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netic hole centers are completely annealed. This is
checked by cooling the sample to 80°K and looking
by means of EPR for the hole spectrum.

Our high-resolution thermoluminescence spectra of
Gd?* in SrF; and BaF; show that both cubic and axial
symmetry rare-earth ions are converted to the divalent
state. In CaF; it has been shown that after irradiation
only cubic-symmetry divalent ions are found.t:®-% In
BaF,, however, Tm?* is found in trigonal and cubic
symmetry, and the possibility of switching from one
symmetry to another by light illumination has been
demonstrated. At lowest temperatures, the recom-
bination of hole and Re?* occurs in the axial symmetry
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site. The pair Re?*-F~ attracts a hole. In higher tem-
peratures, the cubic converted sites recombine.

A more detailed study of the V&’ is needed in order
to establish the trapping mechanism by a local negative
charge more precisely. Electron-nuclear double-reso-
nance measurements probably are needed. The details
of the self-trapping process could be revealed also by
this technique. :

The complexity of the centers in CaF; does not allow
us to understand the nature of the six glow peaks?
found there.

- In conclusion, we would like to point out that we
found two new centers in SrF, and BaF,, namely, Vg
and Vg’ centers. The nature of the Vg centers is well
established in this work. An experimentally verified
model is given to explain the existence of various
thermoluminescent glow peaks.
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The polarized infrared reflectance of LaFs, CeFs, PrFs, and NdF; has been measured from 40 to 500 cm™
at 295, 78, and 7°K. Kramers-Kronig analyses of the reflectance spectra yield evidence for eleven infrared-
active phonons in the ¢ polarization (E_L¢) and six in the = polarization (E||c). These results, together with
reported magnetic-resonance measurements, are consistent with a P3’c’l magnetic space group. A theory
and method for directly observing the longitudinal optical phonon frequencies of strongly anisotropic

crystals in transmission are reported.

INTRODUCTION

HE partially filled 4f electron shell of the lantha-

nide elements is so, well screened from its external
environment that, when the ions are held in a suitable
host lattice, electronic transitions of the type 4f— 4f
are expected to give sharp spectral lines. Some of the
known 4 f— 4f transitions lie in the far-infrared region
of the spectrum.'™ Consequently, there is currently
strong motivation to assess the potential of these low-
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energy transitions for use in solid-state far-infrared
lasers.

It is clear, however, that in order to investigate these
potential far-infrared lasing systems, the host lattice
must be chosen with care. This is true not only because
the host lattice will determine the position and linewidth
of the 4 f — 4 f transitions, but also because the optically
active phonon frequencies of most solids lie within the
far-infrared region as well, and precautions should be
taken to ensure that the frequencies of the electronic
and phonon excitations do not significantly overlap.

The tysonite structure of LaF; CeF; PrF; and
NdF; provides a convenient host lattice in which other
lanthanide ions will enter substitutionally. These sub-
stances are rugged®’ and readily available in single-
crystal form.® Their nonhygroscopic nature®” has the
spectroscopic advantage that they are unlikely to in-
corporate OH‘"' impurities which are well known to
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contribute defect modes to the phonon spectrum of a
host lattice.?

X-ray-diffraction studies have led to three commonly
proposed lattices for the tysonite structure: a hexa-
molecular cell with P6;/mem (Dgp®) symmetry, 0! a
bimolecular cell with P6y/mmc (Dgs*) symmetry,”? and
a hexamolecular cell with P3¢l (D;?) symmetry.13-15
Faraday or paramagnetic rotation,6:17 electron-spin reso-
nance,'®20 and optical absorption measurements!—421—28
have provided a substantial amount of additional ex-
perimental evidence but the proper space group for the
tysonite structure has not yet been conclusively estab-
lished. In fact, some of the magnetic-resonance data!s:®®
appear inconsistent with all three of the above lattices.
Recently, Baumann and Porto® reported the frequencies
and polarizations of the Raman-active phonon modes
for these four tysonite lanthanide fluorides. For LaF; at
least, their results strongly favor the hexamolecular
P3c1 lattice.

The frequencies and polarizations of the fundamental
infrared-active phonon modes are, for the most part, not
known for these compounds, although some attempts
have been made to determine them for LaF; from
transmission measurements on polycrystalline samples®
and from unpolarized emittance spectra.®® However,
since the lanthanide fluorides are uniaxial, the dielectric
response tensor contains two principal nondegenerate
components, and the infrared-active modes can only be
measured uniquely by using radiation polarized sepa-
rately along these two orthogonal components. Conse-
quently, these previous experiments have not necessarily
identified all of the fundamental phonon transitions.
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This paper complements the recent Raman study?®
and reports a complete set of polarized, fundamental,
infrared-active phonon modes for LaF;, CeFs, PrFs;, and
NdF; at temperatures between 7 and 295°K. These
infrared results for the tysonite lattice, together with the
Raman results, are consistent only with the P3¢l (D3at)
lattice containing six formula units per unit cell and
conclusively eliminate the P6;/mcm and P6s/mmc lat-
tices. In order to be consistent with the magnetic-
resonance data, the proper magnetic space group must
be P3'c'1.

