochromic sol-gel derived hybrid polymer coatings 199

[9] LEvY D., EINHORN S., AVNIR D., J. Non-Cryst. Solids, 113 (1989), 137.

[10] LEvY D., AVNIR D., J. Phys. Chem., 92 (1988), 4734.

[11] sancHEz C., RiBOT F., LEBEAU B., J. Mater. Chem., 9 (1999), 35.

[12] PosseT U., LANKERS M., KIEFER W., STEINSH., SCHOTTNER G., Appl. Spectr., 47 (1993), 1600.

[13] AVNIRD., LEVY D., ReisFeLD R., J. Non-Cryst. Solids, 74 (1985), 359.

[14] GuGLIELMETTI R., 4n+2 systems. Spiropyrans, [in:] H. Dirr and H. Bouas-Laurent (Eds.), Photo-
chromism; Molecules and Systems, Elsevier, Amsterdam, 2003, p. 314.

[15] MAaRsMANN H.C., [in:] P. Diehl, E. Fluck and R. Kosfeld (Eds.), NMR 17: Oxygen-17 and Slicon-
29, Springer-Verlag, Berlin, 1981, p. 66.

[16] TAaYLOR R.B., PARBHOO B., FiLLMORE D.M., Nuclear Magnetic Resonance Spectroscopy, [in:] The
Analytical Chemistry of Slicones, A. Lee Smith (Ed.), Wiley, New York, 1991, p. 347.

[17] MALATESTA V., NERI C., WISM.L., MONTANARI L., MILINI R., J. Am. Chem. Soc., 119 (1997), 3451.

[18] ALBERTI A., CAMPREDO M., GiusTI G., LuccioNI-Houze' B., MACIANTELLI D., Magn. Reson. Chem.,
38 (2000), 775.

[19] MAaTsul K., MoTEGI M., ITOK., Nucl. Instr. Methods Phys. Res. Sect. B, 116 (1996), 253.

[20] Photochromes GLCI Variacrols, Great Lakes Chemical Sr.l., Milan, Italy, 1994, p. 1.

Received 19 April 2004
Revised 22 June 2004



Materials Science-Poland, Vol. 22, No. 3, 2004

Development of highly transparent and conducting
yttrium-doped ZnO films: therole of sol-gel stabilizers
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Yttrium-doped zinc oxide (YZO) thin films were deposited with the dip coating technique. The effect
of different sol-gel stabilizers (lactic acid with hgtirsis, without hydrolysis, and diethanolamine (DEA))
on structural, electrical and optical properties @& fhlioduced films were investigated. The stability of
solutions prepared with DEA was much higher thtzat of other stabilizers. Films deposited using this
solution also exhibited good adherence to the substrate, preferential orientation, and the lowest full width
at half maximum of (002) X-ray diffraction peak. Average transmittance in the visible region increased by
14.6% and resistivity decreased by two orders of magnitude as the stabilizer was changed from lactic acid
to DEA. The lowest resistivity, 3.5 102 Q-cm, and an average transmittance of 85% are obtained for
200 nm thick films annealed at 450 in air using DEA as a stabilizer.

Key words:ZnQ:Y; transparent conducting oxide; sol-gel; stabilizers

1. Introduction

Transparent conducting oxide (TCO) filmktin, indium andzinc oxides (doped
and undoped) have been extensively studiee to their high optical transmittance
and electrical conductivity. These films arseful in photovoltaic and photothermal
applications [1-3]. Unlike the more commgnised indium tin oxide, zinc oxide is
a non-toxic, inexpensive and abundant material. It is chemically and thermally stable
in hydrogen plasma processes which @mmonly used for the production of solar
cells [2, 4]. Non-stoichiometric pure ZnO @ n-type semiconductor, but its optical
and electrical properties are not very staildigh temperatures [5]. However, doped
films can be made which have very stadliectrical and optical properties [6]. There-
fore, doped ZnO films are preferred for pieal purposes [7]. The doping effect of
In, Al, and Ga on ZnO has been reportedjfiently by many research groups [4-7]
but the use of a rare-earth impurity adapant, particularly Sc, Y has been scarcely
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reported, although their ionic radii are cldsethat of zinc, which makes them com-
patible for doping. Recently, Minami et al. reported that conductivity of RF sputtered
ZnO films can be increased by Y-doping [8].

Several deposition techniques are used aavgnO thin films, including chemical
vapour deposition (CVD) [4, 9], magnetropustering [10, 11], spray pyrolysis [12],
pulsed laser deposition (PLD) [13, 14], andtggl method [7]. In comparison with
other technigues, the sol-gel technique thasadvantage of being low cost and allow-
ing non-vacuum, low substrate temperatuteposition. Since zinc belongs to the
group of elements which easily form polgric hydroxides (a fundamental require-
ment for the sol-gel chemistry), this techniquam be easily used to deposit thin films
of zinc oxide.

The usual starting materials for sol-gebpesses are metal alkoxides. They are
hydrolyzed to form sols, but they arg&pensive and their reactants are explosive.
Therefore, many thin films have beerepared using metal salts [15,16]. A problem
in the sol-gel process is the stability the sol. Sometimes precipitation or gelation
occur during its storage and applicatioffeeting the quality of the films produced.
Some kinds of acids are often used to accelerate or control the sol-gel process and are
known as sol-gel stabilizers. Owing to these reasons, we have made an attempt in this
study to investigate the effect of addinffelient sol-gel stabilizers, like (a) lactic acid
with water, (b) lactic acidvithout water, and (c) diethalamine (DEA) in ethanol as
a solvent on the structurad-éxis orientation and surfaeeorphology), electrical (re-
sistivity, carrier concentration and Hall mobility) and optical (transmittance, band gap
energy) properties of YZO films preparedtwe dip coating technique. The effects of
annealing temperature in air on these pri@grhave also been investigated in the
temperature range of 36800°C.

2. Experimental

A precursor solution of ZnO, about OM in concentration, was prepared from
zinc acetate (Zn(C¥0,)»2H,0, purity 99.5%) and dissolved in anhydrous ethanol.
It was observed that the solutions prepaw@ti concentrations greater than 0.2 M did
not remain stable for a long time. Yttrium nitrate hexahydrat®Qg6H,O, purity
99.9%) was used as a dopant (3 wt. %) aphesent study. The mixture obtained in
such a manner was stirred in a magnetic stirrer for about 4 h at room temperature. It
was observed that the solubility of zinc acetate was smaller in ethanol. Due to this, the
associated acetate forms colloids and &yrsiolution is obtained. The sol-gel stabi-
lizers were added to the respective solutitmgliminate/minimize the turbidity and
precipitates. Various sol-gel stabilizers wadgled: lactic acid with hydrolysis (solu-
tion A), without hydrolysigsolution B), and DEA (solion C). Solution A was hy-
drolyzed with 2 moles of water per 1 mole of metal acetate by adding water dissolved
in ethanol at 10 wt. % drop-8&, along with roughly 5 wt. % lactic acid in order to
remove turbidity. Solution B was prepared using only lactic acid. It may be mentioned
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that solution B had to be filtered in ord® obtain a clear solution. An equimolar
amount of DEA was added to solution C dmeise to eliminate the obtained turbidity
and precipitates completely. Clear, traargmt, and homogenous solutions thus ob-
tained were left to age for 48 hrs.

The corning glass (7059) substrates, aftargoeleaned with acetone and methanol in
an ultrasonic bath for 20 minutes each, warsed with deionised water for 5 min and
then dried in a nitrogen atmosphere. The glass substrates were dipped in the respective
solutions (approximately 15 ml) at room tergiture. The area of the dipped surface was
15%20 mr. The substrate was withdrawn with @eg of 8 cm/min. Films were dried at
250 °C for 20 min. This cycle was repeated 10-15 times until the desired thickness
was obtained. The thickness of the films was in the range of 200-250 nm. The depos-
ited films were annealed in air in the temperature range of 3005 1 h.

The structural properties of the films wénmgestigated with a Phillips Holland X-ray
diffractometer (Model PW 1830/00). The surface morphology of the films was ana-
lyzed with Scanning Electron MicroscogyEOL JSM 6300). The thickness of the
film was measured with a DEKTEGK "surface profilometer. The electrical resistiv-
ity and Hall coefficient of the films were measured at room temperature with the van
der Pauw technique. Optical transmittance measurements were carried out in the
wavelength range of 200-800 nm usindauble beam spectrophotometer (SHIMA-
DzU 330). The proportion of yttrium to zinaf YZO films was found to be nearly
equal to that in the solution, as determibgdan Elemental Dispersion Analysis of X-
ray (EDAX) measurements.

3. Results and discussion

Some of the parameters which contra¢ duality of the films prepared with the
sol-gel technique are: (i) ageing of thdusion, (i) wettability, and (iii) the stabilizer
itself. Solutions A, B and C were observeithaa magnifying glass in order to watch
the changes in the sol wittme. 72 h after the preparation of solution, it was observed
that solution A showed turbidity/suspensipits complete gelation took place in ap-
proximately a week. Solution B remained clear for 2 weeks. However, solution C
remained transparent and stable even for 2 months.

The wettability of the solution with diffen¢ stabilizers was examined simply by
keeping the coated solution at room temperafor a longer time. If the solution is
not repelled by the substrates even after 10 minutes, it exhibits good wettability. It
was observed that solution C had the hesttability, and that the coated film re-
mained uniform and smooth as compared to the films obtained from solution A. The
films produced using solution A were nondamm and had small dots (holes) at the
edges and a relatively rough surface with a yellowish-white colour. This may be due
to poor wettability and residual precipitates that may have developed during aging.
Films made from solution B did not contaiiots, and their surfaces seemed to be
moderately uniform.
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3.1. Structural properties

Structural properties of the films dejitesl under different conditions were exam-
ined by X-ray diffraction (XRD). As grow YZO films prepared from solutions A, B
and C exhibited an amorphous natushereas films annealed at 38D showed evi-
dence of a conversion from an amorphouspédycrystalline structure with (100),
(002) and (101) peaks. However, no prefd orientation was observed. As the an-
nealing temperature was increased from t85050°C, the (002) reflection peak be-
came intense and sharper as comparecketottiers, indicating a tendency of preferen-
tial growth in the films. Vith a further increase in temperature, i.e. beyond°€50
there was a decrease in the intensity oftadl peaks, which suggests a degradation of
the quality of the films at higher temperatar17]. This effect was common in films
derived from all three solutions.

Annealing temp. 450 e (002)

Intensity (a.u.)

20.00 30.00 40.0C
20 (deg)

Fig. 1. XRD diffraction patterns of YZO films derived
from different solutions annealed at 48D in air

Figure 1 shows the X-ray diffractogns for YZO films annealed at 43C and
prepared from solution A, B and C. The hegh(002) peak intensity was observed in
films prepared using solution C. A shiiftthe (002) peak position to a higher\2alue
was also observed for these films with aor@ase of the annealing temperature. This
shift approached the powder value of 34.4#ithe temperature of 48C. This indi-
cates a reduction in the tensile stress with annealing [16]. This reduction could be due
to a large linear expansion coefficient ¥ZO films in comparison with the glass
substrate, to a reduction of defgabr to the desorption of oxygen.

The effects of annealing temperaturefoth width at half maximum (FWHM) of
the films obtained from different solutionseahown in Figure 2. It was observed that
FWHM decreases with increasing annealing temperature untif@30r all of the
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films. The value of FWHM is inversely @portional to the grain size, implying that
grain size improves with increasing anneglitemperature [18]. A further increase in

the annealing temperature resulted, however, in an increase in FWHM. This may be
due to a degradation of the structure entamination with alkali ions from the glass
substrate [19]. The lowest FWHM, 039vas obtained for films made from solu-
tion C, being 11.4% lower than that alsted from films made from solution A.

—&— Sol. A
—8— Sol. B
—A—Sol. C

_ s

1

350 400 450 500

Annealing temperature (°C)

0.52

FWHM (deg)

0.40

Fig. 2. The effect of annealing temperature on the FWHM
of YZO films obtained from solutions A, B and C

Fig. 3. SEM images of the films annealed
at 450°C, derived from different solutions: gy
a) sol. A, b) sol. B and c) sol. C 3381 18K 13,608 1pwm WD33
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The experiment reveals that the use of DEA enhances-des orientation of
YZO films. The solution with DEA as aatiilizer was the most stable and produced
YZO films with the highest quality.

Figures 3a—c show SEM images of films annealed at°@5@lerived from three
different solutions. It can be clearly seiat the use of DEA enhances grain growth
(supported by XRD analysis, Fig. 2hd improves surface morphology.

3.2. Electrical properties

The Hall coefficient data showed that 20 films are of then-type. Electrical prop-
erties of YZO films prepared from all threellgmns were investigated as a function of
annealing temperature. There was an iner@asnobility with increasing annealing tem-
perature until 450C, which is mainly due to the improvement of crystalline structure in
films as supported by our XRD analysis (Fig. 2). This increase in mobility is also accom-
panied with an increase in the carrier cotredion, due to interstitial zinc atoms and/or
a contribution from Y" ions substituting Zfi ions. This results in a decrease in resistivity.
Moreover, the desorption of oxygen frone thurface, pores and grain boundaries with
increasing annealing temperature may also$moresible for decreased resistivity. A slight
increase in the resistivity of the films at temperatures abovéGhfay be due to a struc-
tural degradation as observed in the XRD analysis.

Table 1. FWHM, resistivity4), carrier concentratiom) Hall mobility (¢4)
and average transmittance for YZO films grown at an optimized
annealing temperature (48Q) using different sol-gel stabilizers

Sol-gel FWHM P n M traﬁ\:;:ftl?aice
stabilizers | (deg) | (Q-cm) (cm™®) (cn?IVs) %)
Solution A 0.44 4.016 1.15x1b 14.0 75
Solution B 0.40 0.246 1.39x10 18.2 79
Solution C 0.39 0.035 9.1x10 19.8 86

The resistivity f), carrier concentratiom) and Hall mobility f4;) for the YZO films
grown under optimized annealing temperature A50using different sol-gel stabilizers
are given in Table 1. It is seen from the table ghah a sample obtained from the solution
C is nearly 1.4 times higher than that issanple obtained from solution A, while there is
an increase by two orders of magnitude in the valud@ffilms prepared from solution C
as compared to those obtained from solutioTHis gives rise to the lowest resistivity,
3.5 x 10°Q-cm, for films obtained using DEA as a stabilizer.

3.3. Optical properties

Figure 4 shows optical transmittance curves for YZO films annealed atGl50
prepared from different solutions. Theeazge transmittance in the visible region
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measured for films obtained from all thedb solutions was higher than 75%, but it
was the highest for films produced from the solution C. The optical band gap energy
was calculated using Tauc'’s plot, as shawirig. 5. The maximum values for trans-
mittance and the band gap energy were obtained for films produced from solution C,
amounting to 86% and 3.331eV, respectively.

