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High-resolution vibrational spectroscopy of Pb-OH defects in KMgk
fluoroperovskite single crystals
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High-resolution(0.04 cm' %) Fourier transform infrared spectroscopy in the temperature range 9—300 K is
applied to detect and analyze the ORtretching modes in air grown KMgFsingle crystals, doped with
different Pb amounts. In addition to the 3733.7 ¢nline attributed to the stretching mode of isolated QH
two main lines peaking at 3550.9 and 3567.7 ¢rare due to the OH stretching modes perturbed by
neighboring Pb defects. Suitable thermal treatments and isotopic substitutions provide models of the complexes
in which OH and Pb are embedded. Lead is recognized as favoring thei@itsion into the lattice and
causing an inhomogeneous broadening of the IR lines related to the stretching modes wit@#gicting with
other cation impurities. Anharmonicity effects are monitored by the weak overtones of the OH-related lines
and discussed in the framework of the Morse model for the anharmonic oscillator. The anharmonicity and the
Morse parameters, which show a very weak temperature dependence in the 9—-300 K range, are very close to
those displayed by alkali fluorides. The temperature dependence of the line position and linewidth of the
narrow (0.4—0.9 cm?) Lorentzian-shaped IR lines and of the related overtones is successfully analyzed by
means of the single phonon coupling model. The coupled phonon frequencies, evaluated from the fitting, for
the Pb-perturbed OH stretching modes fall in the frequency range of the highest phonon state density of the

host matrix.
DOI: 10.1103/PhysRevB.63.134302 PACS nuni®er78.30—j, 63.20.Pw, 63.20.Mt, 71.55.
. INTRODUCTION spectroscopiek;, 38101213172 htically detected magnetic

resonancéODMR),%! and electron nuclear double resonance
Perovskites are a wide class of materials, the general foENDOR),*® and have been described by theoretical
mula beingABX; (A and B are cations ancK an aniop, ~ models™!3-1°
which have recently attracted considerable interest owing to However, the literature relating to defects induced by an-
the discovery of highF, superconductivity and colossal ion impurities in fluoroperovskites is rather poor, although, _
magnetoresistance. Among the insulating perovskites, marf§S &n €xample, the presence of oxygen as unwanted dopant is
ABO; and ABF; compounds are also attractive for techno-€XPected and detectéiAmong anion impurities, hydroxy!

logical applications. Ferroelectricity, piezoelectricity, and ion deserves particular attention since it enters the matrix

large nonlinear optical and electro-optical coefficients aredurlng the crystal growth from the melt, especially if this is

features exhibited by some compounds of the former fam”yperformgd in ai_ﬁ3_'24lt_interacts easily with pther impurities,_
the most widely studied and exploited being LINDO k.g., cations, giving rise to complexes which deeply modify

Fluoroperovskites, described by the formalBF, (A be- the particular impurity-induced properties, as is well known

. . ) 3 | in alkali halides®® In crystals and glasses, this type of inter-
ing an alkali ion and an alkaline-earth or a transition-metal 5.tion causes the undesirable quenching of the luminescence

divalent ion also exhibit interesting technological applica- §,e to rare earth® and, as a consequence, should be care-
tions. To be more precise, the cubic KMgFf properly iy avoided. In contrast, in perovskitic oxides, the hydro-
doped, can be exploited as a host medium for lasingen related defects, and among them B#f favorably af-
centers;”  thermoluminescent  dosimetét$, and  fect various physical properties which can be exploited for
scintillators®~’ In this framework great interest has been de-device applications: examples are the reduced laser optical
voted to the study of defect&ither due to impurities or damage and the thermal fixing of the volume holograms in
induced by radiation damapevhich show a radiative decay LiNbO; single crystal$? Moreover, several perovskite-
from the excited states. KMgFsingle crystals doped with structured oxides become good high-temperature protonic
different classes of cation impurities, such as rare ed@bs conductors after protons are introduced, as a consequence of
Eu, Sm, Th>820 transition metals(V, Cr, Mn, Fe, Co, the OH doping® The presence of OH in KMgjcrystals has
Ni),»11~1® metal-ions with the 1§d)® and (s)? electronic  been detected by means of the broad UV absorption band
configurations  (Ag, Cu"; and TI', PE", peaking at 187 nm and attributed to the electronic transition
respectively,>*’~*'have been widely investigated by a vari- of the OH™ centers? However, the UV peak, as in alkali
ety of techniques, such as emission and absorptiohalides, accounts for all the OH-related defects, being unable
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to discriminate among different environments in which OH 3540 3560 3580 3600 3620 3720 3730 3740 3750
might be embedded, as a consequence of its interaction witl ] : : : : ) ] o)
other impurities. Such a fine analysis can be successfully 5] U\
pursued by monitoring the OHstretching absorption, a very - )!
sensitive probe of slightly different surroundings, as proved 0
by the high-resolution infraredlR) spectroscopy, applied at 4 @) (@b)
low temperatures to alkali halides and sillenitgd*?and, 2] 1 k
more recently, in a preliminary way to KMgF® ol ) N ST

In the present work high-resolutici®.04 cm't) Fourier ﬁ‘g 4] (3a) 3b)
transform infrared(FTIR) spectroscopy in the temperature ] ‘ ’
range 9-300 K is exploited to detect the Okstretching 8 7] J k
modes in KMgk single crystals and to monitor their inter- 30 =
action mainly with Pb, which has been proved to be a Iasing% 47 “a) “)
impurity.? Suitable thermal treatments are applied in order to '§~ 2 l
identify the nature and supply models of the complexes in% ] LJ
which OH and Pb are embedded. Possible anharmonicity ef ] (5a) (5b)
fects are investigated by analyzing the isotopic replica and 5] JL
the weak overtones of the OH-related spectra and are dis i \ l 1
cussed in the framework of the Morse model for the anhar-  ©
monic oscillator. The anharmonicity and the Morse param- %] 6a) ©b)
eters are compared to those of OH-stretching modes ir 04
materials of similar crystalline structure, such as the perovs- , MWW e

kitic oxides, and in alkali fluorides, which have a similar 3540 3560 3580 3600 3620 3720 3730 3740 3750
ionic character. The careful analysis of the line shape, posi-
tion and line width of the narrow IR lines, as a function of
the temperature, is exploited to provide a model for the OH- FIG. 1. High resolutior(0.04 cm'!) IR absorption spectra mea-
stretching mode coupling to the lattice vibrations. Thesured &9 K of KMgF; sampleg(in the following the sample num-
coupled phonon frequencies, evaluated by using the singleer is enclosed in bracketsominally doped with different impuri-
phonon-coupling modéﬁ are compared to those of the host ties (the amount added to the melt is expressed in molar fractions,
matrix. m.f.). Curves(1): 5% PbBp (K7); curves(2): 0.5% PbBj (K3);
curves(3): 0.5% PbBj (K4); curves(4): 2.5% Agl (K0); curves
(5): 12.5% Agl (K14); curves(6): 1% KOH (K6). The first five
Il. EXPERIMENTAL DETAILS samples were grown in air, while the last was grown in inert Ar

