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The ScF; crystals belong to the perovskite family but, in contrast to other fluorides of
that class, exhibit cubic symmetry. The ESR study of those crystals has shown that the
spectra of impurity-free crystals as well as those containing Ga, Mg, Sb, Al, Fe include
lines that can be ascribed to the local defects of the crystal structure. Those defects have
been evidenced most reliably in ScF; single crystals with Ga and Fe impurities as well in
the impurity-free ones. In all the cases, the spectra show the presence of defects related to
six fluorine atoms. This fact is most pronounced in the crystals with Fe impurity. A local
distortion of cubic symmetry has been revealed unambiguously at the defect center sites.
The letter seem to be fluorine octahedrons.

Kpucranaer SCF; oTHOcATCA K ceMeliCTBY II€POBCKHTONOLOOHEIX, HO, B OTJIMYHE OT APY-
rux (propumoB sTOrO KJacca, obJamaioT Kybudueckoii cumMerpueii. UcciaeqoBaHue KpucTai-
aoB Metogom JIIP mokasajyo, UTO B CIIeKTpPax 0eCIPUMECHOTO KPUCTAJNIA, & TaKiKe KPUCTaJ-
aoB ¢ npumecamu Ga, Mg, Sb, Al, Fe ects nuHUM, KOTOpBIE MOKHO MPUINCATH K JIOKAJb-
HBEIM JgedeKTaM KpPUCTAJJUUYECKONl CTPYKTyphl. Hawubosee HamgexHO 5TU JedeKTHI
uAeHTH(UIUPOBAHE B MOHOKPHCTAILINYeCKuX obpasmax ScF,; ¢ nmpumecamu Ga u Fe u B
oTcyTcTBHE mpuMeceil. Bo Bcex cayuasx mHabJuogaeMble CIEKTPhI [I0OKA3aJMd Haauuue mgedex-
TOB, CBSI3AHHBLIX C IIeCThbi0 moHam (dropa. HambGosee 4eTKO 9TO IMPOABUIOCH B KPHUCTAJIAX C
npumecbio Fe. IloayueHO OZHO3HAUHOE CBUIETEJLCTBO HAJWYHUS JOKAJIBHOTO HCKAaKEHUS
KyOHMUYecKOll CHMMMeTPMM B MECTaX PAacCIIOJIOKeHUs mAe(eKTHBIX IeHTPOB. HEcTh Bepcusi, 4TO
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1. Introduction

Fluorides of trivalent metals belong to
the family of perovskite compounds with
the general formula ABXj, where the posi-
tion of one cation is vacant. Within the
framework of ab initio simulations, the lat-
tice dynamics in the cubic phase of the AlF;,
GaF; or FeFj crystals isomorphic to ScFj
was calculated [1], Fig. 1, and it was shown
that there are no imaginary frequencies in
the vibrational spectra of these crystals.
But in the Raman spectrum of ScF5 crystal,
there is a weakly dispersive line (between
the points R and M in the Brillouin zone) at
an anomalously low frequency. In this vi-
bration branch, there is a triply degener-
ated mode R5 at point R and undegenerated
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modes in the direction R — M (including the
point M) corresponding to the vibrations
where the fluorine ions are displaced. The
structural phase transitions in most
perovskite halides are stimulated by the con-
densation of modes in this vibration branch.
In a pure ScFj crystal, no structural trans-
formations are detected within the range
from room temperature to 4 K [1]. Also, the
phase diagram sensitivity to the structural
defects and impurities was assumed. In this
study, we investigated the compound ScFj
with various impurities, which may induce
the internal pressure in the crystals. The
change in the local symmetry due to the in-
troduction of the impurities in the erystal
has been verified by the ESR.
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2. Experimental