100
| Annealing temp. 450 °C

:-o- 80 P e e
x
[t
% 60 |-
= Sol. A
=
s Sol. B
c L
& 40 Sol. C
'_

20

300 400 500 600 700 80C
Wavelength (nm)

Fig. 4. The dependence of transmittanteX) in the wavelength range
of 200—-800 nm on sol-gel stabilizers for YZO films annealed at@50
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Fig. 5. Effect of sol-gel stabilizers on the band gap endggy (
for YZO films, shown in Tauc’s plot

The effect of annealing temperatura the band gap energy of YZO films pre-
pared from different solutions is shown ingFB. It is seen from the figure that the
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band gap energy is higher for films obtairean the solution C as compared to those
obtained from the solutions A and B. The effect of annealing is also enhanced for
films obtained from solutions using DEA as a stabilizer. The average transmittance
was also found to increase with an E&se in annealing temperature up to 45@or

all three films. The variation of transmittze with annealing temperature for films
deposited from the solution C is also showrFigure 6. This increase in transmit-
tance can be attributed to an improvemarthe crystallinity and microstructure with
increasing annealing temperature.

3.35 T T T T T 100
Annealing temp. 450 °C e
S Ak | B
- n - - <
e e---m LTl L
Ly /l g
o
(1]
3 ] 160 =
2330} &
@ . @
el 140 =
_-———_‘-___"__________‘-_‘__—__-"
-
—A—Sol.A —=—Sol.C 120
—8—Sol.B - %~ T(Sol.C)
325 " 1 " 1 " O
350 400 450 500

Annealing temperature (°C)

Fig. 6. Variation of band gap enerds,) and transmittancel( %)
as a function of annealing temperature

4. Conclusion

Sol-gel derived yttrium-doped ZnO thin films were obtained. They all exhibited
polycrystallinity at an annealing temperature of 360 It was observed that solutions
with DEA as the stabilizer were the masable and produced high-quality films. The
crystalline quality of the films improvedith increasing annealing temperature up to
450 °C. Films prepared from the lation C showed preferential-axis orientation.
Minimum resistivity and the maximum transmittance were obtained for films deposited
from the solution C. These films also skamhan enhanced optical band-gap energy.

It may be mentioned that the key to obtain high-quality films using the sol-gel
technique is to prepare a clear, transparand homogeneous solution without any
chemical species. Further, in the sol-galgass of ZnO thin films starting from zinc
acetate (the precursor material), one cannetausydrolysis reaction (as in alkoxides)
in order to form Zn-O-Zn bonds in theepursor. The formation of such bonds al-
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ways leads to a homogenous and/or hetereges nucleation of ZnO or other related
compounds in the solution. When this happens, the solutions are not homogenous
anymore. However, DEA acts asbidentate ligand to the zinc ions in the solution,
making it stable against any precipitatesisT$tability of the solution is responsible

for the successful incorporation of Y intcetEZnO lattice, in turdeading to reduced
resistivity.
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Analysis of optical transitions
of Nd** in YAG nanocrystallites

ARTUR BEDNARKIEWICZ'

Institute of Low Temperature and StrueResearch, Polish Academy of Sciences,
P.O. Box 1410, 50-950 Wroctaw 2, Poland

A novel approach to the analysis of optical transitions iff¥ddped nanocrystallites is put forward,
based on the Judd-Ofelt analysis of luminescence transitions associated with thd,;,, and
*F3,=>"4, bands. The procedure, requiring neither information of" Mdncentration nor transparent
samples, greatly simplifies calculation of branching ratios of neodyrtiigar>“l,. The technique seems
to be very useful in the spectroscopic assessment Btdéged materials for laser and optoelectronic
purposes. The effect of grain size in nanometric ceramics on the branching ratio is considered.

Key words:nanometric ceramics, neodymium, spectroscopic parameter, Judd-Ofelt theory

1. Introduction

Recently there has been a great interestudying optical properties of rare-earth
(RE) doped nanocrystals. These materiatslgt a number of novel interesting prop-
erties useful in designing new optoelectmdevices. Optical properties of RE doped
nanocrystals depend on preparation conditansvell as on structural and morpho-
logical properties of individual particlesn particular, the processes of electronic
relaxations are closely related to the sffect for very small nanoparticles (in the
1-30 nm range). This effect is associatéth the electron-phonon confinement effect
[1, 2] and may lead to inhomogeneous blier@ing of electronic transition linewidths,
increased lifetimes and reduction mafiltiphonon relaxation and phonon-assisted en-
ergy transfer processes.

In the present paper, an analysipesformed of f-f transitions for Né doped

YAG nanocrystals deduced from the luminescence spectra. The effect of nanocrystal

grain sizes on optical properties of Nd:YAG was investigated.

"E-mail: Abednar@int.pan.wroc.pl.
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The Judd-Ofelt model [3,4] allows quantitative analysis of the intensities of f-f
radiative transition in RE doped crystalhe Judd-Ofelt theory was first developed
for liquids and gases and then successfusdlgd for glasses and crystals with numer-
ous local site symmetries of active ions. Based on absorption spectra measurements,
this method allows determining empirical paramexrsvhich in turn allow predict-
ing the radiative rate constants for anfytfansitions. A directapplication of Judd
—Ofelt method in the analysis of the spectra of RE doped nanocrystalline powders is
difficult because of lack of high quality alvption spectra due to scattering effects.
There are, however, several approaches using luminescence spectra to enhance the
accuracy of@, parameters determination for’Pf5] or calculate spectroscopic qual-
ity parameters for Nt or EF*.

In the case of NH ion, one of the most important for laser applications, two tech-
niques have been described in the literature [7, 8]. Both are based on the assumption
that the probability of spontaneoesission for various transitiofiBs "1, (J = 15/2,

13/2, 11/2 and 9/2) is determined by the intensity param&gand.2; only, whereas
the £2, parameter for which the matrix elemert/€]>* is close to 0, can be neglected.
This allows to calcuke the branching ratiog); between’Fs, and respectivél,
(J=9/2, ..., 15/2¥tates of N& ion from the analytical expression

(ay Xyg +by ) A%y
Z(aJ'XNd +by )ﬂJ_J3

KG

1)

ﬂJJ'(XNd):

2 2
where aJ,:<4F3,2HU (4)H 4IJ,> and bJ,=<4F3,2HU(G)H 4IJ,> are matrix elements of

the irreducible tensor operators of ranks 4 and 6, respectively. The spectroscopic qual-
ity parameteiXyq is defined as

Q
Xy = —2& 2
) @

These dependencies are universal in their character and can be used to analyze
Nd** doped glasses or other amorphous materials like ceramics, or even nontranspar-
ent media during the optimization praseof its performance. Since only th&/Q;
ratio is necessary for calculations, relatlvand intensities are sufficient for determi-
nation ofXyq. Moreover, there is no need to measure the concentrations>ofoNs,
which greatly simplifies the calculation procedure. The first method is applied for
absorption bands, namely the relations between*lhe>*Py, and *lg="l15, Or
Ylo=>"19;» transitions are required [7]. This pexure may be used only for transparent
or at least semitransparent media. For raor#parent media or for the samples not
suitable for absorption measurements, sdatieor fluorescence spectra may be used.
The relation between tH&;,>"111,, and*Fs—"113, luminescence bands is also used
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to estimateXyy value [9]. Due to the fact that tHE;,~"l,1,, transition is located
around 1.06um and théF5,"l13, is located around 1.38m, obtaining real values of

the relative band intensities may prove difli as most photodetectors does not cover
both regions simultaneously. The method put forward in the present paper allows
calculating spectroscopic parameters of Ndn by comparing luminescence intensi-
ties of two other bands.

2. Experimental

In the course of the experiments one Engystal and a series of nanometric
Y3Als0; (YAG) powders were measured. They were 1 at. % Md20D;, single
crystal and 5.4 at. % Nd:YAG nanocrystals heated at 800, 100 and@ Z0® same
material as in [6]), respectively.

All the spectra were recced in the same conditionsith a JobinYvon THR1000
1 meter spectrophotometer. A Hamamatbotomultiplier with R406 characteristics
was used together with a 1200 holographiatigg. All spectrawere corrected for
spectral responsivity of the system, by dividing acquired data by a calibrating curve.
The calibrating curve was obtained from black-body emissivity taking into account
Planck law for a specific black-body tearpture and acquisition equipment parame-
ters.

3. Results and discussion

Due to a relatively high intensity and ease of measurement in near the IR range, it
is proposed that the relation between two baffélg—>"1.1, at 9447 cit (hereafter

referred to ag4) and*Fs—="lg, around 11500cm(j) may be used to calculate the

spectroscopic parameter of neodymium ion. As a matter of W&tmnatrix element
may be taken equal to zero for all transitions under consideration.

The intensity of luminescence may be expressed=afN,hcy where A is
a spontaneous emission coefficiedt,is a population of emitting level artfity is the

energy of a transition. Dividing,, by I,, allows employing the above relation and
relation (2) to construct an analytical expression

zzﬁizm[mj@,<HUﬂ(‘”H>2X~d+<Hny“H>2 5
T ) e

v
Here 7,; andl,, are intensities of the; and , bands respectively; ,andv,, are

y2

wave numbers of thg andj; transitions, respectively;,, andy,, are local field cor-
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rection factors for electric-dipole trsitions of luminescence spectra wherds de-
fined as

i i2 22
L] @

n; describing the index of refction for a given transition.

Table 1. Matrix elements f8Fs,>111,, and*Fs~*l g, transitions [10]

y | Transition | A7 [em™] | <[U@|I? | <|U@? | <|UO)?

| P>l 9500 0.0000 0.1136 0.4104
¥ | “Faler’ 11350 0.0000 0.2293 0.0548

!Despite *Faj=>"111» als0?K157>*F3, could influence the transition around 9550
nm but the 514.5 nm excitation line does not excitéhe, level.

2y parameter was rejected. Transitio excited by 514.5 nm line where not
considered.

Denoting

_ 4
| ol I:Lz] Zr2 (5)
l}/l

and recasting Eq. (3), one gets

(o) -1 o
Xng = 2 2
(o) (o)

According to Table 1, <J},,“||>*= 0.1136, <|J),,®||>?= 0.4104. For thes transi-
tion <|J,,|[>? = 0.2293 and <J,,¥||>* = 0.0548.

Preliminary calculations have shown that the value ofXiygparameter obtained
with Eqg. (6) is larger than that obtained from g parameters calculated from ab-
sorption spectra, e.8ng = 2.00 versus 0.54 for Nd:YAG single crystal. It is expected
that a quantitativ&Xyy calculation would need a cortam factor, specific for a given
experimental setup. Once definétdgould be used to correy for any other mate-
rial. The correction factor was derived asratio of absorption-based to emission
-based values of the spectroscopic parameters, e.g. 0.54/2.004 = 0.269% kence
= 0.2695¢yq. It is obvious that the correction factor is sensitive to any kind of changes
done to the setup. Nevertheless, qualitative conclusions akgwobtained from lu-
minescence spectra can be drawn.

(6)
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Assuming’,, = 9450 cm' and 17y2:115000rﬁl from the dispersion characteristics

of YAG one obtains,,=1.818 and,,=1.822. In fact, the barycenter of the band in
calculations (Eq. (5)) was evaluated by means of the expression

po )

Je(2)

and then recalculated to wavenumbe(d) represents the emission spectrum.

According to Eq. (3), a spontaneous ssion is required, what implies the use of
low pumping power, far from stimulatesimission condition or any thermalization
effects. These effects, which may chanproportions between respective emission
bands, are undesired.

()

Table 2. Calculated Nd spectroscopic parameters and branching rgjos
of respectivéF,,~“1; transitions for different materidis

. 2, Q, s
Material 2; Xnd X'Ng | Bz | P | Bue | B | Ref.
[10%en]

0.20 | 2.70| 5.00 0.54(Q 116 | 53.4| 344 [11]

®
037 | 229| 5.97 0.384 D.| 12.7| 56.4| 302 [12]
1.00 | 290 9.30 0.312 0.| 133| 58.0f 28.0 [13]
D
0

YAGsinglecrystal | goo | 320 4.60| 0.696 10.7| 50.8| 38.0 [14]

034 | 211| ©5.48 0.385 12.7| 56.3| 30.3 [15]

035 | 2.36| 13.02| 0.181 @.| 146| 61.3| 234 [16]
- - - 2.004 | 0461 06| 121 548 324 2
(nc)YAG 800 °C - - - 2352| 0541 06| 11p 53[3 345
(nc)YAG 1000°C - - - 2081| 0479 06| 12p 54/5 329[6]°
(nc)YAG 1400°C - - - 1649 0379 07| 12B 565 30.1

}(Xna from £2 parameters if given in the Table or from luminescence speGigayith correction factor from luminescence spectra).
2Xuq calculated from luminescence spectra in present work, Xth@arameters were obtained fréiw. (2) basing on literature data.

It is interesting to note that literature dataX@f are very divergent varying from
0.2 up to 0.7. It comes from Eq. (1) that ¥ai> 2 even large changesXqq result in
small changes in branchingiics. The error can be heestimated by the total differ-
ential equation for every parameter of Eqgs. (4)—(6). The equation

5X
AXyg = > J—F“,‘dAP 8

P=lyily 21y 20y 10, 2
was used to calculatdbsolute error with, vandn of bothy; andy; bands as parame-
ters. HereAP is the measurement error of, eAl.,i, Av,; andAn, equal to 5, 10 and
0.01, respectively. The total relative err@eX{/Xng)%*100% was calculated to be
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20.2, 29.3 and 35.3% for samples heated at 800, 1000 and¢@480d forXyy given

in Table 2. The increase in the total tda error may be due to the decreaseXgf

value. It is important to notice, however, that X5 > 2, even largeXyg changes do

not introduce large changes 6f values. For the samples examined in this work, for
higher annealing temperatures, the spectroscopic paraXetesystematically de-
creases due to increasing sizes of YAG grains [6]. The average grain sizes for YAG
nanocrystals were 25, 100 and 2000 nm for the samples heated at 800, 100 and
1200°C, respectively.

4. Conclusions

It was found that the observed trend of increa¥iggwith increasing temperature
of annealing of nanocrystallite ceramics is due to the increase of the grain size of
nanocrystallites. The reason why the grain size affects the spectroscopic parameter is
not clear at the moment. It is obvious thlé grain size affects the luminescence
spectrum due to thermalisation of th, state fromi'Fs,. The thermalisation should
affect the’Fs, level emission in the same way, thus it should not change the relation
between the bands resulting from ssibn from that level to differeft, levels. Most
probably, the thermalisatioof the ground state statéis and the Stark levels within
that states change the statial distributbn of electrons.

The method presented in this paper does not include cross relaxation processes re-
sponsible for concentration quenching in*Ndoped samples. The cross-relaxation
reduces the total population #%), state but does not change the branching ratio dis-
tribution. Use of a low pumping power maliminate the parasitical process consid-
ered.