. _atmosphere. Left: spectra in the region of impurity perturbed OH
KMg.F3 single crystals were grown by means of t'he Czo f'stretching modes. Right: line due to the isolated Ostretching
chralski method. The starting powders were a mixture Of ode
dried and precrystallized KF and MgfFeagent grade mate- '
rials mixed in the stoichiometric ratio. The Pb doped crystals\azionali di Frascati in the range 4—12.5 eV and by means
were obtained by adding to the above mixture the desireds 5 \/arian 2390 dispersive spectrophotometer in the range

amount of PbBy or Pbh, in a mole fraction ranging be- 1 5_g V. The IR spectra were monitored in the temperature

tween 0.5 and 5%. For comparison, a few crystals dopegange 9-300 K by assembling the sample in a 21SC model
with Agl, in a mole fraction ranging between 2.5 and 12.5 %'Cryodine Cryocooler from CTI Cryogenics.

were also prepared. Most of the crystals were grown in air in
order to introduce OH, but some of them were grown in Ar
atmosphere and OHwas added as alkali hydroxide, e.g.,
KOH or NaOH, in a mole fraction ranging between 1 and Figure 1 summarizes the IR spectra measurtetl K in

2 %. The isotopic substitution of OD for OH was obtained bythe 3530—-3620 cm' range(column on the leftand in the
keeping the crystal at 950 °Ca temperature close to the 3720-3750 cm?! range(column on the right for KMgF;
KMgF; melting point, i.e., 1050°C) in dry nitrogen bub- samples where Pb is present, to a greater or lesser extent,
bling through B O for about one hour. The samples submit- either because it is intentionally added to the niséte Sec.

ted to the above treatment exhibited a milky surface layeil) or as an unwanted impurity. The Pb concentration de-
which largely contributed to the light scatterifigs an ex- creases from the top to the bottom in Fig. 1, as monitored by
ample, see Fig. 3, curve®) and (f)]. Thermal treatments, the UV absorption band peaking at 248 riRef. 20 (see
such as quenching and annealing from 650 °C, were pebelow and Fig. 2 Many narrow lines are displayed by the
formed in air. spectra of the air grown samplgsee curvegl)—(5) in Fig.

The IR absorption spectra were acquired by means of at], while they are fewer and weaker in samples grown in
FTIR Bomem DA8 spectrophotometer with an apodizedinert atmospheréAr), notwithstanding the addition of KOH
resolution as good as 0.04 ctin the range 600-7500 to the melfsee curve$6) in Fig. 1]. The wave number range
cm 1. The ultraviolet-visible (UV-vis) absorption spectra in which the narrow lines are detected is typical for the
were measured at the Adone storage ring of the Laborato®H ™ -stretching mode absorptions in alkali halidé$*3!

‘Wavenumber (cm"l)

IIl. EXPERIMENTAL RESULTS
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FIG. 2. VUV absorption spectra measured at 300 K of KMgF
samples nominally doped with Pb and OH. Curi&: KMgF;
doped with 0.5% PbBrm.f. and grown in air(scale on the left
curve(b): KMgF3; doped with 1% KOH m.f. and grown in inert Ar
atmospherdscale on the right

The OH™ doping is proved by the broad UV absorption band
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FIG. 3. High-resolutior(0.04 cm' ) IR absorption spectra mea-
sured &9 K of KMgF; samples doped with 0.5% Pp.f. and
grown in air(K21). Curves(a) and(b) are related to the fundamen-
tal transitions An=1); curves(c) and (d) to the overtone transi-
tions (An=2); curves(e) and (f) to the fundamental transitions
(An=1) of a sample submitted to the deuteration process. Left:

peaking at 187 nm and attributed to the electronic transitiof$Pectra in the region of impurity perturbed hydroxyl ion stretching

in OH centeré (see Fig. 2 This absorption is strong in
samples grown in air and Pb dopgske curvga), scale on
the leff], but much weaker in those to which only KOH has
been added to the mdkee curveb), scale on the right

As for alkali halides codoped with OHand divalent cat-
ion impurities?® two regions can be distinguished in the
OH™-stretching mode spectra of KMgRsee Fig. 1. The
former, at high wave numbersee right side column spec-
tra), is characterized by a line peaking at 3733.7 ¢raom-

mon to all samples, independently of the codoping catiorf

(e.g., Pb, Ag, Cu, ett>%): the line is attributed to OH not
interacting with any impurityisolated OH'), see Sec. IV A.
The latter, at shorter wave numbeisee left side column
spectry, involves lines which are detected only if codoping

cations are present. Their positions depend on the specif

cation: these lines are attributed to OHperturbed by a

neighboring cation impurity. In the present case the lines

peaking at 3550.92 and 3567.72 chare ascribed to OH
interacting with a Pb-induced defettee Sec. IV A and
those peaking at 3596.2 and 3582.7 ¢nto OH™ interacting
with Cu3®

To support the attribution of the lines displayed in Fig. 1
to OH -induced defects, the isotopic substitution of OD for
OH was performedsee Sec. )l As a consequence, the
3733.7 cm! line shifts to 2747.5 cm? [see Fig. 3 curvéf)
and Table ] and the two lines peaking at 3550.92 and
3567.72 cm ! shift to 2619.7 and 2630.1 cm, respectively
[see Fig. 3 curvée) and Table ], according to the relation

AG%_'_ MoD 1
—a == (1)
AGY, HMoH

where AG®" and AG®P are the absorption line wave num-

modes. Right: line due to the isolated hydroxil ion stretching mode.

