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ABSTRACY

This document represents the third and final report on a study of diva-
lent rare earths in dilute solid solution in hosts suitable for fabrication
into optical maser oscillators. The subject matter consists primarily of a
description of the final six months' work with summaries and conclusions
drawn from the entire eighteen months' investigations. We have attempted to
avoid repetition of material reported in the previous Semiannual Progress
Reports under this Contract except where the information is germane to current
work. As the program progressed, the scope of the effort was continually
converged on the materials and problems which appeared to be most critical
and vhich offered the highest probability of success. It will therefore be
found that this report concentrates primarily upon the systems BaClF:Luz+ and
ABFB:an+ (wvhere A = alkali-metal ion, and B = alkaline-earth ion), those
compounds selected as best suited to our objectives. The problem is divided
into three major categories: reduction of the rare earth from the normal
trivalent to divalent; incorporation of the desired ion into the host with
retention of the desired valence state; and growth of single crystals of
suitable optical quality. The first and third of these categories were
satisfactorily solved in many cases, while the second was solved only to a
limited extent. It is possible, however, on the basis of these studies to
specify in some detail the materials in which, and the conditions under which,
this second aspect of the problem can be successfully solved. While most of
the studies involved conventional physical and chemical measurements and
procedures, some apparatus were designed and constructed which became of
sufficiently general utility throughout the laboratories to warrant a brief
description of their construction and performance herein. Also included are
the relevant calibration measurements necessary for a thorough understanding

of the experimental procedures and results.
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SECTION |
INTRODUCTION

In this introductory section we present a retrospective description of
the problem in light of our current information, including a summary of the
significant aspects of the work described in the previous two semiannual

reports.*

A. LASERS AND DIVALENT RARE EARTHS

Divalent rare earths are most appropriate for the optically pumped 4-level
laser system in which the pump light is absorbed in the 4f-5d transitions of
the rare earth; a single metastable state in the 4f manifold is then populated;
and emission occurs between two 4f levels, the terminal state of which lies
more than kT above the ground state (Fig. 1). Rare earths in the divalent
state are required in this system because, in contrast to the corresponding
isoelectronic trivalent rare earths, the 5d states generally lie in the
visible region of the spectrum where they can extract a large fraction of the
light from conventional pump sources. In the trivalent species these bands
lie far in the ultraviolet beyond the point where pumping sources can reach
efficiently and frequently beyond the absorption edge of the host. While
these pumping difficulties with the trivalent systems have been overcome in

some instances such as in the cawoa:ud-“ laser!

where pumping occurs into the
large number of 4f-levels of this ion in the visible region of the spectrum,
and in the m::ud’*, Cr3"' luorz in which energy transfer occurs between the
absorbing states of cr-"* and the lld3+
sent the most direct analogue of the ideal 4-level laser. As such, they
should, in principle, exhibit the highest attainable efficiency. A comsidera-
tion of the expression of Shawlow and Townes> for the minimum excess mumber of

atoms in the excited state over those in the terminal state in a Fabry-Perot

4f-levels, the divalent systems repre-

resonator reveals thse necessary additional conditions which must be met for
optimized performance. This expression states:

- -2 yar
B4 = 8 12 i B

* Pootnotes herein refer to Semiannual Progress Report Nos. 1 and 2 issued
under Contract No. AF33(657)-11221.
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Npin = minimum excess number of atoms required for oscillation
_v = the fluorescent line width
v = the frequency of oscillation
T = the radiative lifetime of the state
V = the volume
Q

= the reflectivity of the ends

the length of the oscillator

It is clear from this expression that the ease with which a given system
can be made to oscillate is related to minimizing of the product, (AV)T.
However, since the attainment of n_ ;. is obviously also related to the rate
at which atoms can be excited by the pumping source, then a relatively long
lifetime and high absorption coefficient would be desirable. The require-
ments, in addition to those imposed by the desired level scheme, then become
the following:

1. Reasonably long lifetimes, ~ 104 sec

2. Sharp fluorescence lines

3. High quantum efficiency for the transition of interest

4. Good optical and mechanical quality of the host material

Further, it is important that absorption from the metastable state to
levels lying at energies equal to the anticipated laser frequency above it be
of low probability. Such absorption would compete with stimulated emission,
in effect reducing the number of available ions at any given time. 1In
addition, since in all known real systems only a fraction of the transitions
from the pumping levels lead to population of the metastable state, such

absorption would prevent achievement of adequate population inversion.

B. HOSTS

There are three major considerations involved in the choice of a suitable
host, The first, general for all solid-state optically pumped lasers, is
that the host material be obtainable in high optical quality, free of refrac-
tive index gradients and scattering centers, that it be mechanically stable
to thermal shock, that it be reasonably stable to the atmosphere, and that it
not be subject to photochemical decomposition. The second is that it be
chenmically compatible with divalent rare earths. The third, while not



entirely necessary but a major consideration in the present work, was that
there be a singular site for incorporation of the rare earth and that this
site not constitute a center of inversion for the crystal. Since the first
consideration has not constituted a problem in this work, we need only con-
sider the second two criteria.

The problem of chemical compatibility arises first from the high chemical
reactivity of the divalent rare earths. Since, with the exception of Eu and
Yb and in some cases Sm, the rare-earth ions are considerably more stable as
trivalent ions, they are extremely strong reducing agents. The only cations
which are more stable with respect to reduction are those of the alkali
metals, the alkaline earths, and possibly Mgz+, Th4+, and Zr4+. Upon addition
of reasonable criteria with respect to charge and ion size correspondence, the
cations which are by far most favorable, are those of the alkaline earths,
Compatible anions include the halides, the oxides, and perhaps the sulfides.
However, since experimental studies indicate that the oxides and sulfides
inhibit the information of divalent rare-earth ions in many cases, we must
consider as the outstanding alternatives alkaline-earth halides and ternary
compounds having basically the alkaline-earth halide composition.

The classes of compounds which we have therefore considered are the
following: the alkaline-earth fluorides; the alkaline-earth halides other
than fluoride; the alkaline-earth halofluorides; and the AIBIIF3 perovskites,
where A is an alkali-metal ion and B an alkaline-earth ion. Members of each
of these categories have particular advantages and disadvantages, and none
meets all criteria equally well, The basis for choice of particular composi-
tions is better understood after consideration of the methods available for

attainment of the divalent state.

C. REDUCTION OF THE RARE EARTH

The methods for attainment of the divalent state have been divided into
two types which we have designated in situ and a priori, respectively. By
in situ methods we mean those techniques in which the rare earth is dissolved
in the host as the trivalent ion, and where subsequent treatment of the solid
host-impurity system leads to the desired valence state. A priori methods
involve reduction of the rare earth prior to or during crystal growth.

EREE . Wevy



1. In Sitv Methods

In the compounds of interest the rare earth is introduced substitution-
ally for a divalent cation., Because of the extra positive charge on the
trivalent rare-earth ion, charge compensation must be provided. This may be
accomplished by the introduction of an equivalent number of monovalent cations,
divalent anions, interstitial monovalent anions, cation vacancies, or combina-
tions of these. The general process which accomplishes reduction involves the
introduction of free electrons which may be captured by the rare earth,
accompanied by neutralization of the charge compensator.

The first successful in situ reduction method that was employed is that
of photoreduction by intense y-radiation of the solid. This method has been
satisfactory essentially only in the alkaline-earth halides and always leads
to a self-limiting level of reduction which is significantly less than 100
percent,

The description of the reduction process is most clear in relationship
to CaFZ:Ln3+, but applies equally well to the other alkaline-earth halides.

In these hosts, in the absence of deliberately added charge compensator and
charge-compensating impurities, compensation must occur through the introduc-
tion of alkaline-earth vacancies and interstitial fluoride ions. Evidence
has been found for both types of compensation. In the gamma-ray flux, the
crystal is flooded with free electrons. Under steady-state irradiation condi-
tions these electrons are continually being captured and re-excited, the
principal activity occurring presumably among the major lattice constituents,
Interstitial charge compensators and the rare-earth impurity also act as
electron sources (and traps). The trivalent rare earths and the neutral
interstitial fluorine atoms are competing traps for a fraction of the free
electrons with the F°, undoubtedly the trap of higher cross section. Elec-
trons trapped by rare-earth ions which are spatially remote from charge
compensators remain divalent primarily because the energy barrier which must
be surmounted or penetrated in order to find a site of lower free energy is
too high. After irradiation, then, the lattice contains divalent rare-earth
ions and an equal number of interstitial fluorine atoms. If lattice defects
and impurities such as 02" are also present, it is obvious that other

mechanisms will apply.* Whatever the details of the process, however, the

* Semiannual Progress Report No. 1, pp. 49-75.



end result is necessarily a crystal containing rare-earth ions which are
metastable with respect to re-oxidation and containing high cross-section
traps for free electrons. As a consequence, photoreduced ions are not
stable to heat and to absorbed light.

The stability of the reduced ion may be improved substantially by the
removal of the neutral charge compensator. One technique for accomplishing
this is reduction of the rare earth by exposure of the crystal to alkaline
earth metal vapor at elevated temperatures.4 In addition to the creation of
greater stability, this process also leads to more complete reduction. The
mechanism is described in the following manner. At the elevated temperature
necessary to produce reasonable vapor pressure of alkaline-earth metal (800°C
in the case of Ca), the ionic mobility and diffusion coefficients within the
crystal become high. Two different processes can then occur. First, calcium-
metal atoms will diffuse into the crystal to be captured at vacancies releas-
ing two free electrons for each site occupied. These electrons are then
captured by the rare-earth ion, in principle the only trap available. Second,
interstitial fluoride ions will migrate to the surface to react with calcium
atoms forming new surface lattice sites also with release of free electrons.
If we assume that there are no impurities other than rare earth, only
cationic vacancies and interstitial fluoride ions can provide charge compensa-
tion. The removal of these defects then must result in total reduction of the
rare earth and the absence of their "oxidation products," leading to stability
for the reduced rare earth. In practice, however, reduction by this method
does encounter some difficulties. Our alkaline-earth halide crystals are not,
in general, free of impurities (especially 02') which act as charge compensa-
tors and which occupy lattice sites, While the role of 02" in this reduction
process is not well understood, it is evident that it inhibits completion of
the reduction. Also, since treatment of CaF, with Ca-vapor is a well-known
method for the introduction of additive color centers, the process must be
controlled very carefully to avoid creation of these centers. Coloration
evidently begins to take place long before all the rare-earth ions are
reduced.

A second technique which provides for removal of the charge compensator
is that of solid-state electrolysis.* 5,6 In this method the crystal is

* Semiannual Progress Report No. 2, p. 7.
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placed between electrodes in a furnace, the temperature of which can be raised
to 700°C. When a dc current is passed through the heated crystal, reduction
is observed to proceed through the crystal starting at the anode. The process
may be pictured as the electric-field-induced migration of the interstitial
halide ions to the anode where they become neutralized, and the simultaneous
injection of electrons at the cathode. While the interstitial fluoride ions
are by far the most mobile ionic species in the crystal, the cationic vacancies
presumably are also somewhat mobile and will also drift toward the anode. The
removal of the cationic vacancies can be enhanced through the use of Ca metal
electrodes.* This method also leads to a far greater degree of reduction than
does gamma radiation, but homogeneity is considerably less satisfactory as a
consequence of impurities and imperfections in the crystals,

A third type of in situ reduction method in which the charge compensator
is removed is that of high-temperature solid-state photoreduction. This
procedure is analogous to the molten-state photoreduction process reported

previously.** 7 The chemical equations for both processes are

- hy -
X = X°+e
Ln3++e'2 Ln2+.

In the usual (room temperature and below) photoreduction experiments with

2
the crystal and are strong electron traps for the reionized electron from the

gamma rays on crystals, the oxidized halogen species (x°, X,, etc.,) remain in
La?t. In the molten-state photoreduction the oxidized halogens are mobile in
the liquid and can be pumped off through the surface. The divalent rare earth
is thus quite stable in the resulting crystal. If a crystal with La3t is
irradiated just below its melting point while under vacuum, then the x° pro-
duced may have sufficient mobility to diffuse to the surface and be pumped
off. Stable Ln’* would result from such a process. As a test of this
hypothesis, a CAFZ:Dy3+ crystal was heated to 1000°C on a molybdenum ribbon

in a bell jar vacuum system and irradiated with an unfocused 100-watt low-
pressure mercury lamp held about 2 inches from the heated crystal. The
irradiation was carried out for several hours. The crystal was rapidly cooled

in the absence of the radiation. Very weak Dy"-+ emission was found. The

* E. Sabisky, Unpublished work.
** Semiannual Progress Report No., 2, p. 7.

o
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solid-state process is much less efficient than the molten-state photoreduc-
2+ under conditions of
somewhat lower uv flux., If the crystal had been heated closer to the melting

point of CaF, (1360°C), the mobility of the x° species would be increased and
2+

tion which produced very high concentrations of Ln

a larger concentration of Ln“" may have resulted. Crystal growth and anneal-
ing under irradiation may be the answer to the problem of retention of divalent
rare earths.

The in situ reduction techniques depend of course on our ability to
incorporate trivalent rare earths into the lattice. Further, assuming the
mechanisms described herein do apply, these methods will result in the reduc-
tion of rare earths only if charge compensation is achieved through vacancies
or interstitial halide ions. This latter point is confirmed in the case of
StCIZ:Tm3+ compensated by Na't in which photoreduction was found not to take
place while it occurs readily in "uncompensated' crystals. The particular
advantages of the in situ methods lie in the fact that, since the rare earth
is already incorporated in the crystals, one is no longer concerned with
oxidizing impurities which may be present in the ambient environment. Further,
because the solid material is treated well below its melting point, such
auto-oxidation processes as disproportionation are much less likely to take

place.

2. A Priori Methods

While in situ reduction offers many advantages, it is limited to those
hosts which can incorporate significant concentrations of trivalent rare earth
ions., The compounds which have become of particular importance in these
studies, the halofluorides and the perovskites, are among those which accommo-
date only negligible quantities of the trivalent species even in the presence
of an excess of cationic charge compensator. The divalent rare-earth ions, on
the other hand, will substitute readily at the alkaline-earth sites in these
compounds, and hence the a priori methods become important.