The advantage of the presented method is a possibility of using fluorescence in-
stead of absorption spectra. This simpéifibe calculation method of the branching
ratio eliminating necessity of the prep@wa of proper sample surfaces and making
unnecessary knowledge of active ions @nration. Moreover, spectroscopic proper-
ties of non- or semi-transparent materials may now be easily assessed.
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Synthesis and luminescence properties
of nanocrystalline BaTiO3:Nd**
obtained by sol-gel methods
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P.O. Box 1410, 50-950 Wroctaw 2, Poland

Neodymium-doped barium titanate (BaEjanocrystalline powders were prepared by the sol-gel
method. Structure and average grain sizes were analysed by X-ray powder diffraction (XRD) measure-
ments. Grain sizes amount from 30 to 60 nm, depgndin dopant concentration and sintering tempera-
ture. The luminescence properties of BajINa** were investigated as a function of the concentration of
Nd®" (0.5-2 mol %) and sintering temperature (700-185p The influence of N¥ concentration on
the grain size and crystal structure of Bagi@nocrystallite powders was found and a weak hot emission
from the*Fs, level was observed for the nanopowders obtained.

Key words:bariumtitanate; neodymium; sol-gel; luminescence; size effect

1. Introduction

Barium titanate (BaTig), a classical ferroelectric neial belonging to a humer-
ous group of perovskite materials, is characterized by a general formula BBO
pending on the valencies of the metal cations (A and B), perovskite materials are sub-
divided into two main groups, described by the formuld8B%0; (e.g. BaTiQ,
PbTiO,) and A'B*0; (e.g. NdAIQ, LaAlOs). In both groups the crystal structure is
usually depicted in a pseudocubic form.dhtains two cation sites in the crystal lat-
tice: (A) large cations located in the cormgiB) small cations occupying the centre of
the unit cell, and oxygen ions on the centkthe cell walls. Possible displacement in
ion arrangement in the unit cell is directBsponsible for characteristic properties of
these materials [1, 2].

"Corresponding author, e-mail: R.Pazik@int.pan.wroc.pl.
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Recent developments in nanotechnology tere@w and interesting challenges for
researchers and opens broader fields attral applications of nanomaterials. One
of many methods for obtaining such materigg—7] is the sol-gel technique [8]. The
sol-gel method for obtaining nanocrystalline particles of BaTéQelatively simple
and easy to carry out. Furthermore, thisthod has a few important advantages in
comparison to the conventional solid state¢hmd (SSM) [9]. The sol-gel route is less
expensive (temperatures lower than 1000, enables a high concentration of dopant
to be introduced, and assures a better cbofroeaction conditions such as pH or
temperature.

Grain size of the nanocrystalline bariumniige strongly influences its structure
and ferroelectric properties. Therefosize effects in nanoparticles of BaTiGave
been the subject of many studies{19]. A hypothesis on a crital size above 50 nm
for the existence of ferroelectric properttess been put forward by Frey and Payne
[14]. Moreover, Uchino [15] and Saegud#®] found the tetragonal phase, responsible
for the ferroelectricity, disappear at graiaes below 100 nm. lour previous studies,
the stabilization and enhancement of thieafgonal structure with increasing euro-
pium ion concentration in BaTihas been reported. A strong size dependence of the
luminescence properties of Elnas been shown as well [8, 17].

In this work, we present results pfeparation and chacterization of N&-doped
BaTiOs, obtained via the sol-gel method. The main aim of our work was to investigate
luminescence properties (spectra, decay times) of BafaBocrystalline powders in
terms of the size dependence effect, obtaatesintering temperatures in the range of
700-1200°C and doped with neodymium ions wadirious concentrations. We have
also studied the influence of gnasize on the hot emission from the,, level and the
effect of doping with N& on the crystal structure of BaTj@anopowders.

2. Experimental

Details concerning the preparation of Bajianocrystallites have been described
by us elsewhere [17]. Barium acetate,riten butoxide and neodymium oxide were
used as starting materials. Acetylacetone acetic acid were selected as solvents for
titanium butoxide and barium acetatespectively. Neodymium chloride was ob-
tained by reacting stoichiometric amourats neodymium oxide with hydrochloric
acid. Dissolved barium acetate was addedpwise to titanium butoxide solution
while stirring. The obtained solutiongere vigorously stirred at 5&C for about 2 h.
The neodymium salt was dissolved in a small amount of water and added slowly to
the obtained transparent yellow sath different molar ratios of N to BaTiQs. The
sols obtained were heated at approximately AD@or 24 h to form barium titanate
gels. The samples of crushed gels were heated abov&C7A@0form nanocrystalline
BaTiO; powders doped with Nd
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3. Results and discussion

3.1. XRD analysis

Samples of BaTi@doped with Nd" ions of different conentrations and sintered
at 700-1100C were characterized by X-ray diffraction. The XRD patterns of BaTiO
powders doped with Nidlions of various concentratiomse presented in Fig. 1. Peaks
shown in the patterns are sharp and well defined, indicating that all samples are well
crystallized. The patterns were compart the reference standard cards for
tetragonal and cubic BaTi(18, 19]. The average size of crystallites, estimated from
the broadening of diffraction peak using t8cherrer equation [20], varies from 30 to
55 nm depending on sintering temperatand dopant concentration (Fig. 2).

O JCPDS 31-0174 (cubic) BaTiO,
®  JCPDS 05-626 (tetragonal) BaTiO,
Tl A O I S B A~ e <A (e S

i A 2 L 25%
. A
2 ]
= I e
'§ .
2 y . ey ) 1%
E
2 1Ju_ ] ' o Bl
1 a i
|
0 cm d'
T LI '-z L I |q' LA I B
30 35 40 45 50 55 60
20 [deq]

Fig. 1. XRD patterns of the BaTipowder samples
doped with Nd"of various concentrations

An analysis of the XRD patterns for samples with different neodymium ion con-
centrations (0.5-2%) and heated at 1060showed that all samples, except the one
with 0.5% Nd, were in the cubic phasearacteristic of paraelectric BaLi@-urther-
more, we observed a dependence of the dogamtentration on the grain size, which
has also been reported by Buscaglia [2] and Tsur [21]. It is well known that the
dopant ionic radius is a main parameter determining the substitutions in the;BaTiO
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crystal lattice. Thus, Nid ions (1.08 A) are mainly placed at Baites (1.35 A) and

not at T ones (0.68 A), due to the size incompatibility. Increasing dopant concentra-
tion causes an overall shrinkage of the BaTi@it cell, changing lattice parameters
and resulting in a change of the crystal structure.
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Fig. 2. Effect of dopant concentration
on the average size of BaRi®d** crystallites

In nanosized grains, effects resulting from a progressive decrease of particle size
are more pronounced. Many authors, when icenisg the size effect on the structure
and ferroelectric properties of BaTjGemphasized importance of grain size, respon-
sible for new phenomena occurring in hanestired materials in comparison to their
equivalents composed of larger ystallites [14, 22, 23]. Thus, increasing
concentration of N¥ ions causes a decrease in grain sizes (from 54 nm for 0.5% of
Nd** to 30 nm for 2.5%) up to a boundary value of dopant concentration (1,5% of
Nd®*). Above that value there is no furthercdease of the grain size. Moreover, the
shrinkage of the unit cell and decrease inargsize causes additional changes in the
crystal structure. An analysif the diffraction peak aroundd2 45 ° for the sample
doped with 0.5% of Nt showed its splitting into a doublet ascribed to 200 and 002
peaks, characteristic of the tetragonal phase of BaB@mples with the concentra-
tion of N&®* ions exceeding 1% are characterizBdthe paraelectric cubic crystal
structure. This is quite different form oprevious results. We have proved that the
incorporation of E¥ ions into the barium titanateystal causes a significant increase
of the sample tetragonality [8]. Such behaviour is probably caused by the existence of

europium of two different valencies in the crystal structuaeger EG" ion will be
placed at B sites, whereas smaller Eenters T1" or B&* sites.
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3.2. Emission spectra and discussion

The emission spectra of barium titanate nanocrystallites doped with neodymium
ions at various concentrations (0.5-2 mol % vs. Bgriénd heat-treated at
temperatures in the range 700-108) were measured at room temperature. They are
shown in Fig 3a. All spectra consist ddfaracteristic bands, ascribed to fﬁ@z—>4l,-

(J = 11/2, 9/2) electromitransitions of N& ions, according to the established ener-
getic model [24]. The band with a maximum at 876 nm corresponds B;the*l11/,
transition, and the one at 1064 nm to tRg,—"l¢, transition. Additionally, a weak
emission corresponding to th& g, “He)—"lg, transitions (Fig. 3b) was observed.
The hot emission fromiFs, and*Hg, levels takes place during an excessive self-
heating of samples due to the scatterfigoptical excitation energy in individual
nanocrystals. This explains the increasetdnsity under increasing excitation power
[25]. Thus, higher-lying levels were popuddtat the cost of desired laser emission
from the metastablé=,level.
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Fig. 3. Emission spectra of BaTj®ld*": a) with different concentrations of Rid
b) hot emission from*Esy,, 2Hgy,) to thely, level
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We performed measurements of poweralgfent emission as a function of the
average size of BaT¥INd®* grains. No increase of the hot-emission intensity with
increasing excitation power was observed. This indicates that the particles of
nanocrystallite BaTiQwarmed up only slightly. The aggregation of grains, facilitat-
ing escape of the excess heat from the $anipvourable luminescence properties
and a weak hot emission make3Ndoped BaTi@ a promising material for use in
thin layers.

4. Conclusion

BaTiO; nanocrystals were obtained via thé-gal route. The structure and aver-
age size of BaTi@nanocrystallites were determined. The average size ranged be-
tween 30 and 60 nm, depending on the dogantentration and sintering tempera-
ture. The influence of dopant concentratamthe grain size and crystal structure of
BaTiO; was established. Crystallites in samples with low concentrations *fidig
are larger than those in highly doped samples (over 1% &).Nthe former ones
have the tetragonal ferroelectric crystal stuoetin contrast to the latter ones, crystal-
lizing in the cubic paraelectric phase. Maver, selecting a specific type of dopant
enables nanocrystallite powders of BaJiiith a desired crystal structure to be ob-
tained. In this way, properties of th@dl product can be controlled (ferroelectric or
paraelectric state). By controlling the dopantcentration, the sizes of nanocrystal-
lites can be minimized. The luminescence properties df MNere investigated as
a function of the thermal treatment, centration and excitation power. Weak emis-
sion from the'Fs,— “lo, has been observed due to a slight thermal self-heating of
BaTiO; hanopowders.
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The synthesis of europiufill) dopednanocrystalline Ti@films is described. The morphology and
structure of the films were determined by transmission electron microscopy (TEM) and the selected area
of electron diffraction (SAED) method. The photoluminescence (PL), lifetimes and cathodoluminescence
(CL), recorded at room temperature, are reported. It has been found that the cathodoluminescence charac-
teristics are significantly different from the photoluminescence ones. It is concluded that difféfent Eu
sites contribute to the optical behaviour of ETIO, films.

1. Introduction

Thin films of luminescent materials havedn intensively investigated due to their
applications in FED [1, 2Jprganic and inorganic electuminescent films [3—6], pla-
nar waveguides [7, 8] optical sensors 49 lasers [10, 11]. These layered materials
can be obtained by various methods, dependin the type of materials and future
applications. Chemical vapour depositio’V{@ [12], ion and magnetron sputtering
[13], and laser ablation [14] are examptdssuch methods. However, the most often
used and relatively cheapest method of obtgirthin films is the sol-gel technique.
The sol-gel process involves the formatimsols from precursors and the transfor-
mation of these sols first into wet gels ambfly (after drying) to xerogels [4]. This
technique enables high concentrationsvefl-dispersed solute molecules (a feature

"Corresponding author: hreniak@immt.pwr.wroc.pl.
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typical of solutions) in rigid structures akrogels to be obtained. Sol-gel films of
different thickness are usually producedwo ways: by the dip-coating [5] or spin-
coating [6] techniques. The main problems in the preparation of good quality sol-gel
films are: the risk of cracking resulting from the shrinkage of gels during drying and
the misfit thermal expansion coefficientstieen the substrate and layer [7]. One of
the possible remedies for these problemt® iadjust the sol viscosity which affects
the layer thickness. It is well known thaethisk of cracking during drying is smaller
for thinner layers [8].

This work presents a preparation methax] structural andpectroscopic studies
of TiO, sol-gel films doped with lanthanide ionsed as high-refractivity material for
planar waveguide systems. The*Bons were chosen as emitting dopants due to their
favourable luminescence properties in the visible region.

2. Experimental

2.1. Apparatus

Photoluminescence (PL) spectra weeeorded using a Jobin-Yvon TRW 1000
spectrophotometer and a photomultiplier (Haratsm R928). In order to record the
PL spectra, the samples were excited with the 532 nm liffe h&monic) of
a Nd:YAG laser. A Lambda Physics excimer laser was used as the excitation source
(Aexc = 308 nm) for lifetime measurements. Emission lifetimes were measured with
a Tektronics 1000 TDS 380 oscilloscope.eTbhathodoluminescence (CL) spectra
were recorded with an Ocean Optigpectrometer SD2000, with a resolution of
0.3 nm. The CL spectra were exciiadzacuo (<10°® Torr) in the camera of a TESLA
electron microscope operating at 60 and 90WNh the beam current in the range of
10-120pA. Morphological and stictural studies of thin layers of TiQvere per-
formed with a transmission electron amascopy (TEM) Philips CM20 SuperTwin
Microscope, operating at 200 kV and providing 0.25 nm resolution. Specimens for the
TEM and for electron diffraction (SAED}¥tudies were prepared by dissolving
a quartz glass substrate of the obtained &snpith HF acid, followed by ultrasonic
agitation in methanol. A drop of the spension was deposited onto a copper micro-
scope grid covered with holey carbon film.

2.2. Preparation

The samples of nanocrystalline Li@oped with europium and silver were pre-
pared by the sol-gel technique. Titam (IV) butoxide (TBOT, Ti[O(CH)3;CHs)]4)
was used as the titanium precursor and acetylacetone (AcgCQOTHL,COCH;) as
the chelating and stabilizing Isagent. The films were prepared by a sol-gel process
involving four stages: (1) TBOT hydrolgs by stirring the system, TBOT:Acac
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:H,0:GHsOH with molar ratios 1:4:1:27, at 5(C; (2) addition of europium nitrate
(Eu(NG;)s-6H:,0) to the obtained sol, with the tao ratio Eu/TBOT equal to 0.1; (3)
obtaining thin films by deposition and sginating (3000 r.p.m) of the sols on silicon
and quartz substrates, a@j gelation of the samples followed immediately by heat-
ing at 500°C for one hour.

3. Results and discussion

For the purpose of assessing the quality of the obtain&dTEd, films on Si sub-
strates, morphological studies of the fiburfaces were performed. The morphologies
were examined with optical and trarisaion electron (TEM) microscopes. The un-
doped TiQ layers observed under optical magrafion (not shown) showed a high
homogeneity and a virtual lack of cracks. The TEM picture of nanocrystallites from an
undoped film of TiQ, obtained in a single depositionopess, is presented in Fig. 1.
Distinct TiO, nanocrystals with the sizes of about 15 nm can be seen in the micro-
graphs. The structure of the obtained matsnvas investigated by the SAED method.
All reflexes observed in electronograms (F2Q correspond to the anatase structure of
TiO,(Table 1).