very weak replicas of the main lines peaking at 3733.7
3567.72, and 3550.9 cn appear at wave numbers byl1l
cm ! lower, as indicated by arrows in Fig. 4. The shift is
accounted for by Eq(1), if, in the hydroxyl group*®O is
replaced by'®0 (instead of H by D, and is in agreement
with that observed for the free hydroxyl radi¢iThanks to
the sensitivity of high-resolution FTIR spectroscopy applied
t 9 K, the O replicas were observed in hydroxylated

samples, as a consequence, not of an intentional substitution
of 180 for %0, but simply of its natural abundance, which is
as low as 103, In alkali halides the same shift was de-
tected for similar weak replicas, whose amplitude consider-
gbly increased in*®0H-enriched samples, supporting the
above attributioff (see Table )l
The fulfillment of Eq.(1) within 2% suggests that anhar-
monicity effects might occur. The hypothesis was confirmed
by the weak overtones detected at wave numbers roughly
twice those at which the main lines are monitored: compare
curves(c) and (d) with curves(a) and (b), respectively, in
Fig. 3. For this purpose, thick and/or heavily doped samples
were particularly suitable.

Table | displays the position and widths measured at 9
K) of the main lines monitored either in hydroxylated or
deuterated samples and of their overtones. By increasing the
sample temperature from 9 to 300 K, the lines become in-
creasingly weaker, broadening and shiftisge Fig. 5, as a
consequence of both the phonon coupling of the
OH™ -vibrational modes and the lattice thermal expansion
(see Sec. IV D An example is supplied by Fig. 5, where
two spectra measured at 300(#p) and at 9 K(botton) are
compared: many lines can be detected only at low tempera-
tures.

bers in the hydroxylated and deuterated samples respec- In order to obtain information as to possible association
tively, and uop and oy are the reduced masses of the freeand dissociation processes between hydroxyl ions and cation

OH and OD diatomic molecules, respectively. Moreover

Jimpurities (lead in the present casePb-doped samples,
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TABLE I. Stretching-mode parameters for isolated hydroxyl and hydroxyl-perturbed by impurity defects
in KMgF3 and in a few different matrices or species. The line positidb@s,, AG,and linewidthd™;; and
I'5o, measured at 9 K, are related Am=1 andAn=2 transitions, respectively. Different isotopic substi-

tutions within the hydroxyl ion are indicated in the column headings. The linewidth figures for isolated OH
and Cu-OH defects in KMgk are related to “Pb-free” samplesee Sec. IV B

Matrix Impurity AGyq I AGyp AGyg AGyg Iy
or (*0OH) (*%OH) (*0H) (*%oD (*%OH (*%OH)
species cm?! cm ! cm ! cm ! cm ! cm !
KMgF; Pb 3543.68 0.30
Pb 3550.92 0.22 3540.3 2619.7 6936.7 0.6
Pb 3556.29 0.43
Pb 3562.11 0.30
Pb 3567.72 0.60 3557.4 2630.1 6963.7 1.0
Pb 3578.77 0.58
Pb 3580.13 0.75
Cu 3582.73 0.15 2642.2 7000.2 0.6
Cu 3596.20 0.14 2651.6 7027.1 0.5
3733.69 0.83 3722.7 2746.5 7301.3 2.0
LiF Mg 3573.6 0.13 3562.6 2637.% 6977.9
3735.4 5.7 3723.9 2747.9
NaF Mg 3592.8 0.23 3581.3 2650.% 7018.¢
3737.4 <1.? 2747.8 73008 3.8
free OH" 3555.608 3544.455
3 rom Ref. 32.

bFrom Ref. 31.
°From Ref. 36.

grown in air, were submitted to appropriate thermal treatfrom 650 °C [curves (28 and (2b)], and annealed, i.e.,

ments, such as quenching and annealing. Figure 6 comparglkwly cooled from the same temperatdrirves(3a) and

the spectra measured at 9 K of as grown sarfipleves(1a)  (3b)]. The quenching procedure causes a decrease of the

and(1b)], of the same sample quenched, i.e., rapidly cooledines due to OH-vibrational modes perturbed by Pb and an
increase of that related to the isolated Oftompare curves

3540 3550 3560 3570 3720 3730 3740 3750 (1a) and(1b) with curves(2a) and(2b), respectively, in Fig.

= 020 a ') 7 ] a5 6, while the annealing induces a partial recovery of the initial
2 a .
= 010 A . spectrun{cor_npare curvetla) and(1b) with curves(3a and
g | | (3b), respectively.
£ o000 The presence of lead and of other cation impurities, inten-
o ‘, .
© 0Ty b) tionally added or unwanted, was detected by the correspond-
s T
& 010 l
E . N N M 3540 3560 3580 3600 3620 3720 3730 3740 3750
< 000 s Masenadhes T ~ | | | | Cl L
3540 3550 3560 3570 3720 3730 3740 3750 5 55 300K | 5 1 300K
=z 77 ]
Wavenumber (cm™) E ] N h ]
) . 1 ) £ 00-] 0.0 =
FIG. 4. High-resolutior{0.04 cm *) IR absorption spectra mea- & . 5K . oK
sured &9 K of KMgF; samples to show the isotopic replicas of the g 25 2.5
main **0OH-modes due td®0 present in natural abundance as low & ] 1
as 2<10 3. The weak isotopic replicas are indicated by arrows and ﬁ 00 . 00 = \ :
fall at ~11 cni ! below the related main bandsut of scale, for 3540 3560 3580 3600  3aa0 3720 30 0 3750

the sake of clarity. Curves(1): KMgF3; doped with 0.5% Pbfm.f.
(K21); curves(2): KMgF; doped with 12.5% Agl m.f(K14). Both
samples were grown in air. The stars over cuf®e indicate the

‘Wavenumber (cm'l)

FIG. 5. Role of the temperature in the high-resoluti@04

lines due to weak Pb traces in a nominally Pb-free salqumpare
their positions with those of the main bands in cufte), due to

OH™ stretching modes. Right: lines due to isolated Os$tretching
modes.

cm™ 1) IR absorption spectra of KMgFdoped with 0.5% Pbfm.f.