These reduction techniques are entirely analogous to those of familiar
solution chemistry save in one instance where gamma radiation is employed.
However, because of the high reactivity of the divalent rare earths, reduction
must be carried out in the molten host compound and special attention must be
paid to the elimination of oxidizing agents such as oxygen, hydroxyl ion,

hydrogen halide gases, and transition metal ions. Purification procedures

8



were worked out for the constituents of the host and the host itself as de-
scribed in Section II of this report and in the previous two Semiannual
Reports on this contract. The reducing agents are either alkaline-earth metal
or rare-earth metal added in sufficient excess to combine with residual oxi-
dizing impurities and to inhibit disproportionation., The latter reducing
agent has been preferred because it participates in a self-limiting process,
while the alkaline-earth metal can reduce the rare earth to the metallic
state.

A second technique is that of photoreduction in the molten state with
removal of the gaseous reaction products. This method proved far more
efficient than solid-state photoreduction, requiring two orders-of-magnitude
less gamma-dosage for equivalent reduction. It was also found to be possible
to achieve photoreduction by means of ultraviolet radiation under these con-
ditions.*

With each of these techniques it was possible to prepare polycrystalline
samples of a number of host materials containing concentrations of rare earth
which were entirely adequate for spectroscopic studies. In most instances,
however, when the materials were held molten for periods of time necessary to
obtain large single crystals, all traces of divalent rare earth vanished. A
study directed toward the understanding of this phenomenon and toward means
for circumventing it constituted a large portion of the work over the past
six months. Details of this study will be found in the sections of this
report which follow.

D. COMPOSITION OF THE HOST

The compounds which we have considered as meeting the chemical criteria
described in Section I.B. above are listed in Table 1. Since we are concerned
with optimizing performance, we have imposed, in addition to the chemical
criteris, the requirement of a non-cenirosymmetric site for the rare earth
in most instances. This requirement arises from the La Porte selection rule
which states that in the free atom, transitions between states of the same
parity (as is the case for the 4f-4f transitions in rare earths) may take
place only through magnetic dipole or electric quadrupole interactions, and

only an operator of even parity may cause a transition. These interactions

* Semiannual Progress Report No. 2, p. 7.

9



are intrinsically weak and lead to very long-lived radiative states where
nonradiative processes can predominate. The free atom selection rules are
maintained in very weak crystalline fields and in centrosymmetric (local)
environments. An unsymmetrical electric crystal field will relax this selec-
tion rule and allow the shorter lived and more intense electric dipole transi-
tions to take place.

Of the compounds under consideration, BaBr,, having the lowest symmetry,
meets this latter criterion exceptionally well and there has been, over the
past three years, a continuing study of it. It has two serious disadvantages:
it is highly hygroscopic, and its resistance to thermal shock is so poor that
no crystals have survived laser testing.

In spite of its cubic symmetry, SrCl, has been of considerable interest,
initially because of its desirable crystallization properties and later
because of the particular behavior of a metastable 4f“'1-5d state in Tm?+ con-
tained in it.* This material is also hygroscopic.

Of the noncubic materials, BaClF and the noncubic ABF3 compounds present
the best compromise with regard to crystal stability in the ambient atmosphere,
resistance to thermal shock, and attainable crystal quality. The chief dis-
advantage of these compounds, as pointed out above, is the requirement that
divalent rare earths must be introduced through a priori techniques.

Miscellaneous compounds of the BaZrFg type, which on fundamental grounds
should meet all the criteria well, presented crystal preparation problems so
formidable as to require their abandonment early in the study.

€. CHOICE OF RARE EARTH

The initial requirement placed on the rare earth is, of course, that in
the divalent state it exhibit observable 4f-4f transitions of suitable sharp-
ness and that the transition 47 15d - 4f" be efficient. We have arbitrarily
imposed the additional practical limitation that the long wave limit for the
fluorescent transitions not exceet 3 . since this constitutes a reasonable
limit for analysis and detection with conventional spectrographic equipment.

According to McClure and Kiss,s Gdz"', Ce2+, and sz*' are immediately
ruled out because these ions have a 5d ground-state configuration and, hence,
it would not be possible to find 4f-4f transitions in them. Nd%* and PrZt,

* Semiannual Progress Report No. 2, p. 28, and p. 83 of this report.
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TABLE 1

HOST SYSTEMS FOR DIVALENT RARE-EARTH IONS

Melting Point | Transition
Compound Structure °C) Point (°C) Remarks
ALKALINE-EARTH HALIDES
Lattice may be too
MgF, tetragonal 1266 small for Lnl*
MgCl, rhombohedral 708 Very hygroscopic
Very hygroscopic
CaCly orthorhombic 772 Short liquid range
SrCl, cubic 873 Very hygroscopic
. Very hygroscopic
BaCl, orthorhombic 960 920 Solid-solid tramsition
MgBr; hexagonal 700 Very hygroscopic
CaBrs orthorhombic 742 Very hygroscopic
Very hygroscopic
SrBry tetragonal 657 645 Solid-solid transition
BaBr) orthorhombic 857 Very hygroscopic
MgIy hexagonal decomposes Very hygroscopic
Cal, hexagonal 779 Very hygroscopic
BrIp (Srly type) 538 Very hygroscopic
Bal; orthorhombic 711 Very hygroscopic
MIXED FLUORIDES
- High vapor pressure
0
BaZrFe : L 953 of ZrF, on melting
HALOFLUORIDES
planar lincongruently
CaClrp tetragonal } melting Slightly hygroscopic
planar Stable and
STCLF tetragonal !990 (approx.) nonhygroscopic
BaClF ! planar 3 1021 Stable and
tetragonal nonhygroscopic
BaBrF - planar | 465 ! Deteriorates in time
tetragonal I i BN
PEROVSKITES
- — e e — -
. ‘ Stable and
NaMgF 4 orthorhombic 1030 ? nonhygroscopic
Stable and
KMgF 4 cubic 10yl t nonhygroscopic
. Stable and
¥
RbMgFy | rhombohedral | 923 | nonbysToscoplc
" . ! High vapor pressure
KCaF3j cubic 1020 ! of KF on melting
‘ ‘ High vapor pressure
RbCaF3 Lcubic J 1110 of RbF on melting
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according to our studies, have either 5d ground states in the hosts of inter-
est, or 5d-levels which lie so low in energy as to be of no interest. Remain-
ing in the first half of the rare-earth series are Sm2+, which is of great

2+

interest, and Eu“", which, in principle, should be suitable but in practice

exhibits only broad-band 5d fluorescence. Of the remaining ions in the second
half of the series, Dy2+, H02+, Er2+, and Tb2+ have transitions which should
lead to laser action, while b2t is of no value having f14 configuration. All
of the useful ions in this half of the series emit principally beyond 1 . with
the exception of the red 5d emission in SrC12:Tm2+.* Chemical considerations

have dictated that we focus on Sm2+, Tm2+, Dy2+, and H02+.

* Semjannual Progress Report No. 2, p. 20 and p. 83 of this report.
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SECTION |l
CHEMICAL STUDIES

The alkali -- alkaline-earth fluoride perovskites and the alkaline-earth
ialofluorides satisfy many of the requirements of a host material for a laser
with divalent rare-earth impurities. Most of the members of both of these
classes of compounds can be controllably grown from the melt, provide a unique
lattice site for the incorporation of divalent rare earth, and are stable and
nonhygroscopic. The divalent rare earths exhibit very high fluorescence

efficiencies in these hosts.

A. PEROVSKITES

The perovskites were extensively studied by Klasens and coworkers9 and by

Thoma.lo The compound ABF, will have the cubic perovskite structure (Fig. 29)

if a tolerance factor, t =31.09(RA+RF}//6.94 JE-(RB+RF), lies between 0.9 and
1.1. RA’ RB’ and RF are the ionic radii of the A, B, and F ions, respectively.
For values of t close to or slightly greater than the limiting values, the
compounds formed have distorted perovskite (generally noncubic) structures.
However, many of the compounds with a tolerance factor within the prescribed
limits are pseudo-cubic, and the symmetry about the divalent ion will be
slightly distorted. For example, RbSrF3 with t = 0,93 was found11 to be
biaxial with indices of refraction, N_Y = 1,396 and N7 = 1,400, When t is
much outside the tolerance limits, no compounds are formed. The perovskites
prepared are listed in Table 2.

The nonhygrescopic starting materials such as NaF, Hng, and CaF2 were
sufficiently pure as purchased and required no preliminary purification. KF
was prepared from the carbonate and concentrated hydrofluoric acid and pre-
cipitated as either KF-ZHZO or KF*HF. Both the dihydrate and the hydrofluoride
salt were vacuum-dried before use. Rubidium was purchased as the fluoride or
the carbonate and was treated in the same way as was the potassium salt.
Equimolar quantities of the appropriate alkali fluoride and alkaline-earth
fluorides, and the trivalent rare-earth fluoride impurity were mixed together,
placed in a platinum or pure nickel hoat, and melted under a HF gas flow in a

monel reactor tube. The HF gas was started while the materials were at room
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TABLE 2
PEROVSKITES STUDIED UNDER THIS CONTRACT

Compound Melting Temperature Structure Type t
NaMgF3 1030° orthorhombic 0.917
KMgF 1091° cubic 1.05
KCaF3 1020° cubic 0.915
KMgF3-KCaF3 980° cubic -
RngF3 923° rhombohedral 1.12
RbCaF3 1110° cubic 0.980
* KCaF3 and KMgF3 form a continuous solid solution with a
flat minimum at the equimolar compound.

temperature so that fluorination was carried out at all temperatures. Fluorina-
tion was continued beyond the time that all traces of water ceased to appear in
a Teflon exit tube. 1In many cases, the procedure was repeated to insure a
material as free of oxide as possible. Dried ultra-pure hydrogen gas was
flushed through the system before the system was cooled. The molten salt was
cooled in this hydrogen flow to remove dissolved HF gas.

The purified perovskites were then grown by either the gradient freeze or
the Czochralski method. Little work was done on NaMgF3 and KM3F3 since prelimi-
nary work with RngF3 indicated that the small cationic s;:es in the former
compounds offered little hope for the incorporation of Ln” . Of the other
perovskites which were grown, only RszF3 gave clear uniform crystals. The rest,
KCaF3, KC;F3'KM3F3, and RbCaF3 yielded white, opaque, and inhomogeneous poly-
crystalline growths. These compounds continuously coated the walls of the
Czochralski apparatus with white deposits of KF or RbF, which are the scattering
inclusions found in the grown polycrystals. The reasons for the stability of
molten RngF3 are not known. Although the melting point of RngP3 is the lowest
of the perovskites examined, with a corresponding decrease in RbF pressure, this
alone does not account for the stability. KCaF3-KH3F3, for example, has a vapor
pressure at the melting point of RbM8F3’ if one assumes Raocult's Law behavior
for both systems,

RngF3 was grown in a gradient freeze furnace with a gradient of 25°C/in.
and a cooling rate of 10°C/hour. Large clear fragments were easily obtained
from high-density graphite boats. Most of the larger crystals were grown by
the Czochralski technique. Vertical pulling rates of 0.25 to 0.5 cm/hour and

14



rotation of 14 rpm were used; crystals averaging 0.75 cm in diameter, 3 to &
cm long (weighing approximately 15 gm) were grown from seeds or pointed
molybdenum rods. RngF3 has a rhombohedral unit cell with dimensions a = 5.585 R,
and @ = 70°. The direction of growth was along the [111] axis.

The major problems encountered with this material were concerned with the
incorporation and reduction of the rare-earth ions. The solubility of Ln3+
in RbMgF

3
Ho3+ or Dy3+ added to the Czochralski pot, the concentrations increasing from

is extremely low. Crystals were pulled with increasing amounts of

an initial 0.0l mole percent to greater than 1 mole percent. In none of the

3+ or Dy3+ seen, Arc

crystals was the characteristic fluorescence of either Ho
emission spectroscopy and mass spectrometric analysis showed that the rare
earths were present to about 20 ppm atomic, which was evidently below the
fluorescent detection limit for these ions in this host. Rare-earth metal,

Ho or Dy, was added to the respective heavily doped residues to produce
divalent rare earth. Only minute amounts of trivalent ions were seen in
fluorescence in the pulled crystals, and the residues showed little or no
divalent ions. Part of the difficulty in reduction may arise from the presence
of oxidizing impurities in the flowing gas stream used in the Czochralski
apparatus. Helium and helium-hydrogen flow rates of about 30 liters/hour

were used. However, the perovskites in general are hosts in which reduction

of rare earths appear to be an unfavorable process. The behavior of Sm in
these hosts is illustrative. Trivalent Sm impurity in a wide variety of

hosts (BaClF, BaBr,, SrClz,
when the host and the Sm impurity are fused together in hydrogen. The reaction

BazrF, and Can) is almost completely reduced

can be written as

Sm X <|»]./2H2 - Sm X, + HX.

3 2
Weller. Axe, and Pettitl2 found that occasionally as much as 407 of the
Sm3+ is reduced to Sm2+ in the absence of any deliberately added reducing

agent in Can:Sm, a process which they wrote as

SmF3 - Ssz +1/2 Fz.

In the perovskites, fusion under hydrogen produces relatively little Sm2+.
Significant concentrations of divalent Sm must be produced in these hosts by

the addition of samarium metal. The other rare-earth ions also show a



resistance to reduction in the perovskites. The compounds with larger alkaline
earths, such as KCaF3. readily incorporate Ln3+. Pieces of a pulled opaque
polycrystal of KCaF3:Dy3+ were irradiated with y-rays or heated in calcium
metal vapor. Color centers were formed in the irradiated sample, but no re-

duction of the rare earth by either process took place. Treatment of the

3 0

RngF3:Dy3+ crystal pulled from the melt highly concentrated with Dy + + Dy,
with Ca or Mg vapor did not produce Dy2+ or visible coloration of the crystal.
The difficulty of reduction of the rare earth in the perovskites remains
a puzzle., The different modifications of the crystal structure show the same
behavior. It would be of interest to know in more detail what is occurring
in the molten state. In the Czochralski apparatus the rare-earth metal was
observed reacting vigorously with the melt. After apparent solution took
place. the melt became quiet and clear. Upon solidification, the metal was
found dispersed on the bottom, trivalent rare-earth fluorescence was found,
with very little divalent fluorescence. These hosts may favor the dispropor-
tionation reaction (see Section II.C.) or the metal may dissolve in these
hosts without much reaction with the trivalent. The use of high-temperature
absorption spectroscopy would aid immenscly in answering these questions.
The overall behavior of the perovskites is similar to that of the sulfides.
In both classes of compounds, europium is readily made divalent, while the

reduction of Sm3+ is marginal and the other rare earths remain trivalent.

