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ORIGIN OF COLORATION IN SOME FLUORITES1

H. Brr.r., J. Sronno,2 axo R. Lecnorx, Institut de phys,ique Erp€ri,-
menlale, IJniaersit€, de Geniae, Gendae, Szaitzerland.

ABSTRACT

Electron paramagnetic resonance and optical absorptions of some natural fluorites
correlate with the color of the specimen This led to the identification of the impurity (yot
responsible for coloration of the red fluorites of Srvitzerland, and to the identification of the
probable impurity (Sm2+) responsible for coloration of the green fluorites from Weardale
(England) and the Diirrschrennenhdhle (Switzerland).

IurnolucrroN

Many papers have been published contributing to the explanation of
the origin of the coloration of natural f luorites. Among recent publica-
tions, a book written b1, K. Przibram (1956) suggests models of the
structures responsible for coloration in natural f luorites and contains an
abundant supplv of references.

The most widely spread tools in this branch of research are optical ab-
sorption and fluorescence spectrometry, X-ray fluorescence spectrometry,
thermoluminescence, electron paramagnetic resonance (EPR) and the
microscope. In the case of CaFz few workers have used EPR, although
many of the proposed models imply a resulting electronic magnetic mo-
ment.

We have especially studied red fluorites originating from the Gotthard
and from the Grimsel (Switzerland) and yellow ones from Cavin Rock
(Il l inois, USA), Wcilsendorf (Germany), Baslerjura (Switzerland) and
Puy de Ddme (France) with EPR. Among the red ones we have looked at
55 samples from nine different origins, and among the yellow ones 25
samples from six different origins. We also investigated green fluorites:
eight samples from two different crystals from Weardale (Durham,
England) and eight samples from two different crystals from the
Diirrschrennenhrihle am Siintis (Switzerland).

ExpnnrlrBwrar TecnNrquns

The resonance measurements were performed on a varian X-Band EpR spectrometer
at room temperature or at the temperature of liquid nitrogen. For low temperature mea-
surements we used a cryostat built at the institute. The magnetic field of the Varian nine-
inch magnet was measured with a self-made NMR-equipment with either built-in 100 kHz
standard or a Hewlett-Packard 524c frequency counter The microwave frequency was
measured with a Hervlett-Packard 540b transfer oscillator together with the Hp frequency
counter.

1 Work supported by the Swiss National Foundation of Scientific Research
2 InCebted to Argonne National Laboratory for a research appointment.
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For optical work ltr'e used a Beckman DK2A double beam spectrophotometer. The opti-

cal measurements were all performed at room temperature.

We irradiated the samples with X rays from Philips tubes (50 kV/20 mA or 24kY/4O

mA); the distance betlveen the crystal and the rvindoru of the tube being three to sir cen-

timeters.
Bleaching experiments lr,ere clone between 100'C and 370"C in an oil bath furnace After

the desired interval, the samples were cooled with forced air or in alcohol at room tempera-

ture. The temperature of the oil bath was measured with a mercury thermometer (0-400'c)

and was held constant to * 1.5'C merely by regulating the current of the furnace by hand

The synthetic crystals necessary for our investigation rvere grown by the Bridgemann-

Stockbarger method at our iaboratory

RBsur-rs AND DrscussroN

we have classified the crystals according to colour. Tabie 1 gives the

detected and identif ied magnetic complexes found in EPR work and the

optical absorption bands measured between 1000 and 2tO t-]l]r1.t at room

temperature.
The impurit lr concentrations are precise to about a factor of f ive' They

were established with EPR by comparing the l ines with a standard sub-

stance of known concentration of the magnetic centre (pitch in KCI

supplied by Varian).
Red..fl,uorites. All the red samples at our disposal showed an EPR spec-

trum arising from what we call the R center. This center was first ob-

served and reported by Sierro (1963).

Comparison of the intensity of the EPR spectrum of the R center with

the intensity of the coloration of the different samples led to the assump-

tion of a relation between them. Bleaching experiments on different

samples with simultaneous measurement of the height of the EPR lines

and the intensity of the optical absorption peak at 483 m showed quanti-

tative correlation e.g., the two arise from the same structure, the R cen-

ter.
Very detailed EPR measurements made it possible to establish its

Iocal magnetic symmetry and to evaluate the constants of the appropri-

ate spin-Hamiltonian. The symmetry is orthorhombic and the electronic

magnetic moment has its principal axes along a four-fold and two mu-

tually perpendicular two-foid axes which l ie in a plane perpendicular to

the four-fold one. Furthermore magnetic data show the interaction of the

electronic magnetic moment with two equivalent nuclear moments along

the four-fold axis and with a third one along a two-fold axis'

Within the error of measurement the EPR and optical data of the R

center showed to be the same as those which Bil l and Lacroix (1966) had

determined on a center in artif icial CaF2 crystals. This center appears

when pure CaF2 crystals, dopped with YFB, were hydrolysed and after-

wards X-irradiated. The density obtainable from centers grows with
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growing Y content of the CaFz crystals. Furthermore Bil l and Lacroix

have shown that the presence of both yttrium and oxygen is necessary to

produce the center. They applied the same procedure as is to crystals con-

taining other metal fluorides and never found this spectrum. Tentativell-

thel'proposed the following model: in a CaFr crystai, which has the

symmetrl '  065, Ca ions are replaced by Y ions. At the cubes formed by F-

ions surrounding the Y ions two adjacent F- ions are replaced by two

oxygens. X rays eject an electron from the oxygen ions, which on their

part now form like a molecule Oz3- stabii ized by the trivalent yttrium.