Fig. 2. SAED patterns typical of
Fig. 1. TEM picture of TiQnanocrystals the anatase phase of Ti€amples

In order to determine the thickness of the layers by the optical method, analogous
films were synthesized on quartz substrateshin case, it is possible to estimate the
thickness of the ultra-thin films via terference effects [9,10]. For this purpose,
optical transmittance measurements of fims produced on quartz substrates were
performed (see Fig. 3). The obtained transmittance values were introduced to the
equations given by Aktulga et §15, 16]:
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_TA)-T(4)
T o) v

n,(1)= THyl+To (4) VT (4) )

)=%(\/8nsc+(ns+1)2 + \/815C+(ns— ])2) (3)

where 4 is the wavelength of the incident lighf; is the transmittance of bare sub-
strate,T"and T~ are experimentally traced enveloparves of the transmission spec-
trum andn is the refraction index of the substrate.
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Transmittance spectra of EuTiO, films on quartz substrates

Table 1. Comparison of the interplanar distances
obtained for the Ti@sample with the anatase data

Anatase

No. d[nm] JCPD Nr. 21-1272

d (hm) I hkl
1 0.352 0.3520| 100 101
0.2431 10 103
2 0.238 | 0.2378 20 004
0.2332 10 112
3 0.189 0.1892 35 200
0.1700 20 105
0.1666 20 211
0.1493 4 213
0.1481 14 204

4 0.169

5 0.148
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The layer thicknesd of the obtained samples can be determined from the follow-

ing equation:

(4

o=

A

A

i+1

_Mj

(4)

where 4, and 4;,; are the wavelengths corresponding to two consecutive extrema in

the transmittance spectrum.

Due to the lack of the necessary numtiieinterference peaks in the transmittance
spectra of the films obtained in one depositprocess, the analyses of the thickness
and refractive index were performed oribr samples made with a minimum two
deposition processes. Tlievalues obtained for the investigated films are listed in
Table 2. The accuracy of the method used was confirmed by FE-SEM images (Field
Emission Scanning Ettron Microscope, nathown), which were obtained for sam-

ples of the TiQfilms.

Table 2. Thickness of doped Tiin films deposited on quartz substrates

Sample Number of deposition Thickness Refractive index
P processes d (nm) n (4 =600 nm)
2 150 3.22
EU**(10 %):TiO, 3 265 3.24
4 307 3.23
. £
J=2 Eu :TiO, /Si
=
g
s
£
©
.ﬁ A exe=932nm, RT
g 5 layers
2
2 layers

580 600 620 640 660 680 700 720 740 760 780 80C

wavelength (nm)

Fig. 4. The PL and CL spectra of samples of 109%:ElO,
on a silicon subsate after various numbeo$ deposition processes

As can be seen, the thickness of each subsequent layer decreases for successive
deposition processes in the case of samples doped withTEe observed slight in-
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crease in the refractive indexwith the thickness of the films is due to the densifica-
tion of films deposited earlier during the annealing of successive layers.

The photoluminescence (PL) spectra of Tfilims doped with E¥ ions were re-
corded at room temperature (Fig. 4).eThpectra consist of characteristic offEu
emission bands, which were attributed to thg—'F,., transitions. Assignments of
the observed f-f transition are given in Figure 4. The luminescence spectra were char-
acterized by inhomogeneously broadd bands characteristic of the*Ewmultisite
systems observed in glasses and solutions.

3

intensity (a.u.)

Jo Eu ';TiO2J'Si s Aoye =308 nm, A.,=613 nm, RT
BLa

B @ 1layer

:- 3 layers
1, A A4layers

(25

£

L &

r

LR EL S e LT LT | ;
0 100 200 300 400 50C

time (us)

Fig. 5. Decay profiles of Eit TiO, samples
measured at room temperature

The luminescence decay profiles of ETiO, thin films are shown in Fig. 5. They
are highly nonexponential. This nonexponential decay &f liminescence is associ-
ated with the energy transfer processes betweéhis occupying different sites.
Luminescence lifetimes evaluated from the slower components of the decay curves

(shown in Fig. 5 for the three selected samples — three layers pfdogad with
EU’") are listed in Table 3.

Table 3. Luminescence lifetimes of tz,—’F, transition
measured for Eti(10 % ):TiQ, samples on silicon substrates
(Aem= 613 NnM Ag.= 308 nm, RT)

Number of Lifetime
deposition processes 7(us)
1 93+ 3

3 160t 4

4 130+ 7
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The estimated lifetimes are relatively sh@n increase in the luminescence life-
times for successive deposition processes was observed. It was probably due to the
dehydration process occurring during the afingaThis process is more effective for
longer heating times and is also manifestedhe decrease of the thickness of each
subsequently deposited layer. The influence of Qiéups on the quenching of the
luminescence transitions of Euentrapped in sol-gel derived materials has already
been observed for other oxides [17, 18].

The results of CL measurements are also presented in Fig. 5. As can be seen, the
CL characteristics differ significantly fromehcharacteristics of the PL spectra. This
difference is most probably due accontribution of different Efi sites, excited by the
electron beam.

5. Conclusions

The synthesis of BuTiO, films of high optical quality is presented. Their struc-
tural and morphological properties hawseh determined. Photoluminescence spectra
at room temperature and luminescence decay curves have been recorded. The lumi-
nescence displays inhomogeneously broadebands characteristic of multisite*Eu
structures. Its decay curves are nonexponential. Average luminescence lifetimes in-
crease with the number of the deposition psses. A detailed analysis of the effect
of film thickness on electronic relaxation mechanisms ii":EiD, needs further
complementary research. Tleathodoluminescence spectra of ELO, thin films
have been recorded. They display differenaracteristics as compared to the photo-
luminescence spectra.
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M or phology, structural and absor ption studies
on gallium nitride powder

MARCIN NYK !, WIEStAW STREK?', JANUSZ M. JABLONSKIZ, JAN MISIEWICZ

Yinstitute of Physics, Wroctaw University of Technology,
Wybrzeze Wyspiaiskiego 27, 50-370 Wroctaw, Poland

?|nstitute of Low Temperature and StruaiResearch, Polish Academy of Sciences,
P.O. Box 1410, 50-950 Wroctaw 2, Poland

A simple method of synthesis of nanocrystalline GaN powders is presented. The morphology and
structure of the powders was characterized by XRD and TEM methods. It was observed that the sizes of
single grains of gallium nitride depend on parameters of the technological process. Using the Sherrer’s
rule, the sizes of crystallites were determined to be in the range of 14-33 nm. It was foandnithet
parameters of hexagonal gallium nitride slightlypeled on the crystallite size. Changes of the absorption
edge and Urbach energies are presented.

Key words:GaN nanocrystallite; absorption; semiconductor

1. Introduction

Gallium nitride and related compounds are important materials used in light-
emitting devices and lasers operating in the UV spectral region [1, 2]. Recently,
nanostructured GaN materials have attraetddnsive interest because of their impor-
tance in the fundamental physical researchabsth due to emerging applications in
optoelectronics and naremthnology [3]. As members of the family BV group
nitrides, AIN, GaN, InN and their alloyseawide-band-gap materials (6.2 eV for AIN,
3.4 eV for GaN and 1.9 for InN at roomniperature), and can crystallize in both
wurtzite and zinc-blende polytypes [4]. GaN crystallizes in either a thermodynami-
cally stable wurtzite structure having hexagonal symmetry or a meta-stable zinc-
blende structure with cubic symmetry [Bitride semiconductors frequently contain
large concentrations of impurities, introduceither intentionally or unintentionally.

It is well known that the incorporation of impurities can affect the lattice parameters

" Corresponding author, e-mail: strek@int.pan.wroc.pl.
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of semiconductor [6]. The latter depend the following factors: (i) free-electron
concentration via the deformation potehtha conduction-band minimum occupied
by these electrons, (ii) concentrationdufpants (or point defects) and the difference
of ionic radii of the host and guest ions ésiffect), (iii) strains (including those in-
duced by lattice mismatch between a substrate and a layer), and (iv) thermal expan-
sion change by free charges (if the measurements are performed at non-zero tempera-
tures) [7]. The lattice parameters ofllgen nitride were reported in a number of
papers [8-10]. Song [8] performed the lattice constant refinement for bulk GaN single
crystal and obtained the following values= 3.1903(3) A, and = 5.1864(6) A. In
Refs. [9, 10], the valuest = 3.180 Ac = 5.180 A andh = 3.186 A,c = 5.174 A,
respectively, were reported for GaN powder.

A considerable effort has been put istlgears into studies of GaN semiconductor
materials exhibiting blue emission: bulk dgls [11], thin films [12] and powders
were investigated. In the last few yeatftse interest has been focused on the GaN
nanostructures [13—-15] and several methodbeif fabrication were put forward. We
have recently reported a sol-gel preparation of GaN nanocrystallites embedded in
silica glass which demonstrated an intepsilow emission [16]. In the present paper,
we report a simple method of the chemigahthesis of pure GaN nanopowders. Their
X-ray diffraction patterns and phigal properties were studied.

2. Experimental

2.1. Powder preparation and nitridation

Three 0.5 g samples of ¢ (99.999%)were used in our experiments. After their
solubilization in hot concentrated nitric acidL(5°C), the solutions were evaporated
to dryness. The obtained powders were carefully dried in an oven on gradually in-
creasing the temperature from 70 to 2@0 Then the powders, put into alumina cru-
cibles, were inserted into a quattibe (24 mm ID) and calcined at 580 for 4 h in
air flow (100 cn¥min) to convert Ga(Ng); into GaOs. The crushed powder samples
were placed at room temperature into a quartz tube infldl¥ (120 cni/min), and
after purging (20 min) the samples were heated®nin) to the required tempera-
ture, i.e., to 700C (sample A), 850C (sample B) and 105 (sample C) and then
were held at the target temperature for 3.5 h; bigéd for nitridation (from Messer,
Poland, 99.85 vol.%) was additionally purified by passing it over a zeolite trap.

The reaction proceeds according to the scheme:

Ga&0; + 2NH; — 2GaN + 3HO (1)

One of the gallium nitride samples was @egul according to a slightly modified
procedure given in Ref. [18]. This sollea “fluoride method” allows us to obtain
GaN nanopowder via the pyrolytic reactiaf the ammonium hexafluorogallate,
((NH,):Gaks) with flowing ammonia at 70€C.
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The reaction proceeds according to the scheme:

(NH,);GaR; + 4NH; — GaN + 6NHF )

2.2. Sample characterization

Overall phase compositions of the nanopowders were determined by X-ray pow-
der diffraction with a Siemen D5000 diffractometer and CyK radiation,
A = 0.15406 nm. The microstructure of the samples was examined with a Philips
CM20 SuperTwin transmissionegitron microscope (TEM), which provides a resolu-
tion of 0.25 nm at 200 kV.

Absorption spectra were recorded ie ttange of 1.5-4.5 eV at room temperature
with a Cary—Varian 5 spectrophotometer.

3. Resultsand discussion
Figure 1 shows the XRD patterns of GaN powders. All patterns show the diffrac-

tion lines which could be ascribed to tteemation of hexagonal gallium nitride with
a wurtzite-type structure (JCPDS file No. 02-1078).

z ’g R 'g | XRD
% T g Cu _
3 | / 2 ﬂ
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g 8\, 8 §
| = = 5
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= ad \..,_‘_,_ S ‘»_,_.-’W.._._/‘r\
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Ul fif | . ®
. . f '|I i I'I;fr' L ! M A
Fig. 1. XRD pattern of GaN nanocrystallite pow- VW ® [ sampleA  ® 'II'.
ders. For clarity, the peaks L e e “"“*”"’ odl
at 20 = 43.30 and 50.43ue to the copper 30 35 40 45 50 55 680 65 70
sample holder (sample B) have been deleted 20 (deg)

For the sample A and, to a lower extent, for the sample C we observed addition-
ally the peaks of crystalline gallium oxide (black dots) (JCPDS file No.11-0370)
which at temperature of 70@C was not converted into gallium nitride. The diffrac-
tion peaks were broadened indicating ttet GaN nanocrystals are very small. The
average grain sizes were determined by means of the Scherrer formula [17], and are listed
in Table 1, together with the lattice paueters for the hexagonal gallium nitride.

The analysis of TEM micrographs (Fig. @garly indicates that the samples con-
tain aggregated crystallites with the sizes of 20-50 nm (sample C) and 50-110 nm
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(sample A), i.e. much larger than those evaluated from XRD (see Table 1). These
discrepancies could be due to the fact that the use of the Scherrer formula allows us to
determine an average size of the individirgstallites whereas the transmission elec-
tron microscopy in certain cases reflette dimension of the whole agglomerated
particle composed of a few nanocryities. For the samples nitrided at 88D (mi-
crographs not shown here), the average GaN crystallite sizes were 20-100 nm. The
spatial distribution of GaN nanocrystalstire samples appears to be rather uniform.
The selected area electron difftion (insets Fig. 2) coulde indexed as a hexagonal

GaN phase. The lattice plane spacings agree well with those for the hexagonal GaN

M. NYk et al.

phase: (100) 2.76A, (002)59A and (101) 2.43A.

Table 1. Lattice parameters of GaN powders

Composite | Crystal mean siZe| Crystal | Position hd Lattice constaritA)

P d+0.1 (nm) structure 20 a+0.001 | c+0.001
GaN’ 32.432 | 100

(700°C) 215 wurtzite| 34.661 | 002 | 3.187 | 5.170
(sample A) 36.863 101
32394 | 100

GaN (850C) 14.4 wurtzite| 34.484 | 002 | 3.194 | 5.199
(sample B) 36.720 | 101
32381 | 100

GaN (1050C) 331 wurtzite| 34535 | 002 | 3.191 | 5.190
(sample C) 36.810 | 101

Calculated using the Scherrer formula [17].
%Calculated using a set of power equation for hexagonal arrangements.
3sample prepared by using the fluoride method [18].

Fig. 2. TEM image and SAED pattern of a GaN nanoparticle nitrided at: &C7@) 1050°C
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IGaN I
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Fig. 3. Absorption coefficient as a function of energy for the sample A
nitrided at 700C, sample B at 85¢0C and sample C at 105C

In Figure 3, the band gap absorption at 300 K, measured in the range of 1.5-4.5 eV, is
shown for three samples differing in aage sizes of GaN grains. We found that the
energy of the absorption eddg( depends on the annealing temperature and hence on
the size of graindg; = 3.67 eV (sample AE, = 3.54 eV (sample B) arig, = 3.9 eV
(sample C) [19, 20]. The regions of the so-called Urbach spectral tail can be found in
the spectra of the samples A, B and C. The absorbaade this spectral region can
be approximated by a linear function and, consequently, for 30hai« 3.5 eV

) =4 Y 5
o) =b+—- (3)

whereb is a constant, and is the so-called Urbach energy.

In the low energy region the spectral dependasfche absorption coefficient is char-
acterized by a small slope and hence, by an extremely large Urbach energy,
U = 0.7 eV for sample AJ = 1.4 eV for sample B and = 2 eV for sample C. This
parameter was found to be dependent on the crystal size and annealing temperature.
Jacobson et al. reported [21] for GaN filmattthe Urbach tails are combined of two
linear functions characterized by two energids:= 400-470 meV ant, = 10-20

meV. We believe that the first part with a large Urbach enbrgig associated with

the presence of a strongly disordered material.