B. HALOFLUORIDES

Preliminary preparations indicated that BaFCl was easier to grow as
single crystals than BaFBr, SrFCl, or CaFCl. The single-crystal growth of
Ba™Cl itself is quite complicated; therefore, most of the effort was
restricted to this material. Representative smaller crystal sections of the
other hosts doped with rare earths were, however, prepared for evaluation.
These host crystals all grow as laver structures; that is, all similar atoms
are in one plane, with two adjacent planes of Cl atoms having such weak bonds
between them that a very easy cleavage plane results. Because of thi. easy
cleavage plane, the crystalline material is micaceous, and the growth of
optically clear single crystals is difficult. 1In Fig. 2, the crystal structure

is drawn in such a way (Cl atoms chosen as edges of the unit cell) that the

16

e



(100) CLEAVAGE
BETWEEN C! PLANES

Fig. 2. Crystel structure of BaCIF
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two adjacent Cl planes of easy cleavage and the layer position of the other
atoms are clearly illustrated relative to one another. In Table 3, pertinent
data are tabulated of the findings of a single-crystal x-ray study.

The best optical-quality crystals were grown by the gradient freeze
method. A gradient of at least 30°C/in., and a slow cooling rate of about
0.6°C/hour were found necessary to obtain optically clear crystals. For
lover gradients and faster crystallization rates the crystals became translu-
cent, because of the numerous twinnings and slippage in the easily cleaved
(100) planes.

Figure 3 shows the furnace used and its temperature gradient. The quartz
tube enclosure with the crucible in position during crystal growth in a
hydrogen atmosphere is also illustrated. The bottom of the growth crucible
is located at 1020°C for BaFCl. The temperature gradient rises linearly for
about 4 inches up the crucible to a temperature of 1150°C, giving a gradient
of about 32°C/in. The rate of cooling the furnace using a West Instrument
Disk Programmer is illustrated in Fig. 4. The plotted temperature is the
temperature at the tip of the crucible as a function of time during the
crystal growth period. At the start of the crystal preparation the tempera-
ture is 1020°C at the tip of the crucible. The furnace temperature is pro-
grammed down linearly for nine days to a temperature 890°C at the tip of the
crucible, thus giving a 0.6 °C/hour decrease in temperature. A check has
shown that the gradient remains in the range of 30°C/in. during this lowering.
By this procedure the freezing point travels up the crucible so that with the
0.6°C/hour lowering of temperature and the 30°C/in. gradient it takes 50
hours to freeze one inch, or in one hour 0.02 in. of crystal freezes out.
After nine days, the temperature is lowered at a faster rate, as shown in
Fig. 4. The crystal is removed about 14 days after the start of the program.

The crystals were grown in graphite crucibles of two sizes, the larger,
1-1/4 in. 0.D., 6 in. long with a 1/16-in. wall having a 45° cone on its end,
and the smaller, with a 3/4 in. 0.D. of same length and wall thickness, with
a 66° cone tip. The crucibles were machined from a special -grade, high-density
graphite (Grade ZTA) obtained from the National Carbon Company. This was the
only available graphite that was found satisfactory as crucible material. The
crucible was loaded with the material to about the full height of the 6-in.
length; however, upon melting, the final height of the crystal was about 4 in.
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TABLE 3
PbFC1 STRUCTURES (TETRAGONAL)

Space Group: D7éh - Pé/nnm
- BaFCl
Lattice constants: a = 4,380 &
c=7.212 8
Distance between Cl-Cl planes: 3.74 R
Atoms positions:
2F 3/4, 1/4, 0; 1/4, 3/4, 0
2Ba 1/4, 1/4, z; 3/4, 3/4, Z; 22, = 0.205
2C1 1/4, 1/4, 2; 3/4, 3/4, Z; 22, = 0.355
BaFBr
Lattice constants: a =4.503 &
c =7.441 R
Distance between Br-Br planes: 3.88 X

Atoms positions:
2F 3/4, 1/4, 0; 1/4, 3/4, 0
22 1/4, 1/4, 2; 3/4, 3/4, Z; 22, = 0.191
Z;

2B 1/4, 1/4, 2; 3/4, 3/4, 22y = 0.349

stFCl
Lattice constants: a=4.1408%
¢ = 6.595 &
Distance between C1-Cl planes 3.50 &
Atom positions:
2F 3/4, 1/4, 0; 1/4, 3/4, 0
28t 1/4, 1/4, 7; 3/4, 3/4, 2; 275 - 0.200
2C1 1/4, 1/4, 2; 3/4, 3/4, Z; 22, - 0.355
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The large crucible was used to grow crystals in a pure hydrogen atmosphere

(H, purified through Pd), and the smaller crucible was used to grow crystals
in-a vacuum. The vacuum growth was carried out by sealing the loaded crucibles
in evacuated quartz ampoules with initial vacua in the range of 10-& to 10-5
torr.

The graphite crucible was satisfactory for most of the preparations made.
However, only the Sm rare-earth impurity could be extensively reduced to the
+2 valence state with hydrogen, while other rare earths such as Dy and Ho
were reduced with hydrogen only very slightly. It was necessary to try a

more drastic reduction reaction such as a reaction with free metal. An

illustrative reaction would be

2 DyCly + Dy = 3 DyCl,

This reaction could not be performed in graphite since the rare-earth
metals react with graphite, forming carbides. The only suitable material is
molybdenum. Several molybdenum crucibles were made and a few crystals were
grown. The crucibles were 6 in. long, 1 in. in diameter with a 45° cone tip;
the side walls were 0.015 in. thick. The crucibles were difficult to con-
struct since the cone tip had to be machined from a solid molybdenum rod, and
the upper tube had to be welded from sheet stock. The tube was then welded
onto the cone. Because of the difficulty in welding, only a few leakfree
crucibles were constructed.

The pure BaCl,, BaBr,, or SrCl, used as raw material for the crystal

zrowth had to be purified. since maierial of sufficient purity could not be
purchased. The BaF, was purchased from Harshaw Chemical Company as optical-
zrade crystalline s;ctions, which had been prepared by melting a large batch
of the purest powder available, and then picking out from the frozen melt
portions which were optically clear. To purify the BaClz, Balrz, or SrClz‘
reazent-grade material was dissolved in distilled water and extraneous in-
soluble material was filtered out. The filtrate was then recrystallized and
heated above its melting point in a platinum crucible in air to burn out
orzanic matter. This is a necessary step, since all sources of these salts
contained soluble organics. which were entrapped during crystallization from

water. The air-heated salt wa< dissolved in di<tilled water and recrystallized

azain. The material was then dehydrated in a vacuum oven. The anhydrous
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salt was melted (at 1000°C) in an atmosphere of pure H2 (purified through Pd)
and anhydrous HCl gas. The rare-earth impurity was introduced at this stage

of the preparation either as the chloride or the oxide. Organic contaminants
were removed from the HCl gas by passing it over a quartz tube coﬁtaining
quartz rings at 850°C. The salt was heated in the HZ-HCI gas stream in a
high-density ZTA graphite boat, 6 in. long, 1-1/4 in. high with 1/8-in. wall
thickness contained in a demountable quartz tube to well above its melting
point for about 6 hours. The material was then broken up, and heated again the
same way. This procedure was repeated four times to obtain suitably pure
material. A satisfactory process previously described,* in which the material
is melted in a quartz container with a fritted bottom through which the gases
are bubbled into the molten salt, was also used. For the best optical-quality
crystals, however, it was necessary to HCl-treat the salt at least once more

in a graphite boat. After thorough HCl treatment of the purified salt plus
impurity, a molar equivalent of Ban was added for the preparation of the barium
halofluoride. This charge was then melted in a high-density ZTA graphite boat
in pure hydrogen at 1050° and cooled to room temperature in hydrogen, after
which it was loaded into the cone-tipped growth crucible, If the growth was to
be done in hydrogen, the crucible was positioned in the furnace and the quartz
tube flushed thoroughly with purified hydrogen. The gas was flowed from top to
bottom of the furnace with all gas connections of glass or metal. For vacuum-
grown crystals the crucible contained in the evacuated quartz ampoule was
positioned in the furnace. The furnace was then turned on, and when the bottom
end of the growth crucible was above the melting point of BaClF (1020°) the
temperature controller was set at 1020°C, and the furnace was allowed to come
to equilibrium overnight. The programmer lowered the furnace temperature at
the rate of 0.6°C/hour for 9 days, and then at a faster rate as previously
described. The crystals could easily be withdrawn from the graphite growth
crucibles by gentle tapping to allow reuse.

Thus, single crystals were grown of the hosts BaFCl, BaFBr, SrFCl, and
CaFCl, undoped and doped with various rare-earth impurities. Llarge optical-
quality single-crystal sections (at least 3/8 x 3/8 x 2 in.) of BaFCl, and
BaFCl:Sm2+, and smaller sections of optical quality in the range of 1/4 x 1/4 x

3/4 in., of all the other materials were obtained.

* Semiannual Progress Report No., 2, p. 4.

23



Attempts were also made to incorporate trivalent rare-earth ions, but in
all cases the solubility of these cations was so low that only traces could be
obtained, too low for lasing properties. By compensating with oxygen using
LnOCl rather than LnClB, however, the solubility of the rare-earth impurity
can be increased in the host (see Section III.A.2a)., Attempts to compensate
the 3+ rare earths with K+ cations to increase their solubility was also
attempted, but was not successful. Using the above-mentioned growth pro-
cedure, the various optical-quality crystals were prepared and are enumerated
in Table 4.

BaClF was also grown by the Czochralski method under conditions similar
to ihose used for RngF3. The seeds were obtained from gradient freeze pre-
pared crystals. The Czochralski method required very pure material and, in
addition to the purification normally given to the BaClF starting materials,
the BaClF was also given a rapid gradient freeze treatment. The top portion
of the boule, which often appeared frosty due to impurities or nonstoichiom-
etry, was discarded, and the lower portion was used as the Czochralski charge.
Crystals prepared by the Czochralski method are listed in Table 5.

In the experiments with rare-earth metal and BaClF, the metal again
reacted vigorously with the molten salt. Unlike the case of RngF3, the
molten BaClF did not become clear, but a fluctuating network of dark lines
following the liquid turbulence patterns persisted throughout the period of
crystal growth.

C.  THE STABILITY AND RETENTION OF DIVALENT RARE-EARTH IONS

The reoxidation of divalent rare-earth ions is the main obstacle to the
successful preparation of these optical masers. This is true to some extent
for the case of the in situ reduced ions and is almost the complete statement
for the case of the a priori reduced ions. The crystals in which Ln2+ has
been produced by in situ methods generally require a post-reduction annealing
to achieve uniform optical and mechanical properties. Rarely has the I.n2+
survived the annealing step. Even Sm2+ has been found to reoxidize as a
result of annealing. While the a priori methods yield the required concentra-
tions of an+ in rapidly quenched samples, only in a few rare instances has
Ln2¢ been found in a crystal after the long periods of time at elevated

temperatures necessary for proper crystal growth. An understanding of the
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TABLE 4

Crystal No. Composition¥* (In Moles)
Vacuum-Grown Crystals (Graphite Crucible in Evacuated Quartz Ampoule)
LP-2 BaFCl
LP-3 BaFBr
L-17A BaFC1:0.01 SmCl,
L-18B BaFC1:0,00075 TmClg
L-20A BaFC1:0.001 DyCl
L-24 BaFC1:0.001 NdCl,
L-30 BaFC1:0.001 SmCl
L-31 BaFC1:0.01 NdC13:0.01 KC1
L-32 BaFC1:0.01 DyCl3:0.01 KCi
L-40 BaFBr:0.01 SmBr,
L-41 BaFC1:0.005 SmCi,
L-42 BaFBr:0.005 SmBr2
L-45 BaSrF;,Cl1,:0.01 SmCl,
L-49 BaFC1:0.001 DyCl1,:0.005 Dv (metal)
L-52 CaFC1:0.0025 HoCI,
L-59 SrFC1:0.0025 HoCl,
L-n2 BaFCl1:0.0023 Hules 1a gronbite
p— 1
Hydrogen-Grown Crystals (Graphite Crucible)
! L-55 STFC1:0.005 SmCl
| L-58 BaFC1:0.005 SmCl,
‘ L-61 BaFC1:0.0025 HoCl,
. L-64 | BaFC1:0.01 HoClj
L-67 SrFC1:0.01 DyCl,y
L-71 ' BaFC1:0.01 DyOC1:0.01 DyCl,

Hydrogen-Grown Crystals

(Platinum-Lined Crucible)

L-60 ;
L-63

STFC1:0.01 HoC1,:0.005 Ho ‘metal)
BaFC1:0.01 DyCl3:0.005 Dy (~etal)

T

Hydrogen-Grown Crystals (Molybdenum Crucible)

SrFC1:0.01 DyCl3:0.005 Dy (metal)
BaFC1:0.05 DyG1.:0.025 Dy (metal)

Represents dopant added, but due to segregation during crystal irowth
dopant concentratior decreases, and final concentrations are smaller.
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TABLE 5

CRYSTALS PREPARED BY CZOCHRALSKI METHOD

CRYSTAL

REMARKS AND OBSERVATIONS

BaClF (pure)

+

BaCiF:Sm°"  (0.0lm%). . . .
BaClF:Sm>* (0.5m%) . . . .
BaCIF:Ho . « + o o v v v .
BaCIF:Tm . « + + « o « . .
BaCIF:DYOCl . . . . . . . .

Crystals are similar to gradient
freeze crystals, Some micaceous
cleavage. Broad-band emission (see
Section III.A.2a).

Grown with 2% H, in He gas flow to re-
duce Sm3¥, Crystal is clear, has
strong Sm?* fluorescence, no Sm3t.

Grown with 2% Hy in He gas flow.
Crystal is yellow-orange, but is
lighter than the residue. Sm?* fluo-
rescence is very strong.