Due to high melting points of both pure
ScF3 (1550°C), and ScF; with different im-
purities, the crystals were grown from the
melt-solution. The molten sodium fluoride
was used as the solvent. The mixture of
powdered reagents containing 40 mol. % of
scandium fluoride was heated to melting in
a platinum boat. The crystallization was
carried in argon atmosphere (the axial tem-
perature gradient of 10-20 deg/cm, the
speed 3.5 mm/h). The pure blocks were
sealed in platinum ampoules with 0.2 mm
thick walls. During 14 days, the ampoule
were lowered into a vertical tube furnace
with the axial temperature gradient of
20 deg/cm at a speed of 0.8 mm/h from
1400 K to 400 K. The crystals containing
the AlF;3, SbF;, GaF;, MgF,, FeF; (8—5 %)
impurities were prepared in a similar man-
ner. After cooling, the obtained samples had
cylindrical shape without visible defects or
inclusions in the bottom transparent part of
10 mm diameter and up to 7 mm height.

The X-ray phase analysis at room tem-
perature has shown that all the obtained
crystals, including those with the impuri-
ties, had the structure of the cubic ScFj,
with the unit cell parameters agy = 4.01 A
within the experimental error. All the crys-
tals show optical isotropy in polarized light
(that is typical for cubic symmetry) within
the range from room temperature to 120 K.
To clarify the states of the ions introduced
into the crystal, the local changes in the
crystal structure due to such introductions
were investigated by ESR using a spec-
trometer Elexys E580 (Bruker) in the tem-
perature range (293—77) K and the deriva-
tives from the absorption lines were re-
corded.

A characteristic feature of the ESR spec-
tra of the polycrystalline samples ScF; with
different impurities is the presence of a
narrow line with g = 1.998. In the samples
with Mg, this line is weak and becomes vis-
ible only at 77 K. Another characteristic
feature of the spectra is the presence of
broad lines with the g-factor 2.25-2.73 for
colored powders of polycrystalline samples.
The temperature behavior of these lines (a
decrease in intensity at 77 K and a shift to
lower fields that is not typical of paramag-
netic centers in crystals) allows one to re-
late them to the superparamagnetic parti-
cles [2] which are not included in the crys-
tal structure of ScF;. The appearance of
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Fig. 1. The cubic unit cell of ScFj.
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Fig. 2. ESR spectrum of the Ga doped ScFj
crystal at 77 K.

these lines is connected most likely with the
impurities of oxidized iron. In samples with
an admixture of Ga, Al and Sb (white),
these impurities are absent.

No broad lines are observed in the single-
crystal samples of pure ScF; and crystals
doped with Ga. Only the line with g = 1.998
is remained. Fig. 2 shows an example of the
ESR spectrum for a crystal with Ga at
77 K. The central line characterizes hyper-
fine structure (SFS) consisting of 7 compo-
nents with a splitting 8 Oe due to the delo-
calization of the electrons among 6 fluorine
ions with the nuclear spin I = 1/2. A simi-
lar spectrum is also observed for the impu-
rity-free ScF; single crystal.

Fig. 3 shows the angular dependence of
the spectrum for a ScFj single crystal with
Ga in the plane [100] at 293 K. It is seen
that the ESR spectrum answers to two
paramagnetic centers in a distorted cubic
position and consists of two spin triplets.
The triplets divergence is maximum of
90 Oe, when the magnetic field coincides
with the axis of the position distortion (Fig.
3a), and 45 Oe in the direction perpendicu-
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Fig. 3. ESR spectrum of the Ga doped single
ScF; crystal as a function of the crystal ori-
entation.

lar to the distortion axis. In an intermedi-
ate position, the entire spectrum is col-
lapsed to a single broad line (Fig. 3b).

For an impurity-free crystal, a similar
behavior is observed with the distance be-
tween the HFS components of 4 Oe. The
angular dependence of the spectrum shows
that the distortion axes for each of these
triplets are mutually perpendicular: the
maximum splitting of one is accompanied
by an approximately 2 times smaller split-
ting of the second. At the 90° rotation, they
become swapped.