3. Conclusions

GaN nanocrystalline powders have been prepared using a simple synthetic
method, the so-called combustion methode Bize of GaN particles was found to
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depend on the nitridation temperature amdyeal from 14 up to 33 nm as found by the
Scherrer method. The sizes of agglomerated particles, however, estimated from TEM
were found much larger, attaining 110 nm. The phase composition, morphology and
absorption properties of GaN nanocrystalline powders have been also determined.
Changes of the edge of absorption and Urbach energies are presented. The Urbach
energy was found to increase with ieasing temperature of nitridation.
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Relaxation processesin ZrO,at high pressures
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Relaxation processes in Zrfbave been studied at pressures in the range of 22-50 GPa by measure-
ments of high-pressure electrical relaxation of resistance in time. Electrical relaxation in nanocrystalline
praseodymium doped zirconia powders and in a bulk material sample of zirconia has been measured in
the pressure range from 35.5 to 50 GPa. The time dependence of electric resistance is most precisely
described by exponential function up to the pressure of 35.5-50 GPa. The time dependence of electric
resistance is most precisely described by exponential function up to the pressure 44-45.5 GPa. After
treatment the pressure higher than 45.5 GPa, the character of the relaxation changes and resistance in-
creased with time. Relaxation processes have not been observed witAr&6 nm crystallite sizes.

Key wordszrconiumdioxide; eectrical relaxation; pressure-induced phase transition; nanocrystalline sample

1. Introduction

Zirconium dioxide is an important matenaith rather interesting mechanical, optical
and electrical properties. The material imajor component of the best known fuel cell
materials [1]. Previous studies have beewotid to investigation of the behaviour of
pure ZrQ at a pressure of about 20 GPa,@im temperature [1]. This work shows
that for pure Zr@ monoclinic-Ortho-l and Orth&-Ortho-Il phaseboundaries occur at
about 4 GPa and 12 GPa, respectivAlyhigh temperatures, pure ZyOrystallizes in
a cubic fluorite structure. On cooling, undergoes a displacive transformation to
a related structure of tetragonal fluorite and then, via a martensitic transition, to
a monoclinic baddeleyite-type structure [2]. However, the behaviour of atrQres-
sures exceeding 20 GPa and at high temperadtasesot been extensively studied so far.

"The paper presented at the 5th High Pressure School on High Pressure Methods in Biotechnology
and Materials Science, E-MRS Fall Meeting, Warsaw, 13—-15 September, 2003.
™ Corresponding author, e-mail: korionov-2002@yandex.ru
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In this paper, we report the results aftady on the electrical relaxation properties
of samples of Zr@with different sizes of crystallites in a pressure range between 35.5
and 50 GPa. The size of crystallites was changed from 10 to 500 nm.

2. Experiment

The dc conductivity measurements were carried out in a diamond anvil cell
(DAC), with anvils of the “rounded condgme” type made of synthetic carbonado
type diamonds [3]. Such anvils are good conductors, permitting measurements of the
resistance of samples placed between them in the DAC. The procedure for
determining the pressure reached in a DAC of the “rounded cone-plane” type has been
described in [4, 5].

Measurements were made on powder samples of &b various crystallite
sizes. Moreover, we also studied albolaterial sample of zirconia with,®; content
of 5 mol %. The crystallite sizes in the latter material were near 500 nm. Nanopow-
ders of ZrQcontained 0.5mol % of Pr. Their s&zeanged from 10 to 50 nm. The bulk
material samples were synthesized by the Daiichi Daiichi Kigensou Company in Ja-
pan (Lot # NEY-5M LO524). Nanocrystalknpraseodymium doped zirconia powders
were produced using a microwave driveritothermal process under pressures up to
8 GPa [6]. These samples were synthesized at the High Pressure Research Centre of
the Polish Academy of Sciences.

3. Experimental results and discussion

In Figure 1, the dependence of resistance on time for the sample with 10 nm crys-
tallite size has a negative-going exponential mode for pressures below 45.5 GPa

R(t) = (Rmax— Rmin)eXp(+/7) + Ruin 1)

A change in the type of relaxation @bserved at a pressure of 45.5 GPa.
Resistance increases with time. The latteresponds to the process described by the
equation

R(t) = (Rmin — Rnax )€XP(+/7) + Rinax (2)

For the sample with 12 nm crystallite size (Fig. 2), the relaxation dependencies of
the resistance are described by Equationfgt)all pressures. In the sample with
56 nm crystallite size, no relaxation processere observed (the resistance did not
depend on time). In the bulky sample, the relaxation processes are described by
Equation (2) and observed only for pressune$o 44 GPa. The baric dependencies of
the characteristic relaxation timeg for nanosamples with the crystallite sizes of 10
and 12 nanometers and for a polycrystalline sample are shown in Figure 3. As can be
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seen from these graphs, the represented baric dependencies have their anomaly be-
tween 42 and 44 GPa. The latter leadgausuppose the presence of considerable
changes in the electronic structure of Zedthis pressure.
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=== polycrystalline sample
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Fig. 3. The baric dependencies of the characteristic relaxation tijnes (
(the error ofrdoes not exceed 5 sec)

Our results demonstrate that changethaelectronic spectrum may be connected
with a structural phase transition in Zr@urthermore, a substantial increase of the
characteristic relaxation time under pressunp to 44 GPa can be associated with
structure modifications at these pressures.
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Effect of double substituted m-barium hexaferrites
on microwave absor ption properties
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The complex permeability (") and permittivity (&,") of radar absorbing materials (RAMS) play akey
role in determining the reflection and attenuation properties of incident microwaves. Their red (¢' and &)
and imaginary (u" and £") components and relationship with microwave absorbing properties have been
investigated in the frequency range 8-16 GHz for doped M-type barium hexaferrites in polychloroprene
(CR) matrices. Individual and simultaneous substitutions of Fe** ions by Co®*, Ti**, and Mn**, and of
Ba®"ions by La®* and Na* make possible the use of these materials as RAMs, due to frequency depend-
ence of u,” of hexaferrite, responsible for the location of its natural resonance. A double substitution of
Ba?* and Fe** (LaNaCoTiMn-BaHF) resulted in the best microwave absorption (99.9%) at the frequency
of 15 GHz.

Key words: microwave absorbing materials; doped ferrites; composites; waveguide

1. Introduction

The reduction of military platform radar cross-sections has been a major challenge
since the second world war. Possible solutions for reducing the radar signatures of
targets include the design of objects with small cross sections or the use of radar ab-
sorbing materials (RAMS) for covering the metalic surface. In this way, microwave
absorbers have been widely used to prevent or minimize electromagnetic reflections
from large structures such as aircraft, ships and tanks, and also to cover walls of an-
echoic chambers [1-4].

"Corresponding author, e-mail: r.c.lima@uol.com.br.
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The main problem in designing a magnetic absorber is related to the choice of the
material, preferentially with control over some magnetic and dielectric properties,
such as permeability (), permittivity (£) and the dissipation factor (tand) [5]. The use
of hexaferrites as RAMs has been widely cited in literature during the last two decades.
The choice of polychloroprene (CR) as the material for the elastomeric matrix was due
to its favourabl e properties, including excellent resistance to ageing, seawater and flame
retardant behaviour, which allows using it for naval applications [6-8].

A basic formula of hexagonal ferrites is MeFe; .04, Where Me is a divalent metal
such as Ba or Sr. The substitution of Fe**ions by Co?, Ti*", and Mn** makes possible
the use of these materials as RAMs in the frequency range from 8 to 16 GHz. In the
same way, individual or simultaneous substitution of Ba ions by La** and Na' can
also change the magnetic behaviour of these materials, allowing their application as
RAMs at various frequencies [3, 4].

2. Experimental

Synthesis and characterization of ferrimagnetic materials. In this work, M-type barium
hexaferrites of the basic composition BaFe;;0,9 (BaHF) were synthesized by the mixing
oxide route. In order to obtain the composition BaFey,Copgs TiogsMNe 1040, referred to as
CoTiMn-BaHF, Fe*" ions were partialy replaced by Co™, Ti* and Mn* ions. In the same
way, B was substituted by La® and Na', resulting in the composition Bagsla10Na0 10
Fe2001 (LaNa-BaHF). The composition Baygl a10Nap10C0pes TogsMNg1Fe102019 (LaNa
CoTiMn-BaHF), resulting from the simultaneous substitution of Fe** and Ba®*, was
also prepared. Raw materials used for obtaining the stoichiometric mixtures, with
99.9% purity, were cobat oxide (CoO), barium carbonate (BaCQOs), iron oxide
(Fex0s), sodium carbonate (NaxCOs), lanthanum hydroxide (La(OH)s), manganese
oxide (Mn,Os), and titanium oxide (TiO,) [6, 8-10].

A small amount of La(OH); present in barium hexaferrite is known to form an ani-
sotropic magnetoplumbite structure with optimum ferromagnetic properties [10].

Mixing was carried out in a ball mill for 24 h, using Y-TZP as the milling media.
After mixing, the slurry was dried at 100 °C. All samples were calcined in air at
1200 °C for 2 h, except LaNaCoTiMn-BaHF, which was calcined for 242 h.

The powders obtained were characterized by X-ray Diffraction (XRD, Brucker-
AXS D5005), Scanning Electron Microscopy (SEM, Leica $S440), and Vibration
Sample Magnetometry (VSM 4500, EG & G Princeton Applied Research) [8].

Preparation of composites with polychloroprene by bulk process. The composite
specimens for measuring microwave absorber properties were prepared by mixing, mold-
ing and curing mixtures of barium hexaferrite powders with polychloroprene (CR, neo-
prene W of Du Pont, density 1.21 g/em”) and the additives of vulcanization. This resulted
in a barium hexaferrite:polychloroprene concentration of 80:20 by weight. The processing
was carried out in a Berstorff mill a room temperature, with velocities of 22 and 25 rpm
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(back and forward). Vulcanized samples 4.00x4.00x0.15 cm® in size were obtained by
compression molding in a hydraulic press at 150 °C and 6.7 MPa. The curing times were
determined from the data obtained with a Monsanto Rheometer TM 100 [8].

Measurement system for transmission/reflection. Properties of the microwave ab-
sorber were evaluated in the frequency range of 8-16 Ghz using the Transmis-
sion/Reflection method (T/R) [11], after tightly inserting the vulcanized samples into
a rectangular waveguide. Using the data obtained from each of the measured samples
(e, ", u' and u'), expected values of the microwave reflectivity level were deter-
mined by measuring variations of the reflection loss (dB) versus frequency (GHZz)
using an HP 8510 network analyzer system [8, 12].

In microwave absorption measurements a rectangular waveguide was used as the
transmission/reflection medium. The waveguide sample holder (22.86x10.16 mm?)
was fabricated by cutting the flange from an X-band standard waveguide 8 mm in
length. The measurement calibration procedure adopted typical waveguide standards:
a Ag/4 off-set (“line”), a short circuit (“reflect”), and a “thru” measurement (where
Agm 1S the guided wavelength at the geometric mean frequency for the X-band). In
order to avoid undesirable resonances during the measurements, the thickness of the
samples was limited to 1.0-2.0 mm.

3. Results

Figure 1 shows the hysteresis curves for doped (LaNa-BaHF, CoTiMn-BaHF,
LaNaCoTiMn-BaHF) and undoped (BaHF) barium hexaferrites.
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Fig. 1. Hysteresis curves for doped and undoped barium hexaferrites

As can be seen, the doped hexaferrites in comparison to the undoped ones show
areduction in the coercive fidd (Ho). A high vadue of H. for undoped hexaferrite
(3.26 kOe), in addition to its high anisotropy (1350x10°A-m™), places this material among
magnetically hard ones. On the other hand, small values of H, for CoTiMn-BaHF (0.50
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kOe), LaNa-BaHF (1.18 kOe), and LaNaCoTiMn-BaHF (0.40 kOe), in addition to smaller
values of their anisotropy, classify these materias as magnetically soft. Consequently, the
addition of dopants is responsible for the reduction of the magnetic hardness and magneti-
zation of barium hexaferrites. Among the doped barium hexaferrites, La-NaBaHF shows
the highest magnetic hardness.

W Mu.»w@&i

Lin {(Counts)
[
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I}

20
1 - BaHF
2 - CoTiMn-BaHF 26 (deg)
3 - LaNa-BaHF
4 - LaNaCoTiMn-BaHF

Fig. 2. X-Ray diffraction curves for doped and undoped barium hexaferrites

Figure 2 shows X-ray diffraction curves for the doped and undoped hexaferrites,
in agreement with those given in JCPDS Card No. 43-0002, confirming the magneto-
plumbite structure for these materials. The peaks for the doped barium hexaferrites
appear at the same positions as the ones for the undoped hexaferrite, but with differ-
ent intensities. According to JCPDS Card No. 33-0664, hematite (Fe,O3) is shown to
be present besides the hexaferrite phase for the LaNa-BaHF composition, athough
lanthanium orthoferrite is reported in literature to be the second phase [13]. The pres-
ence of this second phase can be attributed to differences in the sizes of Ba*, Na', and
La® ions. In LaNa-BaHF, two cations of Ba®* (1.34 A) are substituted by one La**
(1.05 A) and one Na* (0.97 A). In this way, the introduction of La** and Na' changes
the interatomic distances and super-exchange interactions, which results in precipita-
tion of hematite or lanthanium orthoferrite as the second phase.

The presence of hematite as the second phase in the formation of LaNaBaHF can
be responsible for the largest reduction in magnetization.

SEM micrographs of the doped ferrites are shown in Figure 3. The presence of the
second phase (hematite) in the form of small particles is observed only in Figure 3b,
for the LaNa-BaHF composition, which is in accordance with X-Ray results. The

presence of larger hexagonal particles, visible in Figure 3c, can result from longer
calcination times.
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a) CoTiMn-BaHF

b) LaNa-BaHF

Fig. 3. SEM images of doped barium hexaferrites

c) LaNaCoTiMn-BaHF

The frequency dependencies of real and imaginary parts of the complex permittiv-
ity (&' and &") and complex permeability (¢’ and u') for barium hexaferrite:poly-
chloroprene composites are shown in Figures 4 and 5.
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The permeability of hexaferrite:polymer composites depends on the compoasition
of the hexaferrite, the nature of the polymer, and the operation frequency [14].

Dielectric properties of polycrystaline hexaferrite:polychloroprene composites re-
sult from the heterogeneous structure of hexaferrites, which may contain low-con-
ductivity grains separated by higher-resistivity grain boundaries as proposed by
Koops[15].
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Fig. 5. Dispersion of real («', 0) and imaginary parts («", X) of the complex permeability
of doped barium hexaferrite:polychloroprene composites

As seen in Figure 5, addition of dopants results in changes in magnetic resonance
as compared to the composite BaHF.CR (Fig. 5a), which isillustrated by variationsin
thevalues of x' and u".