Total Ho is 0.1 mole % with HoF. and
Ho metal added. Crystal quality is
very poor and is deep-blue due to
color centers., Filaments of Ho metal
dispersed throughout crystal, Ho3t
fluorescence, almost no HoZt emission
in crystal, some in pot.

Total Tm is 0.6 mole % with TuF;+Tm
metal added. Crystal quality is poor;
many bubbles and inclusions. The
color is blue-green on outside with
pink core. This {s due to color
centers, Some metal inclusions. Very
weak Tm?t emission, some Tt in
crystals. More Tm* emission from
pot. Considerable Sm + contamination ,
probably from Tm metal.

Broad-band emission and little Dy3"’
emission (see Section I11.A.2).
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mechanisms through which this reoxidation occurs is necessary if suitable
host crystals with divalent rare earths are to become a reality.

Reoxidation may be caused by the presence of oxidizing impurities, such
as oxygen, water, the halogens, carbon dioxide, hydroxyl ions, the various
hydrogen halides and more readily reducible metallic ions, Group II B or
transition metal ions. These are present to some extent in the starting
materials themselves, are adsorbed onto the surface of the materials during
handling, and are in the inert gases used during preparation and purification.
Consider the case of a priori reduction prior to Bridgman growth. If
stoichiometric amounts of reducing agent, as rare-earth metal or alkaline-
earth metal, were added, the above-mentioned impurities are more readily
reduced than Ln3+, and the extent of reduction is correspondingly decreased.
Some of these impurities may also be introduced during Bridgman growth by
the sealing off of the quartz ampoules, the outgassing of the quartz and
crucibles into the evacuated sealed ampoules, and the attack of the melt or
crystal on the quartz containers. An estimate of the contribution to the
impurity level due to the degassing of quartz can be made from previously
published data. Ekstrom and Heisbergl3 found that greater than 1018 molecules
were desorbed from an acid-cleaned, partially prebaked quartz tube, 2 cm i.d.
and 30 cm long (approximately 200 cm2 inner surface area), which was heated
to 1100°C for a 15-hour period.

Mass spectrometric examination showed that more than 80% of the desorbed
specics were of an oxidizing nature. Quartz tubes of comparable surface area
were used in our Bridgman growth, and longer periods of time at high tempera-
tures were involved. The pressure in a sealed quartz tube held at 1000°C was
found to increase by an order of magnitude or more as the time was increased
from 10 to 80 hour:.la A suitable estimate of the impurities due to the de-
gassing of quarcz {is 10'S moles, and since water and oxygen are the main
impurities about 2:(10'S moles of divalent ions could be oxidized to the
trivalent state. The average melt was a dilute solution of rare earth
ranging in concentration from 0.005 to 0.1 mole percent, and the quantities

6 to 1072 moles. Thus, from one source of

of rare earth varied from 10~
impurity alone a good fraction of the divalent ions can be lost during growth.
The sum total of impurities from all sources may be sufficient to oxidize

completely the small quantities of divalent rare earth.
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The loss of divalent rare earth produced by a priori reduction in
materials heated in the Czochralski apparatus was undoubtedly due to oxidation.
Crystals of BaClF, for example, which were pulled in this apparatus fluoresced
very strongly in the broad-band emission characteristic of oxide contamination.
The large flow of helium sweep gas and the numerous seals and joints make it
difficult to exclude oxidizing impurities from this apparatus.

The loss of divalent rare earth from crystals as the result of annealing
may also be due to oxidation. The source of oxidation may be internal in
that OH™ or HX may be occluded or dissolved in the crystal, or the oxidizing
agent may be in the external environment in which the crystal is being
annealed. At high temperatures, an electron may be readily ionized from the
Lo?* and subsequently combine with the internal OH™ or HX to produce 02" or
H. The electron may also migrate through the crystal and ;eact at the sgtface.
+ +

2:Sm and SrFZ:Sm R

with the Sm reduced by hydrogen during Czochralski growth were annealed at

In either case, Ln3+ results. Several crystals of CaPf

1200°C in recrystallized alumina tubes under a dynamic vacuum of 10'8 torr.

The crystals became much paler in color as a result of the annealing, indicating

a loss of Sm24. Thermodynamically, sz

Snz+ could only have occurred through direct oxidation.

+ is a stable ion, and the loss of

The foregoing discussion indicates the need for further improvement in
the techniques of material preparation and handling to reduce the concentra-
tion of oxidizing impurities to levels which will not significantly affect
the concentration of divalent rare-earth ions. It is of interest to note
that {n the most carefully prepared samples in which BaClF was grown under a
highly purified hydrogen flow, divalent rare earths were obtained.

Another way in which reoxidation could occur is through an auto-oxidation
reduction mechanism or disproportionation of the an+ itself. This process,

24+ 3+ +

3ln” 2 2Ln Ln ,

is the reverse of the a priori method of reduction using metallic rare earth.
In a previous report,* this mechanism was described in detail and was
emphasized rather strongly. There is much evidence for disproportionation
from studies on the pure rare-earth halides. In the Pr-PrCl3 system,

Druding and Corbettls found that the phase PrClz.3 (approximately PrClzoPrCI3)
*Semiannual Progress Report No. 2, p. 3.
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was stable above 594°, but that below this temperature apparen. disproportiona-
tion to Pr and PrCl3 took place. On the other hand, in the Nd-NdX3 systemsl6
the phases NdClZ, NdC12.27. Nd012.37, and Nd12 were stable at low temperatures
and as little as 3 mole percent Nd in Prl_x(Ndx)Cl stabilized the PrCl

2.3 2.3
phase. The existence of Prz+ in the molten chloride was also clearly indicated

from vapor pressure measurements of PrCl3 above solutions of Pr and Pr013.17
From a thermodynamic study of the NdClz-NdCI3 system, Polyachenok and Novikov18
calculated that NdCl2 should be stable above 227°K (-46°C) and should dis-
proportionate into NdCl3 and Nd below this temperature. Using the same value
of the entropy of disproportionation obtained from the Nd system for the

other rare earths and making other rough approximations they estimated /H®°

and "F° fcr the disproportionation reaction for the other rare earths. Using
these data the temperatures below which the divalent state is unstable were

calculated, and the results are shown in Table 6.

TABLE 6

ESTIMATED INSTABILITY TEMPERATURES FOR DISPROPORTIONATION
FOR DIVALENT RARE-EARTH IONS

Rare-Earth Ion Tinst( K)
La 8550
Ce 7550
Pr 2300
, Nd | 227%
) Pm (‘)
Sm (-)
Eu ‘ (-)
Gd 8600
Tb 7860
Dy 1465
Ho 1800
I Er 533
| Tm . (-)
| Yb (-)
! *Calculated from thermodynamic
measurements.
(-) indicates a negative

temperature,
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Thus, above T, the divalent state is favored; below this temperature dis-
proportionation vccurs, For the case of a solid with a rare-earth impurity
(0.05 mole percent, for example) the nearest neipghbor distance between rare-
earth ions is from 15 to 20 lattice distances depending on the host, if one
assumes uniform rare-earth distribution. For disproportionation to occur, a
giver. divalent ion must capture over these long distances two electrons which
were thermally ionized from other Ln2+. The details of this process were
presented previously* and are summariced below.

It was postulated that at elevated temperatures the electron combined
with an anion vacancy through a tunneling process and the resultant Ln3+ was
stabilized by combination with an anionic interstitial. The electron was
transferred through the crystal by exchange hopping and through the mobile
anion vacancy. Disproportionation occurred when two such electron-vacancy
complexes were captured by a divalent ion. In view of the dilute nature of
the solid solution and the low free electron density, the recapture process
is equivalent to a three-body collision, a not very probable event. The dis-
proportionation process should therefore proceed very slowly under these
conditions, and the divalent state should be stable in a frozen-in equilibrium
in dilute solid solutions.®* Thus, disproportionation should be negligible

in hosts whose melting point is above the Tin . The melting points of the

st
qosts used lie between 1200° and 1400°K. Taking account of the uncertainties
in Tinst in Table 6, one sees that in addition to the well-known Yb2+, Eu2+,

24+ 24+ 2+
r

and Sm2+, the ions Nd~ , E , and Tm~ should be quite stable; Dy2+ and H02+

represent marginal cases of stability, and the other rare earths should be

unattainable in the divalent state. The estimated Tinst for Pr is 2300°K.

disproportionated, found from phase studies,15

The temperature at whi.n PrCl, 3

was 530°C(867°K), a substantially lower value than the rough estimate.
CarbettT also found a congruently melting DyCI2 in the Dy-DyCl3 system which

iz stable at room temperature. The stable compound, TmIz, isostructural with

Yol., has also been reported.U We have attempted to prepare with little

2+ + +
success N&T Tmz . Prz

-

. and Dy2+ in various hosts whose melting temperatures
are above the measured, calculated. or estimated temperatures of disproportiona-

tion. In view of the argument that disproportionation temperature is much

* Semiannual Progress Report No. 2, p. 3. 15
*% The PrCl; 5 disproportionation was deccribed as 'rather sluggish,' = thus
indicating that this reaction is slow even in the pure rare-earth systems.

4+ J. D. Corbett, Iowa State Univer-ity, unpublished data,
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below the melting point of the host, disproportionation does not seem to be a
likely mechanism for the loss of Ln2+.

An alternate possible reoxidation mechanism not subject to the objections
which were raised against disproportionation is that of electron trapping by
the host, Consider a2 solid containing Ln2+ at a high temperature. If re-
oxidation is not due to disproportionation or oxidizing impurities, then the
thermally ionized electron from the reaction Ln2+ - Ln3+ + e must be captured
at some other type of site, An obvious candidate for such site is an anionic
vacancy. The anionic vacancy concentration is quite high in alkalire-earth
halides at temperatures near the melting points. Solid-state electrolysis
studies indicated that the anions were significantly more mobile than were the
cations, and thus the majority of the thermally produced vacancies will be

anionic (anti-Frenkel type). The process can be represented by the following

equations:
. 2+ 5 M+, - - .
MX, (perfect crystal):Ln e MXZ:(Ln +e + Xv + Xi
3+ - - -
- MXZ.Ln + X1 + Xv.e ) .
X; and x; are anionic vacancies and interstitials. An electron captured in

this manner constitutes a color center and should absorb light in the visible
region of the spectrum, Crystals of CaFZ:DyZ+ which were annealed were color-
less. The particular color centers formed in this way and influenced by the
presence of Ln3+ impurities may absorb in the uv. It is knownzo that color
centers in CaF2 produced by irradiation are different from those produced
additively by a Ca vapor bake. Recently, Fong* has found color centers in
CaPZ:Dy and CaPzsz at 3300 Rzind 23002§, which are associated with the thermal
bleaching of y-ray-reduced Dy" and Tm . A study of the absorption behavior
with cycling of the oxidation states of rare earths in these hosts is very
much in order. 1If such electron traps exist, then it might be possible to

obtain an+ by emptying the traps with energetic radiation.

D. PURIFICATION AND GROWTH OF ALKALINE-EARTH HALIDES

Essential to many of these investigations is the attainment of high
purity of the crystalline hosts. While specific purification procedures are
* F. K. Fong, North American Aviation Science Center, unpublished work.
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described in the appropriate sections, a general method which was employed
both for purification of starting materials and for the preparation of crystals
of simple salts such as SrCl2 is discussed here. The example given is for
S$rCl,:Tm since it is a promising system, but the procedures are applicable in
gene;al to the chlorides and bromides of all the alkaline earths,

The starting material is reagent grade SrC12-6H20. The salt is used as
purchased or is dissolved in distilled water, filtered to remove insoluble
20 is de-
hydrated in a vacuum oven to remove the major portion of the water of hydration.
The dried salt, the required amount of TmCl3, and possibly NaCl or KCl as

charge compensator are rapidly transferred to a special quartz tube fitted

impurities and recrystallized as the hexahydrate. The SrClz-6H

with a medium pore quartz frit.* Purified argon is passed through the salt
supported on the frit while it is heated to ~400°C for further dehydration.
Dried and cracked (to remove hydrocarbons) HCl gas is then sent through the
frit and salt while the temperature is raised to above the melting point
(875°C). The HCl is bubbled through the molten solution for several hours.
The molten salt is then flushed with argon and vacuum filtered through the
quartz frit into a Bridgman growth ampoule which is then sealed off under
vacuum. The sealed ampoule is placed in a vertical Stockbarger furnace with
the tip at the bottom of the upper zone held at 900°C. The lower zone is at
800°C and the growth gradient, 20° to 30°C/inch. The SrCl, is lowered at the
rate of 1 in./day into the lower zone and the crystal, cooled from 800°C to
Toom temperature over a period of three days,

The resulting single crystal is clear and strain-free. Occasionally, the
top was white and optically scattering, perhaps from the segregation of a high
concentration of oxide or other impurities. The thulium impurity was reduced
to the divalent state by either y-irradiation, calcium metil vapor baking, or

solid-state electrolysis.

* Semiannual Progress Report Nc. 1, p. &.
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SECTION i
SPECTRAL STUDIES

A.  HALOFLUORIDES

1.  Introduction

With respect to structure and chemical stability, the halofluorides
appear to be ideal host substances. However, there have been extremely diffi-
cult problems associated with the fabricaticn of a successful laser. Leaving

aside, for the present, the special case of Sm2+

, the central problems have
been the growth of satisfactory crystals and incorporation of divalent lantha-
nides in concentrations sufficiently high to lead to laser action. Procedures
for satisfactory crystal growth have now been worked out and are described
elsewhere in this report (Section II.B.). Incorporation continues to present
serious difficulties. In view of the uncertainty about the extent to which
the divalent rare earth disproportionates during crystal growth and because
of the attractive aspects of in situ reduction by radiation, electrolysis, or
cationic vapor treatment, we have investigated the conditions under which
trivalent rare earth can be introduced substitutionally in halofluorides. For
this study, we chose Dy3"’ as the impurity ion and BaClF as the host material.
Dysprosium was selected as the active impurity; first, because Dyz"‘ in CaF,
has yielded a particularly successful laser system with good cw operating
characteristics and very low threshold. It would be anticipated that the
advantages of having this ion in a host of low symmetry such as the halofluo-
rides should result in even greater efficiency of operation. Second, as a
chemical probe for the study of oxidation-reduction characteristics of rare
earths and of incorpnration, Dy, lying in chemical activity about midway
between the difficult-to-reuuce and easy-to-reduce rare earths, is expected
to exhibit typical chemical behavior.