For the iron-doped ScFj single crystal,
the ESR spectrum is more complex (Fig. 4).
In this case, well pronounced are three spec-
tral lines of the, each consisting of 7
slightly overlapping HFS components. The
central line has g = 1.998. There is a
change in the angular positions of these
lines and this fact indicates a local distor-
tion of the cubic symmetry in the center
site. When the magnetic field is directed
along the distortion axis (Fig. 4), the spec-
trum splitting will be the largest, but in the
direction perpendicular to the axis, the
spectrum width decreases (Fig. 4b). The dis-
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Fig. 4. Spectrum of the iron doped ScFj; sin-
gle-crystal.

tance between the adjacent HFS components
is 19 Oe. Such a structure of the spectrum
is related to the delocalization of electrons
between the six fluorine ions. This is evi-
denced by the 7-component structure for
each of the transitions. That structure is
most pronounced at the center line and par-
tially overlapped for the side components.
On either side of the spectrum, there are
two 7-component transitions of weak inten-
sity. Their location is independent of the
crystal orientation and the hyperfine con-
stant is 13 Oe. At the maximum splitting of
the triplet (Fig. 4a), the distance between
components is 106 Oe.

3. Discussion

In the pure ScFj crystal as well as in the
samples doped with Al, Mg, Sb, Ga, lines
with g =1.998 are observed. Those can be
ascribed to the presence of defects [3]. As
noted in [4], the presence of cationic vacan-
cies in these cubic crystals results in an
increased sensitivity to various impurities
and structural defects. The displacement of
Sc3* ions to the vacant positions is possible.
In this case, since we observe the ESR spec-
trum presented by the triplet fine struc-
ture, it is natural to assume that the ab-
sence of charge compensation for the fluo-
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ride ions will cause a shift of three elec-
trons (S = 3/2) towards the vacant position.
The remaining three electrons move to an-
other vacant position of the defect. The dis-
tortion axes of these centers are mutually
perpendicular, as follows from the observed
angular dependence of the spectra. The local
distortion of the cubic structure, according
to our results, is assumed to be due to the
compression or stretching of the fluorine
octahedrons. The observed interaction of the
electrons of these vacant positions with six
fluorine nuclei is indicative of their ar-
rangement within the fluorine octahedron.

In the crystals with iron impurity, the
local symmetry of the defect centers is
lower than the cubic one. This fact is mani-
fested as the angular dependence of the
spectrum. Seven characteristic HFS lines in-
dicate the bonds with the six ions F~ and
are observed in all the spectral lines. The
observed spectrum is rather similar to the
ESR spectra of the color centers in BaF,
[5], but in that case, the structure differs
from our crystals in the electron spin value
of the defect center. The side components
having significantly lower intensity (Fig.
4a) arise by analogy with [5] because one
electrons also encounters the coupling with
the Sc nucleus which has a nuclear spin I = 7/2.
We may construct the ESR spectrum assum-
ing that a (Sc3*) = 3.5a (F), where a is the
isotropic hyperfine constant due to the con-
tact interaction with nucleus. This ratio is
based upon the observation that the dis-
tance between the extreme sidebands in Fig.
4a is 495.6 Oe (which equals to 7a (Sc3*).

The revealing of the unpaired electron delo-
calization in the form of spin density distribu-
tion over the molecule using the ESR method
is possible only in the cases where the displace-
ment speed exceeds considerably the frequency
of our measurement method. The resolved
SHFS indicates that the delocalization rate is
much greater than the distance between the
HTS components [6, 7]. The values of these
distances are the biggest in the case of iron
impurity (20 Oe), while being 9 Oe for gallium
and 4 Oe in the pure crystal.