and grown in aifK21). Spectra measured at 300(#p) and at 9 K
Pb-OH defectk Left: spectra in the region of impurity perturbed (bottom). Left: spectra in the region of impurity perturbed OH
stretching modes. Right: line due to the isolated Ostretching

mode.
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35|40 35|60 35|80 36|00 3620 3720 37|30 37|40 3750 (c) The wave number range in which the IR lines, their
' ! ' isotopic replicas and overtones occur is typical for the cor-
. (2 | g (b i ! . ' .
PR ] responding OH-stretching modes in alkali halidgs?>3?
g 4] LJ | 47 A (see Table)l
é 0 =2 (d) The isotopic shift of most lines, as a consequence of
g 8 23 | g (@b) the substitution within the hydroxyl ion either of D for H or
g ol ol of 180 for %0 (see Sec. Ill and Figs. 3 and,4s in good
‘g’ . L 1 A agreement with that expected on the basis of the reduced
g0 = 0 = mass ratio of thé®®0D or *®0OH free molecules to that of the
Z 87 8§ 180H respectivelysee Eq(1)].
4 4 To be more precise, the line displayed in the right side
o Il A : ll 0 IJ\ — column of Fig. 1 peaks at 3733.7 crhat 9 K, i.e., very
3540 3560 3580 3600 3620 3720 3730 3740 3750 close to the OH-stretching mode absorption position in LiF
Wavenumber (cm™) and NaF(see Table )l As for LiF and NaF, the line is

present in only OH-doped samples, and thus the 3733.7
FIG. 6. Role of thermal treatments in the high resolutior04  cm~! |ine in KMgF; is attributed to isolated OH substi-
cm ) IR abs‘:rpt'on spectra measuredi%aK of KMgFs samples  yting for an F at the center of the cubic unit cell face. By
doped with 5% PbBr m.f. and grown in air(K7). Curves(1):  555uming for the OH vibrational transition in KMgk the

sample as grown and stored at room temperaf8® for along  game oscillator strength as that determined by Guckelsberger
time; curves(2): sample quenched from 650 °C to RT; cu@& - 54— i | iF 3 the isolated OH concentration in KMgk

sample slowly cooled from 650 °C to RT. Left: spectra in the regioncan be estimated as
of impurity perturbed OH stretching modes. Right: line due to the

isolated OH stretching mode. =
Non(PPM) ~ 10X wg73dcm ), (2

ing UV optical absorption bands'®*(see, as an example, where w4743 is the absorption coefficient at 3733.7 ch
the Pb-related 248 nm pedkin Fig. 2. The presence of measured at 9 K. Therefore the isolated Otbncentration
unwanted impurities in KMgkis well known and quoted in  in Pb doped KMgk samples, investigated in the present
the literature’’ The impurity amount was monitored by the work, is a few tens of ppm. The isolated OHoncentration
absorption coefficient at the peak of the specific band. In thigs high in samples grown in air and nominally doped with Ag
way, copper, as detected by the broad peak at 316®was  [see curve$4b) and(5b) in Fig. 1], where the Pb concentra-
found in KO, K4, K14, K21 samples, silver, as detected bytion is either low or negligiblésee also Sec. IV Blt is quite
the shoulder at~210 nm!’ was found in the KO and K14 low (=1.7 ppm in nominally pure samples grown in inert
samples, and Pb, as detected by the 248 nm ffemlgs  atmosphere, despite the fact that KOH was added to the melt
present not only in the K7, K21, K3, and K4 samples, inten-{see curve(6b) in Fig. 1]. Such a low OH doping can be
tionally Pb dopedsee curveg1a—(3a) in Fig. 1], as ex- accounted for, since the KOH meltlng_ point=B860 °C) is
pected, but also in the KO sample, which was intentionallymuch lower than the temperature at which the KMgFystal
Ag doped[see curve4a) in Fig. 1]. is grown (~1050°C): KOH loss might take place due to
evaporation.

As already mentioned in Sec. Ill, the IR lines displayed in
the left side column of Fig. 1 are detected in samples
codoped with OH and metal cations. A few lines, such as
A. Nature of the defects responsible for the IR spectra those peaking at 3582.73, 3596.20, and 3603.62, and dis-

The narrow IR lines displayed in Fig. 1 are attributed to_played alsg in Fig. 1, were recently attributed to the Cu-OH

_ . . . ~interaction® the unwanted presence of Cu being monitored
(e}rI;tio—r?;retchlng modes on the basis of the following conS|d—in the samples by the UV absorption at 310 fifsee Sec.

i ) , IlI. In the present work the codoping impurity is Pb, whose

(a) They occur only |n'sarr'1ples either dOP?d V\('th KOH presence in the sample is confirmed by the UV band peaking
[see curveq6a and (6b) in Fig. 1] or grown in air[see 5 p4g nm(Ref. 20 (see Fig. 2 Therefore, as for many
curves(l) to (5)]. In fact, the water molecules, present in the gkaji halides codoped with divalent or trivalent catiGhé2
damp atmosphere, dissociate at the temperature of the crysi@lk |ines are attributed to OHstretching modes, perturbed
growth (1050 °C), supplying the OHions which easily en- by neighboring defects in which the metal impurity is em-
ter the lattice, the substitution of OHfor F~ being favored  pedded. The two main lines at 3550.9 and 3567.7 tare
by the same electrical charge and comparable ionic radiugasily ascribed to the OH stretching mode perturbed by
[the OH radius is 1.36 A(Ref. 3§ while the F Pauling  Pb-induced defects; in fact, they appear in all intentionally
radius is 1.33 A. Pb-doped samples, i.e., K@urve(1a) in Fig. 1], K21 [curve

(b) The presence of OH in the lattice is confirmed by the(a) in Fig. 3], K3 [curve(2a) in Fig. 1], and K4[curve(3a) in
UV band peaking at 187 nm and due to the transition beFig. 1], and in the KQ[curve (48 in Fig. 1] sample, inten-
tween the electronic ground and first excited stitésee tionally Ag doped, but in which the 248 nm band was also
Fig. 2. detected, proving an unwanted Pb contamination. Such an