2 Dysprosium

The energy level scheme for trivalent dysprosium (£9) is illustrated in
Fig. S. The most prominent fluorescence occurs from the ‘F9 /2 state to the
6H15,2 and 6.‘{13/2 levels, yielding visible blue and yellow light, respectively.
The high intensity of the "I-‘g,/2 —96}{13/2 fluorescence transition found in
most hosts indicates that, given an efficient method for pumping, this iom
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would be suitable for use in a 4-level visible laser. From the point-of-view
of this study, however, these transitions serve only as analytical probes for
following the oxidation-reduction process and for studying incorporation.

Dyl+ is isoelectronic with Ho3+, and the energies corresponding to the
4f levels can be derived from those of Ho3+ through the use of the factor
0.85 to account for the lowered nuclear charge as suggested by McClure. This
vields the level scheme for the transitions of interest illustrated in Fig. 5.
In CaF,, laser action occurs between 517 and the crystal field components of
518. It is either a three-level or a four-level system depending on the

temperature of operation,21

the output occurring in the infrared near 2.4 u.
These transitions may be employed for unambiguous identification of the
presence of the divalent species.

In a typical alkaline-earth-halide host such as SrCl,, trivalent dyspro-
sium, at a nominal concentration of 0.05 mole percent, behaves in the expected
manner. Under excitation by 3650-& Hg light it fluoresces from the 4f states,
primarily from the 4?9/2 level to the 6H13/2 and 6H15/2 levels of the ground
state, yielding emission in the yellow and blue regions of the spectrum (Fig.
6).* The excitation spectrum resembles closely the absorption spectrum for
an aqueous solution of Dy Clj (Fig. 7).

In contrast to this behavior, single crystals of BaClF, into which we
have tried to introduce Dy3+ during growth, do not fluoresce upon excitation
by 3650-4 radiation. In many samples, fluorescence, characteristic of Dy3*,
is found upon excitation with 2537-4 Hg radiation, while in others, under
similar conditions of excitation, this emission is nearly totally obscured by
an intense broad fluorescence band in the yellow-green spectral region. The
excitation spectrum for the Dy>' emission (e.g., for the Dy3* aF9/2 -o6H13/2
transition) is not characteristic of absorption into the 4f manifold of the
dysprosium ion as in SrClz:Dy3*, but rather consists of a broad, slightly
structured band extending from 3500 X to higher energies. Samples of "pure"
(i.e., undoped) BaClF also fluoresce under 2537-3 Hg excitation exhibiting a
fluorescence band shifted slightly to shorter wavelengths compared with that
of the Dy-doped crystals.

* In Fig. 6, the intense emission in the vicinity of 7000 X is from a trace of
Smé* contamination in this particular specimen. The intensity of the Sm?+
fluorescence is indicative of the generally greater efficiency of the diva-
lent rare-earth species.
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a. Optical Characteristics of the Host - Considering first the host, while

the absorption spectrum of BaClF, known to be free of impurities, has not been
observed, from analogy with the behavior of other alkaline-earth-halide com-
pounds such as SrCl,, the absorption caused by band-gap transitions would not
be expected to occur at wavelengths longer than about 2000 R. The samples of
"pure' BaClF which exhibit visible fluorescence under 2537-& excitation (Fig.
3) bezin to absorb noticeably at about 3500 A (Fig. 9), even in extremely thin
lavers and, are absorbing strongly at 2000 R. Therefore, it must be concluded
cthat this observed absorption-luminescence in ''pure" material is a consequence
of the presence of unspecified impurities. Because of the high stability of
alkaline-earth oxides and the difficulty of removing them once formed, it can
be assumed that a major contributor to these absorbing states is oxide. 1In
samples containing Dy3+ as indicated by the fluorescence spectrum and known to
be contaminated with oxide (e.g., sample L-65) absorption in the range 2000
to 3500 & is even more intense (Fig. 9).

5. 913* in BaClF - The absence of excitation or of observable 4f-4f absorption
in the Dy3*-doped samples can be interpreted as the consequence either of a
very low Dy3* concentration resulting from segregation during growth or that
for some unaccountable reason the 4f-4f transitions are improbable in this
particular host. The observations suggest that the Dy3+ enters the host
substitutionally for Ba’* and that charge compensation is brought about by

the substitution of 0°" for fluoride or chloride. Since DyOCl is isostruc-
tural with BaClF, and since efficient energy transfer occurs between the uv
absorption band and the 4f fluorescent levels, a significant number of the
Dy3* sites are —ost likely associated with 02" as a nearest neighbor. Further
evidence for this conclusion is seen in Fig. 10 which shows the splitting of
the QFQ/: -’6H131; transition with increasing 02~ concentration. Curve A
(sazple L-63) was taken from a sample which contained 1 mole percent Dy added
as DyCl, plus a slight excess of Dy metal. The crystal was contained in a
platinun-lined graphite crucible and grown in a purified H, atmosphere by the
gradient freeze method described elsewhere in this report (Section I11.B.).
Curve B (sazple L-65) was prepared in the same manner, except that a molybde-
num crucible was ezployed for growth. During the crystallization period a
s=all fraction of the melt leaked through a crack in the molybdenum crucible

and attacked the quartz protective tube, presumably releasing some 02 into the
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-

H. stream. Curve C represents a sample (95-70) which was prepared with the
identical mole fraction of Dy, but in this case the rare earth was added as
DvOCl. The increased splitting with increased oxygen concentration is indica-
tive either of increased site multiplicity or of the influence of nearest
neighbor (pair) interaction. To gain further information concerning the nature
of the Dy3* environment, sample (95-70) was diluted 10:1 with pure BaClF and
a crystal grown by the Czochralski method in an atmosphere of purified H, and
He. Fluorescence spectra of the crystal and of the residual material are shown
in Fig. 11. It will be noted that no significant change has occurred in the
lines ascribed to the D_v3+ “Fg/: —~6H13/2 transition. There appears, however,
a brecad band underlying these lines. The line-to-band relative intensity is
decreased in the crystalline material relative to the residue, indicating
segregation of the D)'3+ into the residue. The origin of this band is not
known at present, but it should be noted that the fluorescence band (Fig. 8)
of pure BaClF is also of similar nature, but shifted at peak intensity toward
the violet. Dilution of the original (95-70) material by one order of
magnitude without significant change in the Dy3+ splittings is satisfactory
evidence that the splittings are not caused by Dy3+ - Dy3* interactions but
rather are a consejuence of site multiplicity probably brought about by 0*-
charge cocpensation lying either as a nearest neighbor to a Dy3+ substituted
Ba-~ lattice site or at some point removed irom the rare-earth iomn.

Since the Czochralski technique in this material favors the removal of
the i=purity ion fro= the crystal concentrating it in the melt, a single
experinent was pericrmed in which a large crystal containing 5.0 mole percent
DyOCl was grown 5v the Bridgman technique in the hope that, if segregation
were o occur, it would appear as a concentration gradient in the final crys-
tal. This procedure vielded a large crystal of good optical quality. No
fluorescence was excited by 3650-% light as in previous specimens, and a
vellowishewhite Ziuvrescence was produced by 2537-K illumination. The result-
ing flucrescence :-ectrum (Fig. 1z) shows ~nl: 1 trace of structure attribut-
able to Dy3’ and 2n extremely intense band, thus confirming the conclusion
that the band is associated with O°~ in the lattice. An absorption study of
a thick (5+m=) sei—ent ¢f this crystal sho.s srme similarity to the corrected
(see Section 1V of :this report) excitation spectrum for Dy3* ‘F9/2 -.°n13,2
fluorescence in more dilute samples (Fig. 13) and no absorption in the 4f-4f
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states. Because of the nature of an excitation spectrum, it is not anticipated
that perfect correspondence necessarily will be found with absorption studies.
The agreement, however, satisfactorily indicates that excitation of the Dy3+
is via the 0°" absorption bands.

tne further experiment provides additional evidence that the trivalent
rare earth can only be incorporated in association with oxide as a charge com-
pensator. (Previous attempts at cationic charge compensation resulted in no
significant increase in rare-earth concentration.) The initial objective of
this experiment was to produce material having divalent rare earth. This
aspect of the results will be discussed later. The crystal was grown with a
concentration of 5 mole percent Dy3+ added as the chloride and free metal to
carefully purified starting materials in a molybdenum crystallization tube.
The melt froze in the form of a thick single crystalline shell surrounding and
floating on a polvcrystalline residue. Excitation at 3650 K produces in both
the single-crystal portion and the polycrystalline residue fluorescence
characteristic of the Sm’* contamination (arising evidently from traces of
Sz in the Dy metal), but no Dy3+ emission. Upon irradiation at 2537 x, the

+ exzission is suppressed and a weak Dy3+ line appears (Fig. 14). The

Sz
structure of the Dy3+ lines appears to indicate a very low oxide concentration
which is consistent with the conditions under which the material was prepared.
The low intensity of the Dy3+ emission is a consequence of its low solubility
in BaClF in the absence of oxide charge compensation.

These observations suggest strongly, then, that trivalent rare earth may
be substituted in significant concentrations in BaClF only in the presence of
oxide charge compensation. 1In its absence, the Dy3+ is precipitated in non-
incorporated forms of DyFy or DyCla, both of which do not fluoresce and hence
are not observed by fluorescence techniques.

In view of this conclusion and in view of the fact that oxide-associated
rare earths cannot be reduced in situ, it is clear that reduction must be
carried out by chemical or photochemical methods in the molten phase during
crystal growth, If the results of the smét (Section I11.A.5.) experiments
can be generalized to all rare earths, then the divalent species should
inccrporate much more readily than does the trivalent, This suggests that
successful crystals can be fabricated from highly purified starting materials
by pulling a crystal from a melt heavily doped with rare-earth salt and
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rare-earth metal. The crystallization system must be entirely free of oxygen-
and hydroxyl-producing materials and must be sufficiently tight to prevent

any diffusion of oxygen or water vapor into it.

¢. Dy in BaCIF - Fluorescence, characteristic of Dy2+ has been observed in

a number of BaClF samples treated under a variety of conditions. The spectrum
(Fig. 13) consists of several groups of lines, each of which corresponds within
reascnable limits to a predicted transition based on the Ho* spectrum (Fig. 5).
The excitation spectrum for this emission (Fig. 16) is composed roughly of five
bands extending downward in wavelength from about 7500 A to 4300 A. Presumably,

these bands represent transitions between the 4f and the 5d states.

The =ost intense of the emission lines at ~ 1.4 . arises from the 516 "518

transition. Its intensity is more than an order of magnitude greater than any
of the other exission groups. It consists of three sharp lines at 6974, 7016
and 7067 cz'l, arising probably from ground-state splitting since similar
splittings of ~ 50 en~! are also observed between major components of the
517 —-SIS transition near 2.4 . and the 515 "518 transition near 1.08 u (not
shown on the figure).

This characteristic divalent fluorescence is observed in the following
BaClF:Dy sacples:

(a) Quenched samples treated with Dy metal.

(5) One crystal grown in the presence of Ba metal.

(¢) The starting material for sample L-70 in which no reduction attempt
was nade,

(d) Crystal L-70 grown in molybdenum with Dy metal in H, atmosphere.

(e) Crystal L-63 grown in platinum-lined graphite boat in H, atmosphere.

In general, there are no significant differences among the fluorescence
spectra of these sazples. The fact that divalent dysprosium appears in samples
treated with no deliberately added reducing agent indicates that under appro-
priate conditions adegquate concentration of Dy2+ can be incorporated. In none
of these preparations has the Dyz+ concentration been sufficiently high to
indicate that lasers could be fabricated with the exception of the quenched
sazples vhere crystal quality was too poor.

In this discussion, we have not considered the question of disproportiona-
tion. This aspect of the problem is discussed elsewhere in this report (Sec-
tion I1.C.). It is of interest, however, to point out that in sample L-70,
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fror the fluorescence analysis, very little trivalent dysprosium was detected
while the divalent concentration was substantial. Were disproportionation
occurring in the solid phase, relatively large concentrations of the trivalent
species would be expected to be present. This result, then, argues against

the disproportionation hypothesis.,

d. Dyl* in BaCl> - In considering the question of "spontaneous' reduction

(i.e., those cases where the divalent ion is detected in samples in which no
reducing agent has been employed during preparation), the possibility of
"extraction'" of the divalent ion into one of the residual constituents of the
BaClF host arises from small deviations from stoichiometry. The spectrum of
divalent dysprosium in BaF, is well known and does not resemble the spectra
which we have found. We therefore examined the behavior of this ion in BaClZ.
The sample was a polycrystal which had been reduced by uv radiation in the
molten state. The fluorescence is intense and the spectra of the 517 "518
transition and of the 515 "518 transition (Fig. 17) are significantly
different from that of the BaClF samples. We therefore can conclude that the
spectrun that we have attributed to Dy?* in BaClF is indeed that.

3.  Holmium
Holziuz in BaClF behaves in a manner similar to that of dysprosium. The

solubility of the trivalent species is low in the absence of oxide, and energy
transfer occurs between the oxide-associated states and the emissive states of
Ho3*. The energy level scheme for Ho3* and that of Ho’* derived from the Er3+
isocelectronic system are illustrated in Fig. 18. Upon excitation with 2537-%
light, BaClF:Ho fluoresces in three groups of lines which can be identified as
arising froc the transitions, 5F3 = olg, “F,(’S;) = I, and “Fg - Ig. An
additional group of lines does not correspond to any obvious transition in

2+ Uhich is known

Ho¥* but does correspond to the 502 —;7F1 transition in Sm
to be present as an impurity (Fig. 19).