Reflection losses of doped and undoped hexaferrites are shown in Figure 6.
Ferrites absorb microwaves at different frequencies due to various interactive loss
mechanisms, mainly related to magnetization. The greatest microwave absorption for
doped barium hexaferrite:polychloroprene composites can be attributed to the reduc-
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tion of H. and increase in permeability values as compared to BaHF:CR which does

not absorb in the analyzed frequency range (it absorbs at 45 GHZz). The composite
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Fig. 6. Reflection loss (dB) of doped barium hexaferrite:polychloroprene composites, thickness 1.5 mm

LaNa-BaHF:CR shows the poorest microwave absorption, which can be attributed to
the presence of hematite. The presence of this second phase may be responsible for
the disappearance of magnetic resonance and for the increase in the values of &"
(Fig. 4c). The CoTiMn-BaHF:CR composite (80:20) exhibits a reflection loss smaller
than =10 dB in the frequency range of 12-16 GHz, whereas the LaNaCoTiMn
BaHF:CR composite exhibits the highest microwave absorption (99.9 %) at 15 GHz.

4. Conclusions

Addition of dopants resulted in areduction in the coercive field and magnetization
of barium hexaferrites. Different composites of doped barium hexaferrites:polychlo-



252 R.pA CosTA LiMA et al.

roprene obtained from the substitution of Fe* and Ba?* can be prepared to be used as
microwave absorbers in the frequency range of 8-16 GHz, according to the natural
ferrimagnetic resonanceillustrated by variationsin ¢’ and .

Dua substitution of Ba?* and Fe**, which occurs in the composite 80:20 of
LaNaCo-TiMnBaHF:CR, produces a better RAM at 15 GHz, as compared to
individual substitutions, with the reflection loss of —30 dB (microwave absorption of
about 99.9 %).

References

[1] CHOH.S., Kim S.S,, IEEE Trans. Magn., 35 (1999), 3151.

[2] MATsumMOTO M., MIYATA Y., J. Appl. Phys., 79 (1996), 5486.

[3] LY., LiuR., ZHANG Z., XIONG C., Mat. Chem. Phys., 64 (2000), 256.

[4] LimA R.C., PINHO M.S., GREGORI M.L., NUNESR.C.R., OGASAWARA T., Effect of different dopants on
the microwave properties of M-doped barium hexaferrites, 8th Conference and Exhibition of the
European Ceramic Society, |stambul, Turkey, 2003.

[5] ZHANG H., ZHICHAO L., X1 Y., Mat. Sci. Eng., B 96 (2002), 289.

[6] GRUNBERGER W., SPRINGMANN B., BRUSBERG M., SCHMIDT M., JAHNKE R., J. Magn. Magn. Mat.,
101 (1991), 173.

[7] PINHOM.S., GREGORI M.L., NUNESR.C.R., SOARES B.G., Eur. Polymer J., 38 (2002), 2321.

[8] PINHO M.S,, PhD. Thesis, Radar Absorbing Materials in Polychloroprene Matrices, IMA-UFRJ,
Rio de Janeiro, Brasil, 2002.

[9] Nepkov ., PETkov A., KARPOV V., IEEE Trans. Magn., 26 (1990), 1483.

[10] YAaMAMOTI H., KAWAGUCHI T., NAGAKURA M., |IEEE Trans. Magn., 15 (1979), 1141.

[11] BAKER-JARVIS J., JANEZIC M.D., GROSVENOR J.H., GEYER R.G., NIST Technical Note, 1355-R
(1993), 4.

[12] GupTA S.C., AGRAWAL N., J. IETE, 39 (1993), 197.

[13] SUAREZ N., SANCHEZ J.L., DIAZ S, CuETO A., LOPEZ G., ONATE J., Magnetism, Magnetic Materials
and their Applications, Section 111 (Part 2), La Habana, Cuba, 1991, pp. 21-29.

[14] SINGH P., BABBARV.K., RAZDAN A., SRIVASTAVA S.L., PURI R.K., Mat. Sci. Eng. B, Solid State Mat.
Adv. Techn., 67 (1999), 132.

[15] KoopsC.G., Phys. Rev., 83 (1951), 121.

Received 16 June 2004
Revised 30 July 2004



Materials Science-Poland, Vol. 22, No. 3, 2004

Bimetallic complexes with macrocyclic ligands.
Variation of magnetic exchange interactionsin some
heteronuclear thiocyanato-bridged compounds
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A series of heterobinuclear, thiocyanato-bridgechplexes of macrocyclitgands ofcoppe(ll) and
nickel(Il) have been characterized by varialdeyerature magnetic steptibility (1.72-300 K). The
complexes have the following composition: (G4[Fe(NCS)],-3H,O (1), (Culy)[Ni(NCS)e]-2H,0 (2),
(Culy)[Co(NCS)]-3H,0 (3), where L is 5,12-dimethyl-[14]-1,4,8,11-tetraazacyclotetradeca-4,11-diene
and (NiLy)s[Fe(NCS}],-2H,0 (@), (NiL,)[Co(NCS)]-3H,0 (5), (NiL,),[Cr(NCS)] ClO, (6), where Lis
5,7,12,14-tetramethyl-[14]-1,4,8,11-tetraazacyclotetradeca-4,11-diene. The results indicate that all of
them behave as weakly interacting magnets.

Key words:bimetallic complexes; copper (11); nickel (11); macrocyclic complex

1. Introduction

The search for new materials exhibiting useful magnetic and magneto-optical
properties is one of the main goals of molecular magnetism studies [1]. To design
molecular systems with a desired magnetic behaviour, it is necessary to use a novel
compound which contains several kindsnoétallic ions, organic ligands and novel
bridging networks.

The strategies derived from understanding the underlying phenomena play an im-
portant role in the syntheses of sumbmpounds. For example, the spin transition
phenomena which occur in some transitioatal complexes is a spectacular example
of molecular bistability [2].

In molecular magnetism, two kinds of molecular magnetisms of isolated molecules
and assemblies of molecules can be spdcilibese molecules may contain one or more

*Corresponding author, e-mail: jmroz@wchuwr.chem.uni.wroc.pl.
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magnetic centres. They can also be built fronlecular precursors, specially chosen to
achieve a 3D covalent bonding netwbgtween spin bearing species [3].

One of the simplest and most convenient molecular building blocks is found in the
hexacyanometallate family [B(CN)6] When [B(CN)6] reads with labile [A(KO)g]
assembling ions (A and B are metallic iortsijjimensional systems result, which are
analogues of the Prussian blue family.

The literature covering an analogous system, in which the thiocyanate group plays
the role of a bridging ligand, is much maearce [4]. Due to its ambient character,
the thiocyanate group can serve as a bridging ligand, similarly to the cyanide group.
There are a few heterometallic compounds of the type HBTH(NCS)],-nH,O
(L = 2.2-bipyridine,n = 0; L =o-phenanthrolinen = 1; L = diethylenotriamina) = 1)

[5]; [CuL4]s[Cr(NCS)],-nH,0; (L = imidazolen = 2 [6]; [Cu(en)Mn(NCS)(H,0),],
(en = ethylendiamine) [7].

The number of such investigations has increased recently, due to the introduction
of appropriate ligands of the macrocyclic type [8].

Francese et al. [4] were the first who used a simple macrocyclic copper(ll) com-
plex Cu(cyclamf' to obtain a heterometallic system bridged by a thiocyanate group.
Square-planar tetraazomacrocyclic complexes dfadd NI' with two free coordina-
tion places at the metal atom can play the af “building blocks” in this case [9].
There is a good access to the metal ion when there are no substituents in the macro-
cyclic ring. The situation changes withetlsize and character of the substituents
which may form a steric hindrance an@yent any coordination to the metal ion.

In this paper, we present results conaay systems containg unsaturated substi-
tuted complexes of copper(ll) (Fig. 1) and m{k) (Fig. 2) and simple ions such as
[Ni (NCS)s]*, [Co (NCS)]%, [Fe (NCS)]*, and [Cr (NCSY*.

HaC HaC CH;
m H WH

N N

[ j (ClO4), [ j (Cl04),

H” N T

| L
N N
CHz H3C//\/\ CHg

Fig. 1. Schematic view of 5,12-dimethyl Fig. 2. Schematic view of 5,7,12,14-tetramethyl
-1,4,8,11-tetraazacyclotetradeca-4,11-diene -1,4,8,11-tetraazacyclotetradeca-4,11-diene
diperchlorate (L) diperchlorate (k)

It was interesting to verify whether tleenfiguration of the nitrogen donor atoms
and the kind of metal ions influences ttrgstalline structure or magnetic properties
of the complexes.
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2. Experimental

2.1. Materials. All chemicals were of reagent grade and were used as commer-
cially obtained. [Cuk](ClOy), [10], [NIL2](CIOy)2 [11], [(CsHo)sN][Co(NCS)] [12],
[(C4Ho)aN]5[Ni(NCS)e], [(C4Hg)aN]s[Cr(NCS)] and [(GHo)sN]s[Fe(NCS)] [12-14]
were prepared following the methods described in literature.

Synthesis of complexes. The complexes, (Cubls[Fe(NCS)]»3H,O (1), (Culy)
[NI(NCS)s]'2H,0 (2), (Culy)[Co(NCS)]-3H,O (3), (NiL,)3[Fe(NCS}]»2H,0 (4),
(NiL,) [Co(NCS)]-3H,O (5), and (NiL),[Cr(NCS)X]CIO, (6), were prepared by the
methods described below.

The complexeg, 3, and5 were obtained by adding 10 ml of gEN solution con-
taining 0.3 mmol of [(GHg)sN][M(NCS)g] to 20 ml of CHCN solution containing
0.3 mmol of the appropriate ligand ([CI(CIO,), or [NiL,](ClO,),) at room tempera-
ture. The solutions were stirred continugus he resulting precipitate was filtered
off, washed with CKCN and GHsOH solutions, and dried ovep@®:.

Elemental analysis calculated forgB3;4NgS,NiCo (656.43)5): C, 32.93; H, 5.23;
N, 17.07; S, 19.54%. Found: C, 31.25;4.84; N, 16.41; S, 18.97%.

Elemental analysis calculated forB3NsS,CuCo (633.21)(3): C, 30.35; H,
4.78; N, 17.70; S, 19.45%. Found:31,73; H, 4.13; N, 17.72; S, 19.02%.

Elemental analysis calculated forngB,sN1oSsCuNi (731.13)(2): C, 29.57; H,
3.87; N, 19.16; S, 19,11%. Found:29.39; H, 4.31; N, 18.12; S, 19,01%.

The compoundg, 4, and6 were obtained by adding 15 ml of EN solution
containing 0.5 mmol of [(§Hg)4N]3[M(NCS)e] to 25 ml of CHCN solution contain-
ing 0.3 mmol of the appropriate ligand ([GIICIO,), or [NiL](ClO,),) at room tem-
perature. The solutions were stirred towously. The resulting precipitate was fil-
tered off, washed with C&N and GHsOH solutions, and dried ovep®s.

Elemental analysis calculated foggB:eN24S;,.ClsFe (1726.44)(1): C, 33.39; H,
4.55; N, 19.47; S, 21.50%. Found:32.44; H, 3.95; N, 18.77; S, 20.21%.

Elemental analysis calculated fog,8ssN24S,oNisFe, (1778.02)(4): C, 36.48; H,
4.87; N, 18.91; S, 21.64%. Found:36,28; H, 4.80; N, 18.32; S, 20.21%.

Elemental analysis calculated fog/8.gN14SNiCr (1122.11)(6): C, 40.89; H,
5.03; N, 17.47; S, 17.14%. Found:41,.63; H, 5.34; N, 16.71; S, 17.25%.

Physical techniques. Magnetic measurements in the temperature range of 1.7-300 K
were performed using a Quantum Design SQUID-based MPMSXL-5-type magne-
tometer. The SQUID magnetometer was calibrated with a palladium rod sample (Ma-
terials Research Corporation, of the ipu£9.9985%). Measurement samples of the
compounds under study were made at thgnatic field of 0.5 T. Corrections are
based on subtracting the sampledeolsignal and contribution frogg estimated from
the Pascal constants [15].

The FIR spectra were recorded in Nujol mulls (500-100)¢cmnd the MIR spec-
tra in KBr pellets (4000-500 cf), with a Brucker IFS 113V Spectrophotometer.
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3. Results and discussion

A major task in understanding magnetic exchange interactions is to sort out vari-
ous effects of molecular and electromsitucture on coupling parameters. Our ap-
proach has been to control the molecularcstmes to an extent as great as possible
and to simultaneously vary electronic properties of the paramagnetic centres.

Initially, we reported the magnetic &xange interactions for complexg2, and3
which contain the same symmetric macrocyclic ligands with different metal ions.

The magnetic properties of compléxas temperature dependenciegwandyuT
(xwm being the molar magnetic susceptibility) are shown in Figure 3.
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Fig. 3. Temperature dependence of the magnetic susceptibility
Zw (full symbols) andyy T (empty symbols) for the compound
(CUL1)3[Fe(NCSk]23H20 (1)
The inset shows the low temperature regiogoF vs. T

At room temperatureg, T for this complex is 8.95 chmol ™K (ue = 8.47 B.M.).
Such a value corresponds to that calculated for two high-spiioRe and three Cu
ions which are antiferromagnetically coupled. The values of the con§laans 6,
determined from the relationyl/vs. T over the 300-100 K temperature range, are
equal to 8.93 cmol™K and 0.40 K, respectively. The,T value remains nearly
constant at a wide range of temperatusesl increases upon cooling below 50 K. It
reaches a maximum at 4.5 K, wighT = 10.1 cntmol™K (uer = 9.00 B.M. ), and
finally decreases rapidly for temperatures below 4.5 K.

The presence of a maximum in thgl curve is indicative of ferromagnetic cou-
pling between unpaired electrons at' Feagnetic centres. From the magnetic point of
view, this compound will thus be considered as a linear pentamer. The variation of
susceptibility with temperature for [¢&e" Cu'Fe"Cu'] should be calculated using
the formula fory, with five linearly coupled dps. Two of these spinsJdy, J, — repre-
sent the exchange interactions betwegacaht iron and copper ions, and the spin
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describes the interaction between the iron nuclei within the pentamer complex, shown
pictorially as follows:

J2 Jl ‘]1 ‘]2
c' —— Fd' —— ¢ Fée" cu'

«— ) —>

Based on our previous paper [16] attte well known crystal structure of
(NiL) s[Fe(NCS}],, where L = 5,6,12,13-M€d14]-4,11-dienely, we suggest that the
exchange interaction between'Cand F& ions is transmitted by the thiocyanate
groups. The environment of the"Fén is octahedral, while the thiocyanate groups
are nearly linear. Each ®eion is bound to two copper(ll) ions. The thiocyanate

groups coordinate to the copper(ll) ionsthgir sulphur atom. A proposed schematic
view of complexl is presented in Figure 4.
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Fig. 5. Temperature dependence of magnetic susceptigiliffull symbols)
andyyT (empty symbols) for the compound (GYNi(NCS)g]-2H,0 (2).
The solid line represents the least squares fit
or the theoretical Eq. (1) to the experimental data

The magnetic suscepiiity data for complex2 are shown in Fig. 5. An antiferro-
magnetic exchange interaction is preserindgated by the fact that the valuegiT
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decreases very slowly in a wide rangdeshperatures and rapidly decreases below 30
K. When there is no magnetic exchange interaction kNGl binuclear compounds,
the paramagnetic susceptibilities of theotdifferent metal centres add up to the
paramagnetic susceptibility of the bineat complex. Consequently, the expected
spin only value ofi; for the CU-Ni" compound, in absence of an exchange interac-
tion, would be 3.83 B.M.