IV. DISCUSSION
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attribution allows even very small Pb traces to be monitorettreases the 3733.7 ¢rhline, attributed to the isolated OH
in other nominally Ag-doped samples, such as K14: in fact{compare curve$2a) and (2b) with curves(1a and (1b),
in Fig. 4 [curve (23] two very weak lines(indicated by a respectively, in Fig. § this means that the dissociation of Pb
stap are detected at 3550.9 and 3567.7 ¢mThe narrow  complexes and/or Pb clusters in which OMias embedded
weak IR lines emerge distinctly from the flat background,supplies simpler Pb defects and isolated Otenters. The
revealing the Pb contamination, which escapes detection byame result is seen in deuterated sam(sles Fig. 3. In fact,
means of the broad UV band at 248 nm. In addition to theéin order to perform the substitution of OD for OH, the
two main lines, other weaker lingat least tehcan be at-  sample is kept at a still higher temperat{i@50 °C (see Sec.
tributed to the OH-stretching modes perturbed by Pb- |1)], which further shifts the thermodynamic equilibrium be-
induced defects, by analyzing the spectra of either heavilfyeen the Pb-OH complexes and the dissociated species,
Pb-doped and/or thick samples: an example is provided b¥uch as OH and PB™, towards the latter ones. Moreover,
curve (13 in Fig. 4, related @ a 4 mmthick sample. The the subsequent cooling to room temperat(R¥) can be
positions and widths of a few minor Pb-OH lines are col-regarded as a fast quenching for the very thin surface layer in
lected in Table I. which the isotopic substitution was effective, as proved in
The presence of many lines, which are attributed to the jF:Mg:*? the high-temperature defect distribution remains
Pb-OH interaction, can be accounted for by the variety ofpractically frozen in, as shown by curves and(f) in Fig. 3.
Pb-induced defects, in which OHs embedded, acting as a |n fact, the lines due to the ODPb complexes at 2619.7 and
very sensitive probe of the surrounding. A model for a2630.1 cm® are very weacurve(e)], while the line due to
simple Pb-OH complex can be envisaged as & Rieplac-  jsolated OD is, in comparison, very strongurve (f)].
ing a K™ at the corner of the cubic unit cell and neighboring  The subsequent annealing from 650 °C of the hydroxy-
an OH" which substitutes for an Fat the center of the |ated sample causes the partial recovery of the 3550.9 and
cubic unit cell face. The compensation of the positive charggs67.7 cm! lines and a decrease of the 3733.7 dniine
excess, introduced by the Pb— K™ substitution, might be [compare curve$3a) and (3b) with curves(1a and (1b),

provided by a K vacancy. The substitution of Pbfor K*,  respectively, in Fig. § stressing that the defects responsible
rather than for the homovalent Mg, is supported by the for the first two lines are Pb complexes or clusters in which
following considerations. OH™ is included. The presence of Pb clusters in as grown

(a) The lattice mismatch is lower: in fact the Pbradius KMgF; samples is also proved by the UV shoulder at 204
(=1.2 A) is close to that of K (~1.3 A), but larger than nm (see Fig. 2 this absorption, attributed to Pb dimers, is
that of Mg™* (~0.7 A). suppressed as a consequence of the sample queri€fihg.

(b) The ODMR (Ref. 21) and polarized luminescerite relative amplitude of the various Pb-OHines may change
measurements provide a model for thetenter in KMgh  from sample to samplésee Fig. 1, as a consequence of their
as a PB" substituting for a K, charge compensated by a differing thermal history.

K™ vacancy, near to aR center.

The charge compensation of #bmight be supplied by
the K™ vacancy either locally or far from the Pb ion: in
the former case, different coordinations of the Lead affects considerably the OH-related IR spectra of
PE?*-K*-vacancy complex are expected, as for divalentKkMgF; crystals, as follows.
impurity-cation vacancy complexes in alkali halides. There- (&) The presence of lead, as of silver and copper, favors
fore, several configurations of the simple Pb-OH defect, dethe OH inclusion in KMgk crystals grown in aif? as shown
scribed above, can be envisaged, in part accounting for thiey UV and IR spectra.
rich IR spectrum, displayed, as an example, in Fificdrve (b) Lead strongly interacts with OH giving rise to a vari-
(1a]. ety Pb-OH complexes and clusters, monitored by the IR lines

As is well known in other ionic material¢e.g., alkali quoted in Table | and displayed in Fig. 1 by curvds)—
halides, Cap), the impurities, unless present in concentra-(4a). The higher the lead content in the sample, as monitored
tions below their solubility limit in a given matrix, give rise either by the absorption coefficient at 248 nm or by the am-
to clustering and aggregation phenomé&haherefore, OH plitude of the 3550.9 and 3567.7 cr lines [see Fig. 1,
embedded in a variety of Pb clusters can be monitored bgurves (18—(48)], the lower the amplitude of the 3733.7
additional IR lines. The occurrence of OH within aliovalent cm™* due to isolated OH [see Fig. 1, curve$lb)—(4b)].
metal impurity clusters was recently assumed as being reFigure 7f) displays the absorption coefficient at 3733.7
sponsible for the complex anelastic relaxation spectra of them ! (for the samples whose absorbance at 3733.7cm
rare-earth doped perovskite structured Bagé&®DSuitable  was not too high and could be correctly evaluatesithat at
thermal treatment¢see Secs. Il and lllare able to break 248 nm. Therefore the Pb-OHcenters seem to lower more
clusters and/or complexgg.g., quenching from high tem- effectively the crystal free energy than does the isolated
peratures or can favor the impurity association and cluster-OH™.
ing (e.g., slow cooling from high temperatuyés Their ef- (c) The presence of lead in the lattice causes the broaden-
fects on the IR spectrum of a KMgHPb sample are ing of the lines, mainly due to OH interacting with other
portrayed in Fig. 6. The sample quenching from 650 °C impurities, e.g., 3582.7 and 3596.2 thlines due to Cu-
strongly reduces the lines due to OH-Pb interactitve twvo ~ OH™, and 3605.1 cm® due to the OH interaction with an
main ones peaking at 3550.9 and 3567.7 &n and in-  unidentified impurity® This effect is summarized by Fig. 7:

B. Role played by Pb contamination on the other IR lines
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124 ) 0] - ) 2%, between the line position predicted by EL.in the case
08 i g * | 3582.7 om’ line i of isotopic substitution and the observed value. The model of
0.4 - = 927 i i t the anharmonic oscillator in the Morse potential, already suc-
2 00 dmt ~ 00 . cessfully used to describe the anharmonicity of the OH
E, 3582.0 3583.0 001 01 1 10 100 vibrational modes in insulating crystdf$js applied in the
g 12 present case. The Morse potentid] as a function of the
£ o0s] D1~ %4 35062 cort e @ distancer, is
E 0.4_- E 0.2 4 i I g
S ot N SIS R U(r—re)=De{1— exd — B(r—re) 1}, &)
E=3
g 1;595'0 35915 001 0l 1 10 100 whereD, and 8 are the Morse potential parameteB, is
< 0'8 | © T ° ® the binding energy and, is the equilibrium distance.
] g 104 “ The related Schidinger equation is analytically solved,
041 i E: o its eigenvaluess(n) being
00 EF—=—— 1 —rmmy T Ty LR B
3604.8 3605.6 0.01 0.1 1 10 100 1 1
Wavenumber (cm™) Pagg (cm™) G(n)=we n+§ 1—X, n+§ , (4)

FIG. 7. Effect of the Pb doping on the OH-stretching modes. In . .
@), (c), and (¢) windows the high-resolutioi0.04 cm'l) IR ab- ~ Wheren, we, andx. are the vibrational quantum number, the

sorption spectra measuret @K of a KMgF; sample doped with  ©Scillator natural frequency and the anharmonicity param-
0.5% Pbk m.f. and grown in aifK21) (solid line) and of a KMgly ~ €ter, respectively. They are related to the Morse potential
doped with 12.5% Agl m.f. and grown in aiK14) (dashed ling ~ Parameter®. andg and to the oscillator reduced massas

are compared with the 3582.7, 3596.2, and 3605.1 climes, re-  follows:

spectively. For the sake of clarity, the absorption lines are normal-

ized to their maximum amplitude. I(b) and (d) windows the full _ fiDe 12

widths at half maximumAI', measured at 9 K, of the 3582.7 and e mn ®)
3596.2 cm'! lines, respectively, are displayed as a function of the

absorption coefficient 45 at the maximum of the UV band peaking 4 ,82

at 248 nm, which increases with the Pb concentration. In(the WXe=7T——. (6)
window the absorption coefficient at the maximum of the 3733.7 4mCu

cm 1 IR line, due to the isolated OH stretching modegz;a3 is

In the above equations(n) and w, are wave numbers, is
plotted vSuo4g.

the vacuum light velocity, and is the reduced Planck con-
stant.

on the left side, the normalized line shapes of the above- The anharmonicity parameter can be evaluated in differ-
mentioned lines are portrayed for a Pb doped sartgéd  ent ways.

line) and for a nominally “Pb-free” ongdashed ling and, (i) From the isotopic substitution, a'§m:
on the right, the related line widths are plotted vs the absorp-
tion coefficient at 248 nm. 1 1-p¥R
The broadening can be explained by the static disorder X§m=§ Xm, (7)

induced in the lattice by P substituting for a K and by

the charge compensating 'K vacancy (inhomogeneous whereR andp are theAGVAGSY and wop/poy ratios,
broadening in fact, the charge distribution is locally altered respectively,AG?oH andAG‘fOD are the wave numbers of the
with respect to that of the perfect lattice, and the inducedy_. 1 transition for OH and OD, respectively. In the present
electric fie3|ds slightly modify the OH-defect stretching casep is assumed as;=0.5300, i.e., the value for the free
fVGQ_Ue”C)f} A similar inhomogeneous broadening of the giatomic molecule. This is an approximation, since OH is not
OH" stretching absorption lines is reported as due, in @ BSGree hut embedded in a lattice: its validity is discussed below.

sillenite, to P doping? in KTaO; to Co and Ni dopind? and (i) From the first overtond G g, asx2".:
in LINbO; to nonstoichiometry® The result stresses once em

more the sensitivity of the OH stretching mode to even o 1 AGyx—2AGy
slight modifications of the environment, not only those oc- Xem= 5 Xm,
curring in a Pb complex or Pb clustéhort range effecis 20 10

and responsible for the variety of IR lines, but also those dugvhereA G, is the wave number of the transition-on tran-
to a random distribution of charge excess bearing species, &gion.

®

PE?* and K" vacancy(long range effects (iii ) From the ratioly_,/1y_.1, @SXee:
C. Anharmonicity of OH ™ stretching modes Xoe™ o2 (9)
IO*}l ,

The existence of anharmonic effects is detected by the
presence of the overtone lines in the range 6900-730@&herel,_,, andl,_,, are the transition probabilities for the
cm *(see Sec. Ill and Fig.)3and by the discrepancy, within fundamental and the first overtone, respectiVelExperi-
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TABLE Il. Morse parameters for OHrelated defects in KMgfevaluated 89 K and compared with
those reported for other matrices or species.

Matrix Impurity AGyq XU X1P XS X1 XeeX10? D, Bx10°° p
or species cmt eV cmt
KMgF; Pb 3550.9 2.22 2.34 2#0.3 5.18 2.15 0.531
Pb 3567.7 2.29 2.27 2#60.3 5.05 2.19 0.529
Cu 3582.7 2.20 2.28 420.6 5.27 2.15 0.530
Cu 3596.2 2.19 2.24 3204 531 2.15 0.530
3733.7 2.13 1.85 0%0.1 5.70 2.15 0.528
LiF Mg 3573.6 2.26 241 0.45 5.13 2.18 0.531
3735.% 1.85 <10® 530
NaF Mg 3592.8 2.22 2.35 1.9 5.50 2.16 0.531
3737.8 2.22 1.75 0.2 5.46 2.21 0.527
KF 3722.% 2.22 1.78 2.2 5.43 2.21 0.527
LiBr 3644.8 2.27 2.31 5.9 5.22 2.21 0.530
BaTiO, 3485.5% 2.37 2.63 4.79 2.20 0.531
SITiO, 3495 4 2.37 2.53 4.8 2.21 0.531
LiNbO4 3483 2.56 2.70 4.44 2.29 0.531
3465.9 2.56 2.67 0.45 4.43 2.28 0.531
free OH" 3555.6 2.45 4.5 2.27

%From Ref. 32T=9 K.

PFrom Ref. 31,T=12 K.

°From Ref. 46, T=300 K.

YFrom Ref. 47,T=300 K.

®From Ref. 27,T=300 K for congruent samples.

fFrom Ref. 28 T=293 K for stoichiometric samples.