Fluorescence which can be identified as arising from the transition
&113/2 -9‘115/2 in Ho%* has been observed in several samples of BaClF:Ho. In
those materials which have been reduced with Ho metal and then quenched, the
spectruz contains two groups of lines, one at 5100 cm”l and the other centered
about 5407 cm~! (Fig. 20). The former exhibits a broad excitation spectrum

extending to beyond 1 . in the infrared to about 4000 X in the violet (Fig. 21a).
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The latter set of lines appears on excitation between about 6300  and 4000 &
(Fig. 21b). This accounts for the relatively high intensity of the higher
energy group in Fig. 20, where excitation was by Hg light, rich in blue-green.
Under excitation by tungsten light, the higher energy pair of lines is sup-
pressed, and under the higher resolution possible with the greater fluores-
cence intensity the lower energy pair is better resolved. Furthermore, the
group at 4900 cm'1 is also suppressed and a third line evidently related to
the 5100 cm”! pair emerges (Fig. 22). These three lines at 5110 cm'l,

5076 cm"l, and 4885 cm!
ponents of the transition a113/2 "’4115/2 in Ho®* which are calculated to lie

near 5240 cm"!.

agree reasonably well with the crystal field com-

Further confirmation of this assignment is derived from a study of samples
L-62 and L-61, both of which were prepared from the same BaClF composition con-
taining initially 0.25 mole percent of Ho3+. Sample L-62 was grown into a
single crystal while contained in a graphite crucible enclosed in a quartz
ampoule evacuated to 1074 torr and sealed. This crystal fluoresces strongly
on excitation with 2537-% light, yielding the expected Ho3+ spectrum (Fig. 18).
In the range between 1 . and 3 . no fluorescence is observed either with
2537-2 or 3650-4 excitation. Sample L-61 was grown into a single crystal
while contained in a graphite boat surrounded by a flowing stream of purified
Hy. This crystal exhibits no detectable Ho¥ fluorescence on excitation with
2537 X or 3650 l, but intense fluorescence in the 1.98-. region similar to
that shown in Fig. 19 upon excitation with the Hg lamp.

There are two significant consequences of these results, First, the
influence of residual oxygen in enhancing the solubility of trivalent lantha-
nides is demonstrated in the relative fluorescence intensity of HoX* between
the sample which was grown in a sealed system containing residual air as well
as a source of oxygen in the quartz ampoule. Second, that reduction of HoH*
to Ho?* occurs in the presence of H,, and graphite-provided oxygen is elimi-
nated. Further, the divalent ion is dissolved readily in the growing crystal.
Holmium appears to be reduced more readily than does Dy under similar condi-
tions which is not consistent with the relative reducibility as derived from
the work of Polyachenok and Novikov, 18

The absence of Ho’t in sample L-61 with measurable amounts of Ho?* pre-

sent supports the view that disproportionation is not taking place in the
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solid state. However, since the crystal was maintained in hydrogen as it was
cooled, it is also possible that disproportionation was inhibited by the re-
ducing action of the hydrogen,

4.  Thulium
Trivalent thulium (see Fig. 23), in many hosts, fluoresces in the blue,
green, red, and infrared regions of the spectrum, with the blue transition

1D - 3“& predominating. This transition in SrClzsz3+ is illustrated in

2
Fig. 24. We have not, however, observed any fluorescence attributable to Tm

3+
in the halofluorides, presumably because of the low solubility of this species.
Further, no Tm3+ fluorescence is excited upon irradiation by 2537-% light,
indicating that the energy transfer mechanism operative in the Dy3+ and the
HoB+ systems does not obtain here.

Divalent thulium (513) exhibits the relatively simple energy level scheme

illustrated in Fig, 23, having a 2F7/2 ground state and 2? first excited

state of the 4f levels. Fluorescence occurs between the c3;5t81 field com-
ponents of the 4f levels in the vicinity of 1.1 u, the details of the spectrum
depending upon the host (Figs. 25 and 26). In BaClF, the spectrum (Fig. 26)
consists of a pair of sharp lines separated by 33 cm"1 with some weaker
structure on the low energy side of the lines corresponding probably to
vibrational transitions. The relatively small splitting of the major lines
represents splitting of the 2F7/2 level and is indicative of a relatively
weak crystal field, As a consequence of the small splitting of the ground
state, Tmz+ in BaClF will function as a four-level laser only at temperatures

near that of liquid helium.

5.  Somarium
Divalent samarium in BaClF has been studied in detail over the past three
years and is reported in a number of Technical Reports issued by these

23,24 The energy level scheme for Sm2+ is 1llustrated in Fig. 27

laboratories.
and the fluorescence spectrum in halofluorides in Fig. 28. Because of the
ease with which Sm3+ can be reduced, it is possible to incorporate large
concentrations of sz+ in BaClF and to attain good crystal quality.

In spite of the high fluorescence efficiency, small spectral linewidth,
and satisfactory crystal quality, Fabry-Perot resonators fabricated from this

material do not exhibit laser action. While we have not explored the reasons
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for the absence of oscillation in detail, it is possible to understand this
behavior qualitatively on the basis of the following arguments. First,
although the total fluorescence efficiency is remarkably high, the energy is
partitioned among a large number of lines. Further, there is reliable evi-
dence that nonradiative processes are significant. Second, the 4£-5d
absorption occurs at energies corresponding to twice that of any of the
observed fluorescence lines. It is, therefore, proposed that population
inversion of any given pair of states is difficult to achieve because of the
broad partition of energy. Also, the effective concentration of rare-earth
ions is reduced considerably as a result of the possible transitions from
any excited state to the 5d bands and loss of a significant fraction of this
reabsorbed energy by nonradiative processes.

The study of samarium has also provided further confirmation of our
conclusions regarding the low solubility of trivalent lanthanides in halo-
flucrides. 1t was observed that, while divalent samarium emission was found
in every Sm-containing sample regardless of whethcr or not deliberate efforts
were made to bring about reduétion, Sm3+ emission was not found., A careful
study of many samples grown under various conditions and excited either by

2537-% light or 3650-% light failed to reveal any evidence of Sm3+. In all

samples at room temperature cathode ray excitation does produce weak Sm3+
fluorescence. The intensity of this fluorescence is less in those crystals
vhich are very low in oxide contaminaticn. It follows, then, that the Sn3+
concentration is very low but that this oxidized species is much more
efficiently excited by cathode rays than is the divalent species, o1,
al ternatively, that Sm3+ is initially absent, but is produced in small con-

centration during excitation by the ionizing action of the cathode ray beam.

B. PEROVSKITES

The perovskites with which we have been concerned are those of the
general composition ABP3, where A represents a monovalent cation and B, a
divalent cation.*

The structure is cubic or slightly distorted therefrom, (tetragonal,
orthorhombic, monoclinic, and rhombohedral distortions have been reported)
with the B-ion occupying the center of an octohedron of F~ ions lying at the

* For a more complete discussion of the chemical properties of these compounds
see Section II.A.
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face centers of a cube, the corners of which contain the A-ions (Fig. 29),.
Compositions which are expected to be chemically compatible with divalent rare
earths are those in which the A-ion is an alkali-metal ion, and the B-ion, an
alkaline-earth or alkaline-earth-like ion such as Yb2+. We have conducted a
study of the melting and crystallization behavior of several members of this
class by differential thermal analysis techniques to determine which of the
many possible compounds can be crystallized from the melt.* For the purposes
of this study, we have selected the following compounds as representative

examples with good crystallization properties and desirable optical behavior:
wa}’ KCaF3, NaMgF3, W3-KCaF3, RbCaF3, 10431?3 (see Table 2),

1. RbMgF,

a. Na3t . Nd2+ -- Rare earths dissolved in polycrystalline melts of the
various perovskites exhibit strong fluorescence, characteristic of the triva-
lent rare earth. Upon growth of single crystals from these melts, the rare
earth is fractionated between the melt and the growing crystals. As would be
expected from considerations of charge and ion size, the Mg-containing
perovskites reject the trivalent rare earth strongly while in the calcium-
containing components, the solubility in the single crystal is relatively
high. For example, Nd3+ in a polycrystal of RngP3 exhibits sharp line
fluorescence which can be related to known transitions in Nd3+ (Fig. 30 and
Table 7). There is, in addition, a broad band peaking at 7400 R which is not
related to Nd3+ but vhich contains absorption lines which again can be
attributed to the presence of this ion.

When this melt was then grown into a single crystal by the Czochralski
technique, the fluorescence spectrum was altered to a broad band containing
only vague structure attributable to the Nd” spectrum (Fig. 31). While the
origin of the band both in the melt and in the crystal has not definitely been
established, it is possible that it may arise from the presence of a small
concentration of lld2+. McClure and Ktuu have reported that the lowest
f“'ld transition in Galzzlld2+ lies around 5000 c-'l. In this host it
would be expected to be at least as lovw in energy, perhaps lower, depending
on which site the !d2+ ion occupies. It would be expected, then, that
transitions in the energy range of this band ~10,000 to 14,000 ca™’ would

* Semiannual Progress Report No. 2, p. 8.
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TABLE 7

FLUORESCENCE TRANSITIONS IN Nd3+

Transition Calculated Energy(cm'l)* Experimental Values(cm'l)
4 4 14184
For2 = Ty 13975 14031
4 4 11675
Fyi2 ™ Loyo 11524 11376
4 4
F 1 9596 9638
3/2 11/2 9592
9537
9570
9294
*
B. G. Wybourne, J. Chem. Phys. 32, 639 (1960).

occur either between 4f and 5d levels or between 5d levels giving rise in
either case to broad emission bands.

From a chemical standpoint, Nd3+ is among the ions which are known to
exhibit divalency at room temperature (see Section II.C.). In the presence
of reducing gas such as H2 which was present during preparation of the
crystal, the relative concentration of Nd2+ in the melt would be increased
somewhat over the equilibrium concentration. If, as is suspected from the
sz+ observations (vide infra), the divalent ion is soluble in the growing
crystal, then as the crystallization proceeds, Ndz+ will be continuously
extracted at the crystal-melt interface forcing the reaction,

Nt 4 e” 2 Na?t

to the right and leading to significant concentrations of Nd2+ in the crystal.

If this spectrum is indeed representative of the behavior of Nd2+ in the
perovskites, there is no possibility of observing laser action in this
system.

3+ 2+
b. Sm " - Sm~ -- Of all the rare-earth ions of interest, samarium has
consistently exhibited the greatest ease of reduction. 1In all the alkaline-
earth halide and halofluoride hosts it has appeared in measurable concentra-

tions as the divalent ion even under conditions where no reducing agent was
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added to the system. It was therefore anticipated that similar behavior
would be encountered in the perovskites. We found that in many cases this
was true to some extent, but that significant concentrations of Sm3+ were
always present in polycrystalline melts.

A study of samarium in RngF3 supports the hypothesis that the trivalent
ion is rejected from the growing crystals in favor of the divalent ifon. A
sample of RngF3 containing 0.1 mole percent Sm was purified with dry HF gas
at a temperature well above the melting point, It was then flushed with
flowing pure H2 and cooled in the hydrogen stream. Upon excitation of the
resulting polycrystal at 3650 £ the fluorescence spectrum (Fig. 32a) shows
characteristic Sm3+ fluorescence and emission identifiable as originating in
the divalent species (Cf. Fig. 26). The intensity of the trivalent emission,
however, is considerably greater than that of the divalent. In consideration
of the relatively low efficiency of excitation of the trivalent fluorescence
as compared with that of the divalent fluorescence, the relative concentra-
tion of the divalent species is undoubtedly considerably less than is indicated
by its fluorescence intensity. The fluorescence spectrum of a single crystal
of good optical quality pulled from a melt of this polycrystalline material
(pulled in 2% Hz, 98% He) was entirely different. Essentially only the diva-
lent spectrum appears (Fig. 32b), the peak intensity of which exceeds that of
the divalent species in the original material by more than two orders of
magnitude. (This is not apparent in Fig. 32. The illustrations represent
normalized spectra and therefore do not reflect adjustments of gain in the
detection system or of the monochromator slits.) It is clear from this example
that the divalent ion is extracted efficiently by the growing crystal while
the trivalent ion, is rejected.

It is to be noted that nearly all the emission originates in transitions
from the sDo state of Sn2+. This is to be contrasted with the case of BaClF:Sm

where emission from SD sbz, and sD is also observed and in CaF :S-2+ where

1’ 3 2
the 5d levels obscure the 4f — 4f transitions completely. Apparently, in

2+

this host, optical transitions from the higher SD levels do not occur, the

3
energy being degraded either to the ground state by radiationless (phonon)
processes or to the SDO state by similar processes. Because of the high
efficiency observed in this sample (the actual Sm concentration according to

emission spectroscopy analysis is < 300 ppm), the latter process appears to

71



MELT

(o]

FLUORESCENCE INTENSITY
(ARBITRARY UNITS)

68888?8888

CRYSTAL

Do~ Fs

| D S b 0 T |

60 62 64 66 68 10 12 714 16 78
AR

Fig. 32. Fivorescence of Sm in RbMgF ; melt ond crystel, 77' K

72



be the more probable. We have therefore, in this host, overcome one of the
ma jor difficulties encountered with the BaClF:Sm2+ system, that of extensive
partition of the emission energy among many metastable 4f levels.

Because of the extreme narrowness of the fluorescent spectral lines and
the high fluorescence efficiency, this system appears to be a promising
candidate for a successful laser. This is especlally so in view of the good
optical quality of the Czochralski-grown crystals. We therefore proceeded to
study the emission lifetime and excitation behavior of the system. Lifetime
was measured by exposing the sample to a 2-usec flash of light from a high-
pressure xenon arc while viewing the emission through a monochromator by
means of the output pulse produced by the photomultiplier detector (see
Section IV.D.). The time dependence of the emission intensity is exponential
in character (Fig. 33) and can be represented by a single time constant for
each line. While each group of lines can be unambiguously identified as
originating in the 5D state of sz+ and terminating in the 7F levels of the

(o]
ground state, the various lines examined exhibit different lifetimes (Table 8).