The ejected electron is trapped somewhere in the crystai'
The correspondence between the measurements on the artif icial crys-

tals with those on the natural ones gives the explanation of the nature of

the R center in fluorites. Chemically speaking, the R center is an associa-

tion of an yttrium ion with two oxvgen ions placed as an impurity in the

cryst.al and ionized in course of t ime by natural radiation.
Measurements on a JEOL X-ray microanalyzer (Kontron 1966) have

confirmed the simultaneous presence of 1'ttr ium and oxygen in the red

fluorine samples examined.
The bleaching experiments periormed on the natural red crystals gave

the following supplementary inforrnation:
Not all of the samples showed the same bleaching temperature, espe-

cially those which had been X-irradiated. Probabll '  the same electron-

trapping mechanism is not always effective, a.g. according to their ther-

mal stabil ity the different electron-trapping centers release their trapped

electron at different temperatures. This electron combines then with an rR

center.
The association of oxygen ions with yttrium is stable at least up to

700oC because crystals which had been heated to this temperature under

high vacuum conditions show the center again after X irradiation'

Af ter X irradiation, many of the red fluorites show four supplementarl '
optical absorption bands (Table 1). This proves the existence of yttrium

ions not implicated in R centers. Irradiation converts these trivalent ions

into divalent ones which are responsible for the appearance of the four

bands (O'Connor and Chen 1963). There is a possible explanation why

the four bands appear only after X-irradiation of the crystals in the

laboratory. Different workers have shown (Blanchard, 1966) that most of

the natural f luorites show feeble radioactivity. This activity is responsible

for the ionization of the yttrium-oxygen cluster, producing the R center.

During the same time the yttrium not implicated in R centers is reduced

to the divalent state. But the 12+ ions bleach thermally at room tem-
perature (O'Connor and Chen 1963), so the coloration mechanism is bal-
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anced by the bleaching mechanism. As the radiation level is very low,
undetectabll '  few supplementary Y2+ ions are present without supple-
rnentary strong X irradiation.

Green Fluoriles. The green crystals (Weardale, Diirrschrennenhcihle) do
not show any resonance spectrum correlated with the coloration of the
crystals, but optical measurements show a pronounced spectrum common
to both groups. This same spectrum has been measured b,v GorIich, el. al.,
(1961) in artif icial f luorite crvstals dopped with Sm. We have reproduced
it in very pure CaF2 crystals dopped with 0.01 weight percent SmF3.
After X irradiation, the crvstals showed a green coloration with the
spectrum given at the end of Table 1.

Hydrolysis followed by X irradiation of the crystals enhances greatly
the coloration but does not change the position of the main absorption
bands except that the absorption in the UV grows strongly towards
shorter wavelengths. On the basis of this observation we attribute the
green coloration of groups 2 and 3 of our fluorites to the presence of Sm2+
in the crystals. This ion, being diamagnetic, does not give EPR signals.
It is perfectly stable at room temperature in the fluorite matrix (O'Con-
nor and Chen 1963). By heating the green samples to about 300oC the
color bleaches and Sm2+ is converted to the trivalent state.

Yellow fluoriles. All the yellow crystals present an EPR spectrum which
we call a yellow center.It was observed for the first t ime by Mme A.M.
Germanier. Sierro (1963) determined the angular variation of the center
and found that the EPR center and the yellow coloration disappeared
together upon heating the crystals. The EPR measurements show an
electronic spin S:]. The symmetry of the center is approximately axial
with the axis along one of the three non-equivalent four-fold cube axes.
Our pulse annealing experiments have shown quantitatively the correla-
tion between the optical absorption at 433 m;.r which produces the yellow
coloration and the EPR signal.

The center is irreversibly destroyed by heating the crystal to about
300'C. Further experiments on this center are in progress. Most of the
studied crystals contain Gd8+ and many Euz+ also. As the two ions do not
have any optical absorption bands in the visible region, they do not con-
tribute to coloration of natural f luorites.

Suulreny

For the red fluorites from Switzerland we propose a center which is
responsible for the coloration of those crystals e.g., aYC,2 complex. In the
green ones from Switzerland and from Weardale Sm2+ is probably re-
sponsible for the green coloration. Both centers are radiation-induced. In
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1008 H. BILL, J. SIERRO AND R. LACROIX

the yellow crystals we have established correspondence between the
optical absorption peak at 433 mp, and an EPR spectrum designated
yellow center.

Work is continuing in this domain.
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