9From Ref. 36, the equivalent rotational temperature being 1000 K.

mentally X is the ratio between the areas subtended undex’ ' as evaluated from Eq7), see Table II. In fact, in the
the corresponding absorption lines. former calculation, no assumption is required, while in the

Thep parameter can be evaluated without any assumptiofyiter p is assumed as being;=0.5300. If p is directly
from Eq.(7), if xgr, andR are known from the experimental cajculated from the experimental daiee abovg its value
data, i.e., if for a given OH defect, AGT;, AGTY, and  may be different fronp; (see last column in Table)llac-
AG3;' can be measured. Thevalues obtained in this way counting for the difference betweed!, andx’s,,. Figures of
can be tested against various force-constant models for the higher thanp; were explained by assuming a coupling of
defect. The binding enerdy., B8, andw, can also be evalu- the OH" vibration to the neighboring ions: in fact, a simple
ated, if AG1o and AGy are known, by using Eqs5), (6),  model of OH strongly coupled to the lattice through oxy-
and(8). , gen supplies a value gf.=0.5364%° As shown in Table II,

B, De, Xems Xem: Xee, @ndp were determined for a few , values slightly higher thap; and significantly lower than
lines of the KMgk:Pb spectrum: their values, as measured, . are found for the lines peaking at 3550.9 ch{OH -Pb
at 9 K, are collected in Table Il and compared with thosecentej in KMgF; , 3573.6 cm* in LiF, 3592.5 cm? in
related to OH -induced defects in a few alkali halidés®  NaF (both OH -Mg center$, and for all the OH -related
and perovskitic oxide$!?®*®4"The temperature dependence Jines in perovskitic oxides quoted in Table II. This means
of B, De, we, Xar, in the range 9-300 K for the 3550.9, that OH™ behaves as a nearly free diatomic molecule in the
3567.7(due to OH -Pb), and 3596.2 cm® (due to OH -Cu) above mentioned defects and matrices. In a few cases,
lines is displayed in Fig. 8. mainly in pure fluoridege.g., KMgk;, LiF, NaF, and K§, p

The anharmonicity parametgf, values for OH -related is lower thanp; : very likely, the cage provided by the ions
defects in KMgk are very close to those reported for alkali surrounding OH is too tight; in fact, the ionic radius of
halides'*?> and lower than those of perovskitic OH™ is practically the sam®as that of F (see Sec. IV A
oxideg"?84647(see Table . This suggests a lower anhar- As a consequence, the model of OHis a free diatomic
monicity of the OH -stretching mode in KMgFand alkali  molecule fails®? This restriction does not hold true for OH
halides compared with the perovskitic oxides, as also coneither substituting for a larger anion such as Br LiBr (see
firmed by the higher values of the binding enefgyand the  Table II), or perturbed by Mg in LiF and NaF and by Pb in
lower values ofg (see Table ). The anharmonicity param- KMgF; (3550.9 cm ! line): the charge compensating cation
eterxgy,, as evaluated from Ed8), does not coincide with vacancy(see Sec. IV A provides some space where the
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FIG. 8. Temperature dependence of the anharmoni€lty oscillator natural frequency,, and Morse parameter®( andg) for OH~
modes monitored by the 3550(8quarey 3567.7 (circles, and 3596.2 cm! (diamonds lines in the high-resolutiorf0.04 cm'!) IR
absorption spectra of a KMgFsample doped with 0.5% PbIn.f. and grown in aifK21).

OH™ can oscillate as nearly free. Also, thevalue for the D. Phonon-coupling of the OH stretching modes

Pb-OH" line peaking at 3567.7 cit in KMgF; is 0.529, The analysis of the line positichG(T) and widthI'(T),

i.e., lower tharp; : the result can be accounted for by assum-as a function of the temperatufle supplies information on
ing that the charge compensating Kacancy is not a next the phonon coupling of the OHlocalized modes. The ab-
nearest neighbor of the OHin the Pb-OH defect, and thus sorption lines broaden, weaken and shift towards lower wave
the cage in which OF is embedded remains rather tight. numbers as the temperature is increa&s Fig. 5. Since

For the Cu-OH lines peaking at 3596.2 and 3582.7 chp  the lines detected are, as a rule, very narfeae Table), a
equalsps, within the experimental errgisee Table ); Cu® weak coupling of the OH-stretching mode to the lattice

is smaller than K, which it substitutes, providing some Vibrations is expected; therefore, the line positiat(T)
space to the neighboring OHoscillator (the ionic radii of ~and widthI'(T) are analyzed in the framework of the single

Cu" and of K" are 0.96 and 1BA , respectively. phonon - coupling mO,dé"f as in the case of the
In the framework of the Morse model, if the electric- OH™-stretching modes in alkali halides and sillenitégc-

ecording to the model, the localized mode is coupled to a
single phonon band of frequenay, and widthy by a cou-
pling constantdw. In the weak coupling the limit i$Sw|

dipole moment is proportional to the O-H separation, th
anharmonicity parametet,., as defined by Eq9), should
equalx?y,: Table Il shows that this requirement is not ful-
filled for all the OH -stretching modes in KMgf; as for a
few similar defects in alkali halides and perovskitic
oxides?®31:3245Thjs means that such modes are character-

<1vy. As a consequence, the IR absorption line is Lorentzian
ized by electrical anharmonicity, in addition to the mechani- AG(T)=AGy+ dw
cal one expressed ¥, i.e., the OH dipole moment does

shaped and the temperature dependence is described as
em?
%4.18,49

hao) _, 1™ 10
exp T , (10
not scale linearly with the O-H distané 2(5w)? h
; ; - ) o
By increasing the temperature the anharmonicity of the  ['(T)=TI,+ exp(—)
Morse potential slightly increases, as shown in Fig. 8 for the Y
Pb-OH™ defects(3550.9 and 3567.7 cnt line) and a Cu- (1D
OH™ center(3596.2 cm'* line). In fact, D, decreases, while whereAG, andI'y areAG(T) andI'(T) atT=0 K, respec-
B increases, and, as a consequence, the mechanical anharrigely.
nicity xgr, increases. The anharmonicity enhancement can be The IR lines due to the OH stretching modes are well
regarded as a result of the lattice thermal expansion. described by Lorentzian curves, an example being supplied
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30+ @ L be correctly resolved on the basis of the available instrumen-
~ 20 [t DO () tal resolution, which was as good as 0.04¢m
5§ ol R R For the 3596.2 and 3733.7 cthlines bothAG(T) and
-l ~ L I'(T) could indeed be fitted simultaneously to E¢E)) and
€ o0l ~1 B (11). The fitting parameteréw, wy, andy, so obtained, are
g T I T I 3600 —| . . . .
S 35508 35512 fg """"""""""" listed in Table IlI. If y is evaluated, the requiremepio|
g 307 @] § 3ss0- @ <v is fulfilled (see Table I. The frequencieso, of the
% 20— g ettt e, phonons coupled to the localized OHnodes(both funda-
. 3560 Lt n ko xox ok xx ko x x mental and first overtone transitiorasre well within the lat-
1'0__ e tice frequency spectrum of the host matrix, and most of them
7 IR— Wy fall in the range of the highest KMgFphonon density of
3567.0 35680 3569.0 0 50 100 150 200 250 300 states’ In particular, the coupled phonon frequencies related