The increased electron delocalization as
compared to the pure crystal is observed in the
spectra of crystals with iron (FeF; additive
about 5 % in the synthesis), however, we do
not observe the spectral characteristic of Fe3*.
One possible explanation for this phenomenon
may be the assumption that iron is included in
the +2 valence state in the scandium vacancy,
which does not allow us to observe the spec-
trum in our temperature range.
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In the crystals doped with Al, Mg, Sb, no
resolved HFS spectra are observed as well as
the fine structure of the defects. The pres-
ence of components with g = 1.998 indicates
the presence of defects in these polycrys-
tals, too. It is not yet possible to make a
conclusion about the implantation of impu-
rities in the structure of these samples. For
more information, the experiments on sin-
gle crystals are planned in future.

4. Conclusion

In the pure ScFj; crystal and in the sam-
ples with diamagnetic impurities Al, Mg, Sb,
Ga, a spectrum typical of crystalline defects
is observed. The defects can be attributed to
the presence of vacancies in the structure in
the Sc3* positions occupied by free elec-
trons. For polycrystalline samples with
magnesium and antimony and for pure crys-
tals, there are broad lines that characterize
the presence of casual impurities. In the
pure ScF; single crystal as well as in the
iron and gallium doped crystals, seven char-
acteristic HFS lines are observed indicating
the binding of electrons in the defect cen-
ters with six fluorine ions. For the sample
with gallium, for the pure crystal and for
the iron doped crystal, the HFS constants
are different, which may indicate the im-
plantation of these impurities in the crystal
lattice. Basing on the published data and
the electromagnetic field frequency value in
our measurements (9 GHz), the delocaliza-
tion of the electron density occurs at a fre-
quency in the 1014 to 101 571 range [6, 7].
The highest electron mobility, according to
these data, is in the crystals with iron. The
angular dependence of the ESR spectra in
the single crystals ascribed to the defects
suggests the local distortions of the crystal
symmetry in these positions. Such defects
are not registered with X-rays because of
the low density. The local distortion of
cubic symmetry, according to our results,
can be attributed to distorting of octahedra
formed by fluorine ions. The defect centers in
the crystals with iron are the crystal color
centers. The structure of the defects and the
nature of the distortion depend on the type of
the impurity ions. A model of the defect cen-
ters is planned to be proposed in the future.
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Hocrain:xenna kpucraiaiB ScF; Ta TBepaux po3uuHiB
Ha ocHOBi ScF; meromom EIIP

B.H.Boponoé, E.A.Ilempaxoécvra, A.A.Anexcandposuy

Kpucranu SCF3 HaJIeKaThb 0 I'PYIH II€POBCKiTOomomiOHMx, ane, Ha Biamimy Bixg iHmImnx
¢dTopumiB 1BOro Kiacy, MamTh Kybiuny cumerpito. [ocaimsxenHs kpucraaiB meromom EITP
IOKAa3aJo, [0 y CIEKTPax 0e3JOMIIIKOBOr0 KPUCTALA, a TAKOM KpucTtauis 3 gzomimkammu Ga,
Mg, Sb, Al, Fe e xiuii, Axki MoxHA mpunUcaTy JOKaAbHUM gedeKTaM KPUCTAJIIUHOI CTPYKTY-
pu. Haii6inem magifimo ni medexTu imenTndikoBaHOo y MOHOKpHcTanivemx spaskax ScFj s
pomimkamu Ga ta Fe ta y GespmomimikoBomy Kpucrtani. ¥ BCiX BHIAzKax CIEKTPH, IO
cIocTepirasncs IIOKasaay IIPUCYTHICTL medeKTiB, moB’g3aHMX 3 IIicTbMa ioHamMu (TOopy.
Haii6inpimn 4yiTKo e BuUABJIEHO y KpucTaaax 3 gomimioo Fe. OmepsxaHo ogHO3HAUHE CBigOIl-
TBO HASBHOCTI JIOKAJBLHOI'O IIOPYIIEeHHA KyOiunol cumerpii y micusax sHaxXOmKeHHS gedeKrT-

HHUX IeHTpiB. € Bepcis, m[o 1e oxkraeapu GTopy.
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