TABLE 8
LIFETIMES FOR Sm2' IN RbMgF ,
Transition x(x) T
’p - Tf 6795 15 + 2 msec
0 0 -
5 7
D. =2 F 6930 21 + 2 msec
0 1 -
5 7
Do g F2 7185 18 + 2 msec

Such behavior is inconsistent with the assumption that all the lines
5

originate in the Db level unless it is further assumed that each of the
transitions viewed represents ions lying in slightly different environments
in the crystal. This latter assumption is further supported by the excita-
tion spectra (Fig. 34) which exhibit small differences among the various
lines observed, although the spectra for the 6930-% and the 7185-% lines are
indistinguishable within the resolution of the measurements. There is a

further inconsistency in the behavior of this system which is related to the
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relatively long lifetimes of the various states. If indeed the transitions
are electric dipole in character, one would anticipate that the lifetimes
would lie in the 10'5 to 10'4 second range, while here we are finding life-
times two orders of magnitude longer. It would appear, then, that the
rare-earth ion is located at a site which is symmetrical with respect to
inversion. In the absence of more detailed spectroscopic studies, however,
this question remains unresolved. In view of these findings, a search for
laser action was carried out using the particular crystal reported here. Be-
cause of the small size of the available resonators, and because of the low
concentration of divalent samarium, the results of the test were inconclusive.
To acquire further information regarding samarium in perovskite hosts,
a study similar to that carried out in RngF3 was conducted on the cubic
perovskite, KCaF3. Here the divalent ion more nearly matches in size that of
the rare earth and hence higher solubility would be expected. The poly-
crystalline melt exhibited approximately the same ratio of divalent to
trivalent fluorescence as did the RbMgF; melt. Upon pulling a single crystal,
however, no significant change in the Sm3+/Sm2+ ratio was found. The increase
in size of the divalent ion by substituting calcium for magnesium has raised
the solubility of the rare earth to the point where the charge mismatch is of
little consequence. In contrast, then, to the system which contains magnesium
and where, evidently, charge matching is of primary importance, no extraction
of the divalent species occurs. There is, therefore, no shift to the right

in the equilibrium, Sm3+

available Sm2+ in the crystal.

+e 2 Sm2+, and no increase in the amount of

The compound NaHgF3:Sm was also investigated. This experiment was not
carried beyond the polycrystalline stage because of lack of time. The sample
was prepared by melting the constituents in the usual manner in the presence
of Smr3 and Sm metal sllght;z in excess of the amount necessary to reduce
the material entirely to Sm™ . The product was yellow and strongly luminescent
under 3650-% excitation. The spectrum (Fig. 35) contains only Suz+ emission
and like the RngP3:Sm2* crystal, all the emission originates in the 5Do
state. While lifetime measurements were not carried out, the multiplicity of
the transitions to 7FJ levels higher than 7F° infers that site multiplicity
is present in this compound. The remarkable sharpness of many of the lines

in this material indicates that whatever site multiplicity exists, it {s not
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purely random. Further, the prospect of achieving laser action is good pro-
vided high quality crystals can be grown.

The fluorescence of samarium in the system KMgF3-KCaF resembles that

3

of KCaFS. Since this compound proved to be extremely difficult to prepare as

a single crystal, no further work was conducted on it,
As a consequence of these investigations on samarium, it becomes clear
2" and NaMgF,:Sm’*. This is true

in spite of the unfavorable size of the B site ion. Substantial concentrations

that the most promising systems are RngF3:Sm

of Sm2+ can be incorporated provided the crystal is pulled in the presence of
samarium metal. Line widths are small, excitation is in the blue-violet
region of the spectrum, and indications are that both of these systems form
hard crystals of good optical quality. These characteristics, together with
the absence of fluorescence from states of higher energy than 5Do, place
these systems among the most promising that we have investigated.

c. ﬂgit -- In contrast to the spontaneous reduction in the melt and subse-
quent extraction of the divalent species into the crystal observed with Sm
and Nd, Ho3+ proved to be very difficult to reduce at the melting temperature
of RngF3 (923°C) even in the presence of Ho metal. Purified RngF3 was

melted together with 0.6 mole percent HoF, and 0.4 mole percent of Ho metal

in the Czochralski apparatus. The metal 3&3 observed to dissolve readily,
yielding a transparent solution with no evidence of undissolved material. A
crystal was pulled from this melt and the fluorescence spectrum studied.

Both the melt residue and the single crystal flunresce in the infrared (only
very weak 803+ fluorescence was observed in the visible region of the
spectrum) in the vicinity of 1.93 u (Fig. 36). The center of gravity of the
more intense group of lines is at 1.939 pu, close to the calculated wavelengtl
of the 517 - 518 transition of 1.937 p in Ho3+ (Fig. 19). A crude excita-
tion spectrum indicated that, within the spectral distribution of the Hg-arc
exciting light, excitation occurs oniy at the 4358-% Hg line which lies close
to the SFI level of trivalent Ho. The narrowness of the excitation range and
the close correspondence of the emission with the 517 energy is adequate
evidence that the Ho species present is trivalent. It is clear, therefore,
either that H03+ is not reduced by the corresponding metal at the melting
temperature or that residual oxidizing agents in the crystal growing apparatus

prevented reduction, That the alternative process, extraction of the divalent
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rare earth into the growing crystal and subsequent disproportionation, does
not occur under these conditions is indicated by the lower concentration of
Ho3+ in the crystal relative to that in the residue. This conclusion was
further confirmed by pulling a second crystal from the same melt to which was
added an additional quantity of Ho metal. This second crystal exhibited no
Ho:+ and approximately the same Ho3+ concentration as did the original
crvstal - evidently the saturation concentration under these conditions of

solution.

2. Dy3in KCoFy ~ --irradiated

The relatively high solubility of trivalent lanthanides in KCaF3 raises
the possibility of in situ reduction by y-irradiation. Accordingly, a single
crxstal of KCaF3 containing a nominal concentration of 0.1 mole percent of
Dy§+ was grown by the Czochralski technique. The crystal was of poor quality,
opalescent in appearance, with veins of free KF running along the surface.
As was anticipated from the results with Sm3+, the concentration of Dy3+ in
the crystal was sufficiently high to produce intense Dy3+ fluorescence
(Fiz. 37). There was no evidence of spontaneous reduction of the rare earth.
The crystal was irradiated with gamma rays to a total dosage of 107 rad,
After treatment with the gamma radiation, the crystal became brown in color,
but no fluorescence was observed in the spectral regions where Dy2+ is known
to emit., It is therefore concluded that this ion cannot be reduced in KCaF3
by y-irradiation, presumably because of the greater stability of the color-

center sites relative to that of the trivalent rare-earth ion.

C. sl

Strontium chloride is a cubic material having the fluorite structure.
In its pure state it crystallizes readily forming large single crystals of
excellent optical quality. While it is hygroscopic, it takes up moisture
slowly and, hence, with appropriate precautions, it can be cut and polished
into laser structures. It incorporates trivalent rare earths during growth
in the absence of charge compensators, although segregation coefficients are
more favorable when Na+ charge compensation is employed (Fig. 38). Divalent
rare earths may be produced both by a priori and in situ methods, and the
fluorescence is intense and sharp (Fig. 39). There is evidence that. at
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least in some instances, the local symmetry is not isotropic and, hence,
electric dipole transitions may take place.
In the course of these studies, we have observed important fluorescence

behavior in the system SrCl,:Tm”~ which had not been previously described in
the literature.* 1In additi;n to the expected 4f-4f line emission, intense
bands appear in the vicinity of 7000 { and 4800 ] which break up into series
of very sharp lines at liquid helium temperature (Fig. 40). These lines
represent transitions between vibronic levels of a spin-forbidden 5d band and
the sround state. The intensity is high, representing about 90 percent of the
total emission energy (the remainder appearing in the 2F7/2 I 2F9/2 f-f
transition). and the lifetime is 200 .sec. Accordingly, it is anticipated
that laser action will occur within these transitions.

Fabry-Perot resonators were fabricated from this material and pre-
liminary laser tests were made. Difficulties were encountered in maintaining
the reflecting ends and. unfortunately. time did not permit further pursuit

of this problem.

* Red Banc Fluorescence in SrCl :Tmz‘ - Second Semiannual Report, p. 28.
2

a3



FLUORESCENCE INTENSITY IN ARBITRARY UNITS

Lo r A '

J
45 46 47 48 49 .50 .51 .52 .83 .84

| A ' 4. ' i A

67 68 69 70 .71 72 .73 .74 73 76 .77 78

WAVELENGTH IN MICRONS

Fig 40 5d-bond flyorescence in SvClszz' o1 4.2°K

4



SECTION IV
INSTRUMENTATION

The measurements of fluorescence spectra, excitation spectra, absorption
spectra, lifetime, and quantum efficiency, carried out in connection with this
study, were performed on a number of different instruments depending upon
which was most appropriate for the particular problem. Since most of.this
equipment is conventional in nature, it is not necessary to discuss it here.
Most of the measurements, however, were conducted on two small instruments
assembled specifically for this work and found to be of such wide general

utility as to warrant a brief description.

A.  VISIBLE AND NEAR IR SPECTROMETER

The visible and near infrared spectrometer is mounted as a single integral
unit on an optical bench, the axis of which is parallel to the axis of the
input slit of the monochromator.

In Fig. 41, the monochromator (A) is a Bausch & Lomb Model 33-86-40,
230-0x= quartz grating instrument containing a 600-line/mm reflection replica
grating blazed for 7500 % in first order. The dispersion is 66 %/mm and the
optical aperture. f/4., This monochromator is provided with a sine drive and
a calidrated linear wavelength drum having a range of 2000 X/rev. Attached
to the wavelength drum through a ball-race sliding coupling is a commutator
of .0 equal segments to provide 100-8 wavelength markers. This commutator is
rigidly coupled to an electromagnetic clutch, the opposite end of which carries
a ball-chain gear. The gear is driven by a ball chain, the lower end of
which engages a ball-chain gear on the paper-drive drum of a Varian G-14
strip chart recorder (E). The gear ratio is arranged so that 0.4 inch of
paper travel will move the wavelength drum a distance equivalent to 100 L.

The gears can, of course, be changed to provide different scale factors when
required. Normally, the paper is driven at a rate of 1 in./min, giving a
wavelength rate of change of 250 £/min which is suitable for all but very
sharp wear lines where electronics cannot follow. In these cases, the chart
=ay 5e driven at l/Z in./min.

Actual resolution of the monochromator is limited, not by the theoretical
res-lutiorn of the zrating, but rather by nonparallelism of the slits,
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adiustment of which is impractical., However, the instrument has wedge-shaped
diaphragms located behind each slit which may be employed for reduction of the
slie height., With high-intensity signals one can observe spectra while using
only the central few millimeters of the slits, in which case the nonparallelism
is less i=portant. The sine drive, which provides the linear wavelength

svale on the drum, tracks rather well but is subject to some wear and slippage
resulting in a calibration shift which can be corrected either by mechanically
displacing the wavelength drum or by calibration using known spectral linmes.

A typical example of the latter procedure is illustrated in Fig. 42 where
resolution, tracking, and wavelength precision are measured. In this case,

an Osram Hg spectral lamp was used as the source. The mean wavelength
correction is +30.1+ (which has been applied where necessary to spectra in
this report) with a deviation from the arithmetic mean of + 2.4 { over the
entire scale. The slit setting error is + 0.05 mm, and the resolution is
within the limit imposed by the width of the ink line in the wavelength scale
~ost usvally emploved (100 8/0.4 in.) and amounts to about 3 K.

The detector (D) is a photomultiplier having either S-20 or S-1 response.
For =ost work, the photomultiplier having S-1 response, cooled to liquid
nitrogen tewperature (see below), was used.

The sample is mounted in a Dewar (C) which is held in a light-tight
wolder, rizidly fastened to the monochromator and the optical bench, and
equipped with access ports for exciting light on the axis of the optical
bench and at 90° to it. Excitation sources are mounted separately with

appropriate filters and focusing optics.

B. IR SPECTROMETER

The shysical arrangement of the infrared spectrometer is identical with
that of the visible instrument (Fiz. 43). The essential differences are the
f5.lowinz. The grating is blazed for 2 . in first order and has 300 lines/mm.
The first order dispersion is, then, 132 £/mm. The detector (D) is a lead
sulfide ce.. (EK 0.2), cooled to dry-ice temperature. The synchronous
detection system operates at 75 cps determined by a chopper located in front
sf the enctrance condenser of the monochromator. The chopper also generates a
*5-cps reference signal by means of a small light source and photocell mounted
sn {t. The output of the lead sulfide cell is amplified by a two-stage vacuum
tube amplifier which feeds into a PAR Model JB-5 lock-in amplifier.
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C. EXCITATION SPECTROMETER

The measurement which we designate as excitation spectrometry involves
the determination of the dependence of the fluorescence intensity of a given

spectral line on the wavelength of the exciting light. These spectra are of

vy

articular value because through them one can sort out impurity fluorescence
from fleorescence of the ion of interest, detect site multiplicity, distinguish
Setween Jdivalent and trivalent ions. and determine the spectral range over
which the selected fluorescent line can be excited. Further, the excitation
spectrum usudily corresponds closely to the absorption spectrum of the ion of
interest. 1In cases where the material under study is of poor optical quality
or where it is very weakly absorbing, the excitation technique is the only

w2y in which information can be obtained regarding the absorption behavior.

The excitation spectrometer is shown in position for measurement of
infrared lines in Fizg. 43. Because this unit must be moved between the visible
and the infrared spectrometer depending on the wavelength of the spectral
lire of intevest., it is considerably less elaborate in design than the
tuorescence units. It consists of a 250-mm B & L monochromator (J) having a
20l-.ine == zrating blazed to peak at 3000 R, mounted on a section of optical
12k, A bead chain couples the wavelength drum directly to a strip chart
recorder (X) chart érive. Wavelength markers are introduced manually. The
iizht ssurce may be either an incandescent tungsten lamp or a high-pressure
xenon arc. depending on the spectral range of interest, with filters to
=ini=mize scattered light. Detection of the (analyzed) fluorescence is by the
assropriate detector through the second monochromator, which remains at a

fived wave_enzth,

D. LIFETIMES

F.uorescent lifetimes are measured by exciting the sample wich a short
surst of light from a pulsed xenon arc and viewing the time dependence of the
intensizy of the selected spectral line on an oscillograph. Selection of the
ssectra. line is by means of the appropriate fluorescence spectrometer, and
+ne flusrescence intensity is recorded photographically. The lifetime is
szxuted graphically by replotting the photographed pulse as log I vs, t,

assuminz exponential behavior unless significant deviations are observed, and
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 defining the lifetime as that time necessary for the intensity to fall by s

factor of 1/e.

The pulsed light source consists of a simple relaxation oscillator com-
posed of a 0.1-LF capacitor in series with a 10-Mi resistor and in parallel
with a high-pressure (Hanovia type 901C-1) dc xenon arc. The arc lamp is
mounted directly on the capacitor with very short heavy leads to minimize
inductive effects and radiation. The system is operated by a 15-kV power
supply, and trigger pulses are obtained across a small inductance in series
with one of the lamp leads. Pulses of 2-usec duration and adequate intensity
for most purposes are produced by this device.