Wavenumber (cm”) Temperature (K) to the Pb-perturbed OHstretching mode, monitored by the
nain lines peaking at 3550.9 and 3567.7 ¢mare close to
0O, (193 cm'!) mode frequency. Such a mode has been

attributed to the eight K ions at the corners of the cubic unit

(bottom) lines (both due to Pb-OH stretching modées a KMgF,  Cell vibrating against the six Foctahedrort* a coupling of
sample nominally doped with 2.5% Agl and grown in é0): the ~ this mode to the Pb-perturbed Okbtretching is in agree-
dots are the experimental data, taken at 9 K, while the solid linénent with the model proposed abotaee Sec. IV A of an
provides the fitting according to a Lorentzian line shape. RightOH™ substituting for an F and a PB" substituting for a
temperature dependence of the line position for a number of lines K"
a KMgF; sample doped with 0.5% PpFn.f. and grown in air For the lines due to isolated OH(3733.7 cm!) and to
(K21). In the (b) window, starting from the top, the overtones at OH™ perturbed by Cu3596.2 cm'), the temperature de-
7027.1, 6963.7, and 6936.7 crhare displayed, while in théd)  pendence of their positioA G(T) is practically the same,
window, starting from the top, the fundamentals at 3596.2, 3567.7;egard|ess of the Pb concentration in the santjpée, “Pb-
3556.3, 3550.9, and 3543.7 cm are portrayed. For the free” or intentionally doped samplesnd of the different
fL!nda_lmentaI-overtone correspondence and interacting impurity aWidthsFO displayed[see Sec. IV B and Figs.(d and 7d)
tribution, see Table I. for the 3596.2 cm’ line]. The coupled phonons, evaluated
according to the above analysis, are the same, within the
by Fig. 9 on the left, for the 3550.9 and 3567.7 chlines.  experimental error. This means that the homogeneous line
The temperature dependence of the line position is displayeldroadening is biased by the same lattice modes, indepen-
on the right for a few fundamental transitiofisottom), and  dently of the static disorder induced by lead, which is, how-
for their overtones, in the cases in which these could bever, responsible for the inhomogeneous line broadening.
detected over the entire 9—300 K ran@ep). The experi-
mental AG(T) values for a few lines fit quite well to Eq.
(10) over the 9-300 K range. The fitting &% T) according
to Eqg. (12) could be done for those lines which are not too By monitoring the rich narrow line IR spectrum of
strong; in fact, in some cases they are either out of deale, KMgF; samples, doped with varying amounts of lead and
as an example, Fig.)Jor their amplitude is affected by the submitted to proper thermal treatments and isotopic substitu-
nonlinear detector response to weak transmitted light signalsions, it was possible(a) to identify the lines due to Pb-
In other cases the lines are too narrow at low temperatures feerturbed OH stretching modegb) to provide a model for

FIG. 9. Line shape and temperature dependence of the line p
sition for OH™ stretching modes perturbed by impurities in KMgF
samples. Left: line shape of the 3550@p) and 3567.7 cm'’

V. CONCLUSIONS

TABLE lIl. Fitting parameters of the position- and width-temperature dependence according {d@gs.
and(11) for a few OH -stretching lines in a KMgfPb samplgK21). An=1, 2 are related to the funda-
mental and overtone transitions wave numbers, A&;, and AG,,, respectively, listed in Table I.

Interacting  An AG, Iy g |Sw| v
impurity (cm™ 1) (cm™1) (cm™ (cm™) (cm™1)
Pb 1 3543.720.03 124.16:19.444 1.380.28
1 3550.96-0.05 181.9238.47 2.2&¢0.70
1 3556.310.02 212.05:26.97 2.05-0.43
1 3567.74-0.04 192.4222.79 3.41+0.62
Cu 1 3596.23:0.02 0.210.01 255.86:17.94 3.96:0.49 24.7220.94
1 3733.670.11 0.86:-0.07 125.8¢16.77 5.8@1.01 47.4x1.96
Pb 2 6936.740.06 0.61x0.04 140.1%320.30 3.2&0.65 26.8%1.43
2 6964.00:0.10 1.02-0.05 129.75:23.98 4.131.01 36.33 1.59
2 7027.170.05 0.95-0.03 227.6%21.83 6.7 1.07 27.16:4.29
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the defects responsible for the linds) to recognize a key
role played by lead both in favoring the OHnclusion into

PHYSICAL REVIEW B 63 134302

lent impurities than to those of the perovskitic oxides, reveal-
ing the more important role of the ionic character than of the

the matrix and in causing an inhomogeneous broadeningrystalline structure.

mainly of the lines related to OH perturbed by different
impurities.

The superior sensitivity and selectivity of the high resolu
tion FTIR spectroscopy applied 8 K was able(a) to dis-

The temperature dependence of the line position and
linewidth could be well fitted to the single phonon coupling

-model, as expected for very narrow lines. Most of the pho-

non frequencies, evaluated in this way, fall in the range of

criminate among slightly different environments in which the highest phonon state density of KMgFand some of
OH™ is embedded, as monitored by the IR narrow lines, athem can be associated to the vibration of ions against
variance with the broad UV band peaking at 187 nm, whichthe F" ions.

accounts for all kinds of OH-centers;(b) to detect very

weak traces of OHdefects, as in the case of the isotopic
replicas due to thé®O present in natural abundance as low

as 2x 10 2 and of the accidental low level Pb doping.
Anharmonicity of the Pb-perturbed OH stretching
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