An antiferromagnetic exchange interaction in thé-8lil' binuclear complex leads
to anS = % ground state with aB =2, excited state. The observed valueugf per
binuclear complex is 3.83 B.M. at 300 K whitdicates that most of the molecules
are in theS = %, state. Below ca. 30 K there &smore pronounced decreaseugf
with decreasing temperature, which most fkedflects antiferromagnetic interactions
and zero field effects for the Nion.

The data for compour@lwere initially fit to the saceptibility expression (Eq. (1))
derived from the simple spin Hamiltonian

H=-235S,

Z — Nﬂz 912/2+109§/zexp(3] ’kT) (1)
MO akT 1+ 2exp(@ kT)
_ 49y —Ycu. _ 295+ Ocy
O1/2= NTC, O3/2= NTC

Fig. 6. A schematic view of (Cy)[Ni(NCS)g]-2H,0 (2)

A least squares fit of Eq. (1) to the data ghwe-1.87 ¢, ge, = 2.20, and); = 2.36 R=
3.07x10%. A small and negative value of the exchange parameter confirms weak anti-
ferromagnetic interaction in compl&transmitted by the thiocyanato group (Fig. 6).

The yuT plots for complexd are shown in Figure 7. At room temperatyygT is
2.96 cnimol™K (4.87 B.M.), which is slightly larger than expected for copper(ll)
(S= 1) and cobalt(ll)$=%.) ions. The value of\T is independent of temperature
in the range of 50-300 K, but gradually decreases at lower temperatures,yifhe 1/
vs. T plots in the range of 15-300 K obey the Curie-Weiss law with small and
negative Weiss constar® = —0.34 K andC = 2.95 cnimol™
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The interaction of cobalt(ll) with copper(id)ives rise to low-lying spin triplet and

spin quintet states, separated By Phe decrease gfyT upon cooling would be ex-

pected for high-spin Clowhich interacts antiferromagnetically with 'Gions through

the thiocyanato bridge.
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Fig. 7. Temperature dependence of magnetic susceptibility
Zw (full symbols) andyy T (empty symbols) for the compound
(CuLy)[Co(NCS)]-3H,0 (3). The solid line represerthe least squares fit
of the theoretical equations (2)—(4) to the experimental data

The attenuation ofe as the temperature of the sample approaches 1.80 K is most
pronounced for the compleX which agrees with the expectation that thé' @m
would exhibit the greatest zero-field splitting. The data for comp@unetre fit to
Equations (2)—(4) using the least squares method:

_2Np?| 97 expED /KT )+ 595 exp(? KT )

(2)

KT 1+ 2expED KT W 5(2 KT )
2 2
g—l[l— expED KT )]+5& exp(d KT )
1+ 2expED KT 1+ 5exp(2 KT )

g, = S9¢o ~ Jeu _ 3¢ * 9eu
1 4 J 2 4

D1= 3DCo _ DCuCo

2 4
Xaw =137+ 231, (4)

The best fit gavaye, = 2.20,9c, = 2.30,J = —0.9 cm', andD = 2.5 cm* (R
= 8.88 x 10°), as indicated by the solid curve in Fig 7. A small and negative value of
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the exchange parameter suggests a vegkvantiferromagnetic interaction between
Cu' and Cd ions. A relatively large value @f for this Ci-Cao' complex is somewhat
in line with the average value of g quoted for square-pyramidal complexes.

Our previous crystallographic results concerned similar compounds, namely
(Cub)[Co(NCS)], with L = N-rac-(5,12-Me-7,14-E4-[14]-4,11-dienely) [17]. Those
results allow us to suggest that the asymmetric unit of the coriptersists of an
[Co(NCS)]* anion and a N-rac[Cu]?* cation, bridged by a thiocyanate ligand. One
of the Cl ion coordination sites is blocked by the axial methyl group. Therefore, it
forms the distorted square-pyramidal structure of the complex 3, with four equatorial
nitrogen atoms of macrocyclic ligand and one sulfur atom from the thiocyanato bridg-
ing group in an axial position. The coardtion geometry around the Co ion is dis-
torted tetrahedrally. The cobalt(ll) centre posses one bridging and three non-bridging
thiocyanate ligands. The proposed schematic structure of the cotj@gxresented
in Fig. 8.

Fig. 8. A schematic view of (Cy)fCo (NCS})]-3H,0 (3)

The series of heterobinuclear complexes, containing the same symmetric macro-
cyclic ligand with different metal ions, were characterized by variable-temperature
magnetic susceptibility. The trend observed in this series of complexes is a change of
magnetic interactions due to the number of unpaired metal ion electrons. This sug-
gests the occurrence of both ferro (F) antif@momagnetic (AF) interactions in the
examined compounds with heterometallic coe. assumed that the F interaction is
stronger than the AF interaction in complexn contrast to compoun@sand3.

The second series of the compounds contained the metal within the ligand with
more substituents. We attempted to verify whether the configuration at the nitrogen
atoms influence the magnetic properties.

The magnetic properties of complexe$, and6 are illustrated in Figure 9.

The values ofy,T at room temperature are 8.54%molK (8.27 B.M.) for com-
plex 4, 1.65 cnmol™K (3.64 B.M.) for comple»s, and 1.64 cfimol™K (3.62 B.M.)
for complexg, all of which are expected for paramagnetic ions. gffeversusT values
remain nearly constant for all compounds in a wide range of temperatures and rapidly
decrease at the lowest temperatures. A slight decreggd imay be due to either the
effect of zero-field splitting parameters for the metal ions or/and intermolecular ex-
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change interactions between paramagnetic centres. The codstamis® were deter-

mined from the relation &} vs. T over the temperature range of 300—100 K. The results
are presented in Table 1.

1uT (cm*mol™)
Py

‘rmz}mrmmnabaaaaaaaaaaoaooa

0

0 50 100 150 200 250 300
TIK]

Fig. 9. Temperature dependenceygT for: () (NiL,)s[Fe(NCS}],-2H,O (4); (o)
(NIL2)[Co(NCS)]-3H,0 (5); (A) (NiL,),[Cr(NCS)]CIO, (6)

A small negative value af shows weak antiferromagnetic exchange interactions
between each pair of metal ions.

Table. 1. Curie constant, Weiss constant and magnetic moment
of the investigated compounds

Compound Curie constant Weiss constanf = Magnetic moment
P [cm®K-mol ] K] at 300 K [M.B]

(NIL p)s[Fe(NCS}],-2H,0 (4) 8.547 -0.66 8.27

(NiL)[C0o(NCS)]-3H,0 () 1.662 -1.89 3.64

(NiL »),[Cr(NCS)] ClO, (6) 1.619 -1.90 3.62

For a system consisting of three'Mins = 3x1) and two P& ions § = 2x°/,)

(4), the calculated value of magnetic momahtroom temperature suggests that two
terminal NI' ions are diamagnetic [16], which is a configuration in which the low-spin
electronic configuration for this ion occurs. From the magnetic point of view, this
compound will thus be considered as a linear FeNiFe core.

In the case of the two latter compoun8sf), the magnetic moment at room tem-
perature confirms the diamagnetic character of tHeiddis. The magnetism of this
compound should originate from the'Qg) and CI"' (6) ions only. A decrease jpT
for both compounds will be thus caused by antiferromagnetic interaction betwken Co
(5) and CI' (6) ions in the crystal lattice and by the zero-field splitting factor.

The compounds obtained in series 1 ardisplay an analogous composition, sug-

gesting structural similarity. However, the results obtained from magnetic studies
contradict this suggestion.
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This fact is undoubtedly linked to a charigehe number of methyl substituents in
the macrocyclic ligands Land L, and to a change in the N-configuration of six-
membered chelating ring. An increase in the number of substituents results in a bigger
steric hindrance during the coordination of thiocyanate group to nickel(ll) or cop-
per(ll) ions and caused by a different packing in the crystal lattice and a different mu-
tual arrangement of the magnetic centres.

Although the crystal structures of the examined compounds have not been fully
elucidated, some essential conclusions result from the IR spectra.

For the compound (Ni)[Co(NCS)]-3H,0 (5), a single sharp band was observed
in the 4000-500 crspectrum, situated at 2056 ¢rand originating from the stretch-
ing vibration ¥(CN). No band is observed in the spectrum of this compound above
2100 cm’. This suggests the presence of a non-bridging thiocyanato ligand and ap-
pearance of electrostatic interactiobstween the macrocyclic cation [NJE* and
anion [Co(NCS)*" in the complex5).

The infrared spectra of the complexes (Q4Ee(NCS)]»-3H,0 (1) (2062 cm' and
2154 cm’), (CuLy)[Ni(NCS)g-2H,0 (2) (2078 cmt and2121cm), (Culy)[Co(NCS)]
-3H,0 (3) (2059 crit and 2074 cm), (NiL,)JFe(NCS)]»2H,0 (4) (2046cm’ and 2093
cm?), and (Nil),[Cr(NCS)] ClO, (6) (2076 cm" and 2121 ci) exhibit two bands
near 2000 ci corresponding to the,(NCS) stretching mode. Additionally, bands
above 2100 cmare observed in the spectra of all the compounds, indicating the pres-
ence of a bridging thiocyanate group. This feature results from a combination of three
effects: (a) the presence of a bridging thiocyanate ligand, (b) the presence of a non-
bridging thiocyanate ligand, (c) the distorted environments of the metals cobalt (ll), iron
(1i1y, chromium (111, nickel (I1), and opper (I1).
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Amorphous alumina coating films, prepared on aluminium substrates by oxidation by the electrolytic
method in ternary electrolytes, have been characterised by atomic force microscopy. adeersugh-
ness and growth structure of the obtainegDAfilms are related to the experimental conditions: tempera-
ture, current density, and deposition time. They are also related to the preparation method of the alumin-
ium substrate surface. The columnar growth revealed by atomic force microscopy, with shape and size of
columns depending on temperature and current density, has been confirmed by scanning electron micros-

copy.

Key words:alumina coating films;, atomic force microscopy (AFM); scanning electron microscopy; X-ray
diffraction; tribological properties

1. Introduction

Although properties of AD; seem to be well known, alumina has been exten-
sively studied both in the bulk and thin fifimrms [1] because of its possible applica-
tions. These are ranging from microeledics, optical applications, and wear
-resistant coatings to decorative purposesmassive aluminium. Thin films of alu-
mina can be prepared by various depositi@ihods, e.g., evaporation [2, 3], sputter-
ing [4], binary reaction sequence chemistrly fid also by dect anodic oxidation of
aluminium surfaces [6, 7]. An interesting fe of the thin films, both crystalline and
amorphous, is that they often exhibit pronounitedrnal growth structure [8], which
evolves during the growth (deposition)opess and projects onto the film surface,

*Corresponging author, e-mail: slemzn@us.edu.pl.
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giving rise to film surface topography and roughness. It is also well known that such
structural features affect phgai properties of thin films [8]Therefore, properties of
produced films can be controlled by appeopriate selection of the preparation
method and conditions, e.g., chemical position of the electrolyte and other pa-
rameters such as temperature and curremityein the case of an anodizing prepara-
tion process. Tribological pperties of alumina coatings used as the sliding connec-
tions are of great interest in practicehin oxide films, formed on the aluminium
substrate by direct contact with oxygene amapplicable due to unsatisfactory me-
chanical properties [9]. A special surfaceatment with electrolytes is therefore nec-
essary to improve these properties, allowing th®Afilms to be extensively used in
various industries: anti-corrosive protectignotective and decorative coatings, primer
layers; elements of clutches, transmissiearg, shears, and guides; elements of auto-
matic equipment and hydraulic controllers; raagsvof rolling bearings in pairs; pistons
of engines and cylinder bearing surfaces in compressors [1].

Oxide films obtained by carefully perfoed anodic oxidation of aluminium ex-
hibit a significant adhesion which makes the separation of the layer from the substrate
practically impossible. They also exhilhiigh porosity resulting in the ability to ab-
sorb considerable quantities of lubricants, and in a great hardness ensuring a high
wearability. A thin sliding film of polytetfluoroethylene-graphite can be easily ob-
tained on a coating prepared in such a wahich is important in terms of the friction
properties of these connecting elements [1].

In this paper, studies of the surface morphology of alumina coating films by
atomic force microscopy (AFM) are dedmd. The obtained results are related to
those obtained by X-ray diffraction (XRDh@ scanning electron microscopy (SEM).

2. Experimental details and characterization of the films

Hard anodic treatment in water solutions of sulphuric and oxalic acids is usually
used to produce thin &Ds layers. Anodising in B8O, solution is performed at the electro-
lyte temperature of 264—281 K, with concatitbm up to 20%, and anodic current density
of 1 A/dnt. In the case of (COOK¥olution, the anodising parameters are: temperature
275-279 K, concentration up to 5&bodic current density 1-3 A/4ni great amount of
heat is released in the oxide coatingimlyiroxidation from the exothermic chemical
reaction of aluminium oxide formation andndhe electric current. This heat has to
be removed very quickly from the surface of the anodised object, otherwise the coat-
ing overheats. As a result of the overhagtitribological properties of the alumina
layer are degraded and the coating becomes wear unresistant. This is a serious disad-
vantage of hard anodic treatment, congdiitg the formation of alumina coating
films. This disadvantage can be overcome by appropriate changes in the chemical
composition of the electrolyte.

In the present work a method of hard addgeatment at higher temperatures has
been developed [1, 9]. It does not requioeling, the heat being used to control the
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quality of the surface oxide layer and its properties. By anodizing at the appropriate
amount of electrolyte, related to the sud area, oxidation without additional carrying
away the heat is possiblAccording to the method proposed here, the oxidation was
carried out in a ternary water electrolytesulphuric, adipic and oxalic acids (SAQO).
The temperature of the electrolyte dgrioxidation was in the range of 293-313 K,
whereas the anodic current density was in the range of 2—4 Altirder these con-
ditions the oxidation process candtarted at room temperature.

A TopoMetrix ExplorerAtomic Force Microscope was used in the contact mode
to study the morphology and roughnesstimh films. Atomic force microscopy
(AFM) images were obtained using a commercially availabjd,S¥Y-shape cantile-
ver (force constant — 0.032 N/m) with a tip radius0 nm (Topometrix SFM probe
model 1520-00). Forces of a couple of nd ased in contact mode AFM. There are
two imaging methods in the contact mo®leM. The most common method of obtain-
ing contact mode AFM images is the constant force method. In this method, the cor-
rection voltage for-piezo restoring the cantilever to its orginal deflection is used as
the z-data for imaging the sample surface topography (constant force or topography
image). In the variable force method, thiteoto-sensor output (from deflection of the
cantilever) is used as tlzedata for obtaining a constaheight (variable deflection)
image.