E. LIGHT SOURCES

The light source which is most generally used for fluorescence measure-
ments is an Osram HBO-500 high-pressure mercury arc. The arc is mounted in
a cyvlindrical shield which is cooled by forced air. The exit port has
acunted on it a water-cooled filter cell having quartz windows and which can
be filled either with water or CuSOa solution depending on the spectral range
desired., Additional Corning glass filters may be mounted on the front of
this cell. The arc is focused on the sample by a wide-aperture quartz or
slass lens, depending on the application. The lamp is powered from the
laboratoéy 230.V dc mains through a water-cooled (Cenco 32965-1) ballast
resisctor,

Because of the high pressure in the HBO-500, the intensity of the 2537.%
radiation is very low. Excitation in this range is accomplished by means of
a conventional small "germicidal" mercury lamp filtered by s Corning 7-54
filter ané focused by means of a quartz lens.

The most useful continuous and quasi-continuous light sources are the
PEK X-200 xenon compact arc and the 625.watt Sylvania "Sun-Gun" quartz-
iodine tungsten lamp. Mounts for these lamps are similar to that for the
high-pressure mercury lamp. In the case of the xenon arc, the integral
water-cooled filter may be omitted, and a close-mounted f/1 quartz condenser
lens replaces {it.
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F. DETECTOWS

The detectors which were employed are of three types: photémlttplier
tubes, PbS photoconductive cells, and a thermopile.
1.  Photomultiplier Tubes

The photomultiplier having the highest quantum efficiency and lowest
noise over the spectral range from the near ultraviolet to about 8000 L1
that having an S-20 photosurface such as the RCA 7263, The upper wavelength
limit of this tube, however, imposes a limitation which is undesirable for
many of the systems of concern in this study. While the PbS cell overlaps
this range well and extends into the infrared to beyond 3 u, our arbitrary
upper limit, its intrinsically lower sensitivity makes it undesirable in the
range where photomultipliers can be employed. The sensitivity of the S-1
photosurface (RCA 7102) extends from the near ultraviolet to 1.2 u. Unfortunately,
the quantum efficiency and noise levels are much lower than with the S-20
surface. If, however, the photosurface is cooled, the noise level drops to
the point where it is possible in a dc detection system, to make up for the
lower sensitivity through external amplification. Accordingly, a cooling
mount was designed and constructed for this tube, The mount is illustrated in
Pig. 44. It consists of a cylindrical brass shell (A) in which is suspended a
second cylindrical shell (B) having a hollow wall. The shell is suspended on
a thin-wvalled stainless steel tube which commmicates only between the annulus
ané the outside (C), and is supported at its back end on three needle points.
The photomultiplier (vith base removed) (D) is thrust through the opening in
the inner cylinder and held in plsce by phosphor-bronte spring shims. A
radiation shield (E) closes the back end of the cylinder, and the photo-
multiplier leads are brought out through Teflon-lined openings (F). It should
be noted that the radiation shield is essential for stable operation in
preventing heating of the photocathode by radiation from the voltage divider
which is mounted behind it. The voltage divider is made up of team 30-kQ
Victoreen glass-encapsulated resistors (G) soldered directly to the photo-
multiplier leads. The anode connection and the negative high.voltage lead
are brought out the back of the mount through glass feedthroughs which are
terninated outside in BNC connectors (H). The front port is closed by a
1-1/2-in. quartz window held in place by O-ring seals. The entire inner
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surface of the wount {s chrome-plated for additional radiatiom shielding. The

- mownt nm;wanmmmmmm;zmmmmmu

the outer cylinder. Since it is not possible to outgas the interior of the
mount. provision has been made for continuous pumping by means of an absorp-
tion pump (L) filled with Linde molecular seive, It is important to maintain
a good vacuum inside the mount, not only for thermal isolation, but also for
the prevention of electrical noise caused by ionization of residual gas.

The mount is prepared for use by pumping with a diffusion pump overnight
vhile the seive finger is held at 350°C by an electrical heater. The valve is
then closed and the system permitted to cool. In operation, the seive finger
is immersed in a Dewar filled with liquid nitrogen, and the annulus filled
with liquid nitrogen. [Once pumped down, the mount need not be repumped
(except for that produced by cooling of the seive finger during operation) for
at least six months. When the interior of the mount and the multiplier tube
have reached thermal equilibrium with the l1iquid nitrogen bath, the dark
current of the photomultiplier will have dropped from its room temperature
value (at 1100 volts overall) of about 10'6 ampere to 10.13 ampere. This
lov dark current will remsin constant after about 20 minutes of cooling with
only occasional replenishment of the nitrogen in the annulus. This value of
dark current is one order of magnitude lover than the weakest fluorescence
we have observed and at least two orders of magnitude lower than the level
of significant fluorescence (i.e., intensities that are clearly sbove back.. -
ground fluorescence of the Dewars and mounts). It is therefore possible, with
this system, to cover continuousiy the spectral range from 3500 R 1.2 M
using a simple electrometer (e.g., Kiethley Model 610A) as the photomultiplier
amplifier.

2. PbS Cell ond Thermopile

Por measurements beyond 1.2 . a PbS cell was esployed (EX, type 0-2)
aocunted on a copper block in the vacuum space of a small Dewar. Cooling was
by means of s dry-ice acetone mixture.

Energy calibration of the spectrometers and light sources was accomplished
with the aid of a Reeder type O-7 thermopile, the output of which was msasured
directly on a Kiechley YNodel 150A microvoltmater.
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Optical filters were émployed throughout this study for separation of
orders in the spectrometers. for removal of heat from light sources, for isola-
tion of exciting light from fluorescence, and for reduction of scattered light
in the spectrometers. Frequently, these filters were simply selected from
among the commercially available Corning glass filters. Most often, however,
the Corning filters were used in conjunction with efther of two liquid
filters., saturated CuSOb solution or distilled water.

The copper sulfate filter served two purposes. First, with the HBO-500
lamp it was necessary to remove the large amount of heat generated by the
lamp to protect associated optical equipment from overheating. Second, all
the Corning ultraviolet filters exhibit an additional pass band in the visible
red ané infrared. The copper sulfate filter with its strong cut-off in the
red (Fig. «5) eliminates the danger of confusing fluorescence spectra in this
spectral rezion with lamp light scattered from the sample.

Under circumstances where red light was required, as in excitation
spectra, for example, but where high-temperature light sources were involved,
& filter of distilled wvater was employed. This filter has the disadvantage
of =moderately strong absorption around 0,97 . (Fig. 46), but the absorption
is not so intense as to preclude correction for it.

Two additionsl filters were found to be useful as order separators above
1 .. This is an especially critical range since our infrared grating is
blazed to peak at 2 . in first order and 1 . in second order. These filters
consist of polished, 3.mm-thick pieces of high-purity silicon and germanium.
Absorption spectra for these filters are illustrated in Fig. 47.

M. CALIBRATION

In general, for these studies, intensity calibration of the fluorescence
spectrometer is not considered important, since the essential analytical
informstion rests in line locations and relative widths. Further, because of
the limited resolving power of the instruments, the precision of absolute
intensity and efficiency measurements is questionable, and such studies should
be carried out on a higher-quality spectrometer. In the measurement of
excitation spectra, however, psrticularly where broad excitation bands are
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involved., it is necessary to have information concerning the wavelength
dependence of the intensity of the exciting light.

Twe cdifferent light sources were employed in taking excitation spectra,
s v23-watt Svlvania "Sun-Gun'" quartc-iodine tungsten lamp, and a 200-watt
PEK X-200 xenon compact are., The former source is useful above 3500 X, and
the latter, below this wavelength, Calibration of the tungsten lamp-
acnochromator combination was performed through the use of the thermopile in
3 point-bv-point measurement of the total energy. This was then converted to
re’ative numbers of photons per unit time and so plotted (Fig. 48b).

In the region below 3500 R, with the xenon lamp, advantage was taken of
the fluorescence properties of the compound sodium salicylate which has con-
stant quantum efficiency between 1800 and 3500 X, The calibration curve for
this svstem is illustrated in Fig. 48a.

The reiative response of the combination 7500-8 blaze monochromator and
ccoleé S-. photomultiplier was then determined by impinging the output of the
¢ca.ibrated excitation spectrometer on the entrance slit of the second mono-
chromator. The output for each wavelength was then recorded and normalized
for equa. numbers of photons. The resulting curve is illustrated in Fig. 49.
It is of interest to note that the changes in sensitivity over the range
studéied are smooth without large changes in slope. It is therefore valid to
assume that for sharp lines, there is no appreciable shift in the recorded

spectra,
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SECTION V
RECOMMENDATIONS FOR FURTHER WORK

As a consequence of the studies reported herein, a clear pattern for
future work on divalent rare earth emerges. It should, at the outset, be
recognized that with the exception of Sm2+ and the 5d-4f transitions in
1.:Tm:+. the ions which offer promise of exhibiting 4f-4f laser action,
Dy:‘t Ho:*. Et:*. and Tm:+, emit principally in the infrared. There is, then,
iittle likelihood of producing laser action in the visible with these ions.
The question of the oxidation-reduction mechanism is tentatively solved, but
many questions remain unanswered. On the basis of our present understanding
of the mechanism, however, crystal growth conditions which will optimize the
incorporation of divalent rare earths can be specified. Of the hosts we have
studied, BaClF, RbHsFS, and SrCl2

completior of these studies require the following experimental investigations.

stand out as the most satisfactory. Logical

A. GROWTH OF CRYSTALS IN SEALED METALLIC SYSTEMS

Either Bridgman or Czochralski techniques should be employed in systems
which are as free of oxidizing impurities as the present state-of-the-art
25 should be
employed in which the crystallization is carried out in welded tantalum or

permits. In the Bridgman method, the technique of Miller et al.

molybdenum capsules which have been manipulated, filled, and welded shut in

a dry box containing scrupulously dried and deoxidized inert gas. An excess
of pure rare-earth metal reducing agent adequate to bring about reduction and
to remove residual oxidizing agents should be used.

In the Czochralski techrique, the apparatus should be tight and free of
sources of oxidizing agents and again, preferably all metal. An advantage of
this method lies in the ability to dope the melt very heavily with rare earth
and rare-earth metal, thus maximizing the concentration of divalent rare
earth in the melt which could then be extracted into the growing crystal.

B. DETAILED SPECTROGRAPHIC AND METALLOGRAPHIC STUDIES OF
CRYSTALS GROWN UNDER THE ABOVE-MENTIONED CONDITIONS
Since the questions of disproportionation or electron trapping are not
satisfactorily answered, investigations of crystals grown under the most
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nearly ideal conditions attainable for the presence of color centers or free
metal would shed much light on these problems.

C.  QUENCHING STUDIES

Quenched samples of a priori reduced rare earth have alvays resulted in
Ln:+. This fact could be used as a check on the direct oxidation or dis-
proportionation processes. In these experiments, samples as identical as
possible. using rare-earth metal as the reducing agent, would be heated to
the molten state and quenched under identical conditions after varying
periods of time in the molten state. If disproportionation is operative,
then the an+ concentration is relatively unchanged as a function of heating
time. If direct oxidation is the mechanism of Ln2+ loss, then a progressive
decrease and possible total absence of an+ with time of heating would be

found.

D. HIGH-TEMPERATURE AND MOLTEN-STATE ABSORPTION SPECTROSCOPY

Direct and unequivocal answers to the problems of retention and stability
of divalent rare earths can best be obtained with the aid of high-temperature
absorption spectroscopy. This approach is useful in the study of the re-
oxidation of an+ in both the solid and 1iquid state. With this technique,
the appearance and disappearance of either Ln2+ or Ln3+ as a function of
temperature, time concentration of rare earth, host composition, and other
conditions can be determined. The rate and extent of the reaction of the
different lanthanides with externally introduced oxidizing or reducing agents
can also be pursued. Specifically, the question of the formation of divalent
rare-earth fons of the more difficult to reduce ions in the perovskites is a
case in point. The conditions for self-reduction of samarium in various
hosts is another problem which high-temperature absorption spectroscopy could
help solve.

The equilibrium constants for the reduction of trivalent rare earth by
hydrogen, as in the case of Dy and Ho in BaClF is another problem which {is
amenable to this technique. From observations on the kinetics of the loss
of an’ during annealing or cooling from the molten state, the mechanism of
the oxidation process could be deduced.
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Although the methods of high-temperature absorption spectroscopy are
difficult, a mark of the progress of the state of research in this field is
the commercial availability of a semi-automatic recording spectrophotometer
specifically designed for measurements to 1650’0.26 Morrey and Hndsen27 have
reviewed the problems of furnace design, and Gruen and covorkersz8 have
investigated the oxidation states of transition metal ions and actinide ions

in fused salts by absorption spectroscopy.

E. 54 FLUORESCENT STATES, VIBRONIC TRANSITIONS AND COLOR CENTERS

The promise for new laser mechanisms held out by our observations of
sharp vibronic levels in forbidden 5d transitions of Tn2+ suggests that
consideradly more exploratory work should be carried out on systems of this
nature. Further spectroscopic and resonance studies should be pursued in
order to gain a deeper understanding of these phenomena.

Yet another source of fluorescent states and pumping bands which we have
encountered in the course of our studies are color centers of various kinds,
the nature of which is not known. These centers may play a significant role

ir the luminescent phenomena of interest.

F. DIVALENT RARE-EARTH-CONTAINING PEROVSKITES

A family of perovskites which were not investigated but which would
readily incorporate divalent rare earth with almost perfect size match is
AYDF.. A is an alkali metal ion. The ytterbium here is divalent and the
comp;und is readily prepared by fusing AF and YbF, under hydrogen. Calcula-
tion of the tolerance factors for this group of c;upounds shows that NaYbP
would probably not form, KYbP3 and RbeF3 would be cubic perovskites and

CsYbF. would be noncubic. The congruently melting compound KYbCl3 has been
T o029

3

prepared,

G. GENERAL RARE-EARTH STUDIES

Finally, it should be recognized that rare earths are becoming of increasing
importance in other classes of electronically active solids such as magnetics,
cathodoluminescent materials, infrared quantum counters, semiconductors, and
dielectrics. It is, therefore, basic to further progress in these areas that

s complete understanding of the chemistry of these elemants be obtained.
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