The results of surface topography presented here were obtained in the “constant
force” mode. Practically, however, the lofidce varies during surface scanning and
the cantilever deflection photo-sensor outputdesignal” was used to acquire error
signal image simultaneously with topographical imaging. The AFM topographic im-
ages shown in this paper were neither filtered nor corrected.

In order to test the crystallinity of the obtained,@J films, X-ray diffraction
measurements were made with a Siemens DS 2000 powder diffractometer, using Ni
filtered Cy,, radiation and a scintillation counter. The X-ray diffraction patterns were
recorded in a & angular range from 5 to 80 deg in a symmetrical reflection mode.
The structures of cross-sections 0t@y films were also studied by Scanning Elec-
tron Microscopy (SEM) using a Philips XL30 type instrument.

3. Results and discussion

The X-ray diffraction patterns of three selected samples: A2, A3 and A4 are
shown in Fig. 1. Films A3 and A4 werebfécated at highetemperatures (303 and
313 K) and higher current densities (3 and 4 Ajdmhile film A2 was deposited at
293 K and 2 A/drh The sharp diffraction peaks can be identified as originating from
the Al substrate. The difiction patterns of deposited .8k consist of very broad
peaks, typical of amorphous matesial he peaks, observed at about ff films A3
and A4, are sharper than those in the range of 224624 more spread than the crys-
talline Al peaks. No such peak is observethie A2 sample. This suggests that a fine-
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grained crystalline phase is formed at ligkemperatures and higher current densi-
ties. The occurrence of different crystadlimluminium oxide phases in alumina films
obtained by anodizing has been previouslgorted [10]. The positions of the first
diffraction peaks revealed for films A3 and A4 are close to that reported in the ASTM
31-0026 card for a disperse alumina gel. adlditional information about this struc-
ture is reported in the ASTM data base. To learn more about the local structure of

Al,O; films obtained by anodizing, more detdil@ide-angle X-ray scattering studies
on free-standing samples are necessary.
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Fig. 1. X-ray diffraction patterns of the A2, A3 and A4 alumina films

Figures 2—6 show contact mode AFM ersagnal (a) and 3D topographic images
of (5000x5000 nfarea) b) obtained for the alumina films surface. The error signal
images, although containing no true heigtibrmation, can give an additional, com-
plementary information about film surface appearance and may resemble the micro-
graphs observed in SEM or TEM images of replicated sample surfaces.
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Fig. 2. Simultaneously acquired AFM contact mode: a) error signal, b) 3D-topography images
of the A2 alumina film obtained at anodizing temperafure293 K,
anodizing current density= 2 A/dnf, and anodizing time= 60 min
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Fig. 3. Simultaneously acquired AFM contact: a) error signal, b) 3D-topography images
of the A23 alumina film obtained at anodizing temperaluxe293 K,
anodizing current density= 3 A/dnf, and anodizing time= 40 min
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Fig. 4. Simultaneously acquired AFM contact mode (a) error signal, b) 3D-topography images
of the A32 alumina film obtained at anodizing temperalue303 K,
anodizing current density= 2 A/dnf, and anodizing time= 80 min
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Fig. 5. Simultaneously acquired AFM contact mode (a) error signal, b) 3D-topography images
of the A3 alumina film obtained at anodizing temperafure303 K,
anodizing current density= 3 A/dnf, and anodizing time= 60 min
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Fig. 6. Simultaneously acquired AFM contact mode (a) error signal, b) 3D-topography images
of the A4 alumina film obtained at anodizing temperafure313 K,
anodizing current density= 4 A/dnf, and anodizing time— 60 min
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Table 1 shows a summary of the parameters of the anodising process and the AFM
parameters, characterising the surface roughness for several alumina films and also
for the parent Al substrate. Surfaaaughness has been evaluated from topography
images using microscope software. The shape of the tip was not taken into account.
Surface roughness parameters, known and commonly used, are the average surface
roughnesRR, and surface root mean square rms. An additional parameter, however,
the relative surface areRs,, defined as the ratio of the surface described in 3-
dimensional space by the AFM to the 2-dimensional scan range, can give better in-
sight into surface roughness. AFM resultstfar films obtained at an electrolyte tem-
perature ~293 K are shown in Figs. 2 8ndhese films were prepared at 2 Afémd 3
Aldm? current densities and their thickness were w®5and ~2um, respectively. The
images of the alumina films obtained ated@ctrolyte temperature of 303 K and anodis-
ing current densities of 2 A/drand 3 A/driare shown in Fig. 4 and 5, respectively.

Table 1. Summary of the anodizing process parameters
and AFM results for several alumina films and for the Al substrate

T I d t rms R,
sample| ey | amd) | @m) | min) | TS m) | (om)
A2 293 2 25 60 1.296 190.52 144.74
A23 293 3 29 40 1.251 174.37 142.45
A32 303 2 33 80 1.331 293.20 197.112
A3 303 3 44 60 1.428 233.71 178.91
Ad 313 4 67 60 1.765 480.52 390.43
Al 1.434 | 658.42 555.44

T — anodizing electrolyte temperatute; anodizing current densitd,— obtained alumina film
thicknesst — anodizing timeRea - relative surface area, rms — surface root-mean-sgRareaverage
surface raghness (roughness parameters — without any flattening).

Presented in Figure 6 is the AFM surfaspography of the alumina film prepared
at the current density of 4 A/drand at the highest temperature in these experiments,
313 K. It differs considerably from themaining samples. The line scans across of
the AFM topography images for the alumina film and the initial Al substrate are
shown in Figures. 7 and 8.

Film thickness increases when both the anodizing current density and temperature
are raised. The results presented in AFM images clearly show that alumina films pre-
pared at 293 K and 303 K reveal quitéfetient surface topographies. The surface
topographies of the films shown in Figsa@d 3, obtained at 293 K, exhibit not very
flat and uniform surfaces with many hol@epressions), ranging from one to several
columns in diameter. On the other hand; surface of the films prepared at 303 K
(Figs. 4 and 5) are more uniform, with thamieter of holes (or pores) of the order of
one column (or smaller). The columnazes are estimated to be in the range 0.4-1
um and were more nonuniform in the films obtained at 293 K.
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Fig. 8. Line scan across the AFM topography image for the Al substrate

The first results show that the experitted conditions (temperature and current
density) are crucial for the final state of fladricated coatings and especially for the
aluminium substrate surface preparation. Poaanodising, it is essential to clean the
surface of dirt, grease oil and, in particulany skin formed during rolling, drawing
or pressing. Anodizing seems to be the dloprocess which itself can strongly affect
the initial roughness of the substrate dughe chemical action of the electrolyte.
From AFM images shown in the present paper, one can conclude that the large initial
roughness of the aluminium substrates hanlsdightly cured during the growth of
the alumina films in the anodizing processall cases, the topography of the alumina
films resembles the rough topography of the initial Al substrate, although the rough-
ness parameters, ek, for films prepared at 293 K and 303 K are lower than the
roughness parameters for the initial Al surface. For films obtained at 303 K, however,
these parameters are closeRtg and for film anodized at 313 K they exceed it.

The anodized alumina thin films exhibit aryelistinct columnar growth structure,
as can be shown in the SEM images of the film cross-sections. Examples of SEM
images of the alumina film cross-secti@re shown in Fig. 9, for the A2, A3 and A4
samples, where the columnar growthucture is clearly visible.
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Fig. 9. Scanning electron microscopy image of the
alumina film cross-sections: a) A2, b) A3, c) A4

This columnar structure can also beeaaled on the alumina film surface as the
dome-shaped ends of the columns projecting over the surface and can be imaged by
AFM. The presented images show that &M technique is a very useful tool for
studying thin film morphology, providing farmation that is equivalent to that ob-
tained by SEM. However, as can be seen in the AFM topography images, especially
for the films shown in Figs. 2 and 3, tbbserved columnar structure may be domi-
nated by the large film surface irregularities mentioned above. Surface topography
resembles some initial Al surfaces and the surface rougRaesslarger than that of
the initial Al substrate. It was observed that error signal imaging can gives more de-
tails and the surface structure can be seemdas that appear to be deep dark valleys
in the topographic images. In general, alumina film surface topography and roughness
can be attributed to the internal filmogvth structure, initial aluminium substrate
irregularities, and to the specific anodizing process itself.

It is known that data obtained directly from AFM images overestimates lateral di-
mensions, because the obtained image is a combination of the tip and sample interac-
tions. The tip broadening effect, even ifistnot immediately obvious in images, is
present in all AFM images. If the probe tiplarger than the surface features, then
surface roughness measurements will appear smaller than they should be. In this pa-
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per, however, the obtained images are aed®¥@t They contain most of the features
of the alumina films surface stiwre confirmed by the SEM.

The structure of AlO; oxide layers deposited on aluminium alloys stimulates the
application of these layers in machinenstruction. Special properties of the depos-
ited oxide coatings (e.g., morphology andrzrease of the surface area due to micro-
and macropores) give a wear and tear resistance guarantee for the upper layer and
indicate their preferential use in sliding ntdtgs. The main application of such an
oxide layer is cylinder bearing surfaces non-lubricated air-compressors. In this
case, the oxide layer matches with ringsden@f a material containing polytetra-
fluoroethylene (PTFE), with a graphite filler in the amount of 15wt. % (TG15-type
material). In the period of sliding mating of the oxide layer and TG15-type material
the sliding film appears on a surface of the oxide layer in consequence of a frictional
transfer of material. The creation of sukliding film provides very good conditions
for the mating of such a matching (friction coefficignt 0.08).

The influence of the anodizing process parameters for the application of such an
oxide layer in cylinder bearing surfacesrion-lubricated air-compressors was pre-
sented in [1] and [9].

4. Conclusions

A method of hard anodic treaent at elevated tempeuats has been developed,
which does not require an additional coglihe heat produced during treatment is
used to control oxide coating properti@he AFM contact technique was used to
study the morphology and roughness o thlumina coating films produced by
electrolytic deposition. An X-ray diffraction telsas shown that the prepared films are
generally amorphous. A small precipitation of a fine-grained crystalline phase, similar
to the dispersive alumina gel, has beereoled for films obtained at higher tempera-
tures and higher current densities.

Columnar growth of the films has besvealed by the AFM technique and sup-
ported by SEM. Differences in surface roughness and in the size and shape of the
columns have been clearly observed in the AFM error signal and 3-dimensional to-
pography images. Those differences can be related to the parameters of the anodizing
process. Oxide coatings appropriate for application were obtained under carefully
selected deposition conditions, which aheappration of the films special properties
of the deposited oxide coatings (like e.gusture, with the large surface area due to
the micro- and macropores created duringeleetrolytic process. The following pa-
rameters have proved to be optimal flee production of alumina caotings: a current
density of 3 A/drfiand temperature of 303 K. An imase of the rate of deposition of
oxide coating can be achieved by raising the current density to 4 Asdrthen the
temperature should also baised to 313 K [1, 9].
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The properties of the films obtained in thisy, such as structure, morphology,
and an increase in surface area due to the presence of micro- and macropores on the
surface during cooperation, are suitable fordheation of sliding plastic films with
TG15 protecting oxide coatings from wear. Films of increased porosity are of great
interest from the point of view of thgiotential applications as sliding joints.

Acknowledgements

The authors thank Dr. Joanna Kapusta (Departme8blid State Physics, University of Silesia) for
performing the X-ray diffraction measurements and for her help in the use of the ASTM data base.

References

[1] SkoNECZNY W., TOKARZ A., Wear,169 (1993), 209.
[2] VANFLETERENJ.,VAN CALSTERA., Thin Solid Films, 1391986), 89.
[3] BunsHAH R.F.,ScHrRAMM R.J., Thin Solid Films, 4Q1977), 211.
[4] VuorisTOP.,MANTYLA T., KETTUNENP., Thin Solid Films, 2041991), 297.
[5] OTT A.W., KLAaus J.W.,JOHNSONJ.M., GEORGES.M., Thin Solid Films, 2921997), 135.
[6] STARK I., STORDEURM., SYROWATKA F., Thin Solid Films, 26§1993), 185.
[7] PATEL R.D.,TAKWALE M.G.,NAGAR V.K., BHIDE V.G., Thin Solid Films, 115 (1984), 169.
[8] THORNTONJ.A., Annu. Rev. Mater. Sci7,(1977),239.
[9] SkoNECZNY W., KACALA Z., Exploitation Problems of Machine%(1994), 443.
[10] RosenBLUMB., Tribo-Stimulated Emission From Oxide Covered Metal Surfaces, University Micro-
films International, Ann Arbor, MI, USA, 1976.

Received 15 July 2004
Revised 2 August 2004



	Contents
	Remarks on the phase diagram of high-temperature superconductors: pressure dependence. JAN STANKOWSKI, MARCIN KRUPSKI, ROMAN MICNAS
	Photochromic sol-gel derived hybrid polymer coatings: the influence of matrix properties on kinetics and photodegradation. ANNA KLUKOWSKA, UWE POSSET, GERHARD SCHOTTNER, ANNA JANKOWSKA-FRYDEL, VINCENZO MALATESTA
	Development of highly transparent and conducting yttrium-doped ZnO films: the role of sol-gel stabilizers. R. KAUR, A.V. SINGH, R. M.MEHRA
	Analysis of optical transitions of Nd3+ in YAG nanocrystallites. ARTUR BEDNARKIEWICZ
	Synthesis and luminescence properties of nanocrystalline BaTiO3:Nd3+obtained by sol-gel methods. ROBERT PĄZIK, DARIUSZ HRENIAK,WIESŁAW STRĘK
	Optical properties of Eu(III) doped nanocrystalline films of TiO2. AGNIESZKA HRENIAK, MARCIN NYK, DARIUSZ HRENIAK, WIESŁAW STRĘK, LESZEK KĘPIŃSKI, JAN MISIEWICZ, KRZYSZTOF MARUSZEWSKI
	Morphology, structural and absorption studies on gallium nitride powder. MARCIN NYK, WIESŁAW STRĘK, JANUSZ M. JABŁOŃSKI, JAN MISIEWICZ
	Relaxation processes in ZrO2 at high pressures. ILIA V. KORIONOV, ANNA N. TREFILOVA, ALEXEY N. BABUSHKIN, WITOLD ŁOJKOWSKI, AGNIESZKA OPALIŃSKA
	Effect of double substituted m-barium hexaferrites on microwave absorption properties. ROBERTO DA COSTA LIMA, MAGALI SILVEIRA PINHO, MARIA LUISA GREGORI, REGINA CÉLIA REIS NUNES, TSUNEHARU OGASAWARA
	Bimetallic complexes with macrocyclic ligands. Variation of magnetic exchange interactions in some heteronuclear thiocyanato-bridged compounds. ALINA TOMKIEWICZ, JULIA KŁAK, JERZY MROZIŃSKI
	Investigations of the surface morphology of Al2O3 layers by atomic force microscopy. WŁADYSŁAW SKONECZNY, JAN JURUSIK, ANDRZEJ BURIAN