EXPERIMENTAL DETAILS

Cylindrical single crystals of LaFs, CeF3, PrF;, and
NdF; 10 mm in diam and approximately 5 mm long
were obtained from Optovac, Inc.® The crystals were
supplied with the ¢ axis perpendicular to the cylinder
axis and parallel to the plane of the circular end faces.
Using crossed polarizers, the ¢ axis could be oriented
with respect to the polarization of the incident radiation
to better than 5°, which resulted in an intermixing be-
tween the orthogonal polarizations of less than 29, re-
flectance. Only the CeF; sample showed the hexagonal
striations reported to be associated with oxygen
impurities.®

The reflectance and transmittance spectra were mea-
sured with an R.I.I.C. FS-520 Fourier spectrometer
(Michelson type) adapted for 12-bit analog-to-digital
conversion. A mercury arc source in conjunction with a
liquid-helium~cooled Ga-doped germanium bolometer
was used from 40 to 200 cm™. A Nernst glower with a
Golay pneumatic cell was used from 150 to 650 cm™. A
vacuum-evaporated one-dimensional wire-grid polarizer
was used to reduce the horizontally polarized radiation
to much less than 19, of the vertically polarized
component.®

The normalized transmittance was calculated using
an aperture the same size as the sample. The normalized
reflectance was calculated using an aluminum mirror as
a reference background. The plane of incidence was
horizontal and the angle of incidence was approximately
71°. By orienting the crystal so that the ¢ axis lay in the
face of the crystal and was either vertical or horizontal,
either the = component (Z|c) or the ¢ component
(E_Lc) of the dielectric response tensor could be indi-
vidually excited.

DIELECTRIC RESPONSE TENSOR

The effective dielectric response function for each
tensor component was calculated from a Kramers-
Kronig analysis of the reflectance measurements using
the Fresnel formula appropriate for a crystal aligned
with the desired axis precisely parallel to the incident
electric field and perpendicular to the plane of incidence.
The infrared-active transverse optical (TO) frequencies

3 C, H. Perry, R. Geick, and E. F. Young, Appl. Opt. 5, 1171
(1966).
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associated with the poles of the dielectric response
function (|D|#0, |E| — 0) were located by peaks in
we'’ (é=¢'+1i€’), which is proportional to the electric
conductivity oc=we”/4wr. The infrared-active longi-
tudinal optical (LO) frequencies associated with the zeros
of the dielectric response function (|D| —0, | E| 50)32:33
were located by peaks in —owp” (el=q=9"+iy",
7= "'e,l/l él )

The principal poles and zeros of the two components
of the dielectric response tensor were identified quite
satisfactorily using the above procedure. However, there
were measurable effects in both reflectance and trans-
mittance due to a slight misalignment of the crystal
axes. In order to understand the nature and magnitude
of the effects of this misalignment, it is instructive to
solve a special case of the reflectance and transmittance
of a uniaxial crystal.

In a uniaxial crystal (e,= e,%¢,), the incident radia-
tion splits into an ordinary wave and an extraordinary
wave which propagate independently of one another.
If the direction of propagation of the incident radiation
is normal to the crystal-vacuum interface, the ordinary
and extraordinary waves propagate in the same direc-
tion as the incident radiation. If ¢ is the angle between
the incident electric field and the projection of the
¢ axis on the crystal face, it can be easily shown that
R=R, sin?¢+R, cos’¢ and T=T, sin?p+ T, cos?e,
where R and T are the effective normal reflectance and
transmittance coefficients of the crystal, and Ro, T, Re,
and T, are the normal reflectance and transmittance
coefficients for the ordinary wave and the extraordinary
wave, respectively. :

If =0, then R=R,+ (Ro—R,)sin*¢o=R,. Since
| Ro—R.| <1 and in practice sin?¢<0.01, it is clear that
one can measure the extraordinary reflectance coeffi-
cient within an additive error of less than 19, reflec-
tance. Similarly, if ¢~90° the ordinary reflectance
coefficient can be measured within 19 reflectance. As a
result, the errors introduced in the measurement of the
reflectance or transmittance by a slight error (<5°) in
the orientation of the plane of polarization with respect
to the optical axis can either be conveniently ignored or
be eliminated by small corrections based upon measure-
ments in the orthogonal plane of polarization.

Moreover, since Ro= | (1—#,)/(1+#)|? and, ignor-
ing interference effects, To= (1—Ro)%¢ =%, where
A= (ue;)2, d=thickness of the crystal, and a:
= 27w Im(A,), one of the components of the dielectric
response tensor e, can be calculated directly from R
and T.

Unfortunately, e, can not be calculated directly from
R, and T,. R,=|(1—%,)/(1+#,)|? and, ignoring inter-
ference effects, T~ (1— R,)% ¢, where #,=c/v, and
ae=27w Im(#A,), but v2=1v.2 cos®+v.? sin, where v.2

2 A, S, Barker, Jr., in Ferroelectricity, edited by Edward F.
Weller (Elsevier Publishing Co., Amsterdam, 1967), pp. 219-250.
( 3 D, W. Berreman and F. C. Unterwald, Phys. Rev. 174, 791

1968).
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=/ ués, v.2=c?/ué,, and 0 is the angle between the ¢ axis
and the plane of the crystal face.

The crystals used in this study were cut and polished
with the ¢ axis parallel to the face of the crystal within
an estimated 5° so that sin?#=~6?<0.01 and v2~v?
+ (v.2—1v.2)6%. Equivalently,

Ao~ A 1+6%(e;/ex—1) T V2=, — (6%/2e)R . (e,—€2)
as long as |62/e,|<<1. Under these conditions,

z €€z

R,~R,+26°R,

— €z €y

and To~ (1—R,)% 4 where R,=|(1—%.)/(1+4.) |2,
ae~a,—ww Im[ (6%/ex)R:(e;—€2) ], .= (ue)'?, and o,
= 27w Im(%,).

Clearly, even when 62<0.01, there is no assurance
that the difference between R, and R, and between T,
and T, must be less than 19%,. In fact, whenever
|es] — 0, that is, whenever one is near a pole of
7= €; ), significant features may be expected in R,
and T,.. In a low-dispersion region of e, in which
Re(#,)=~const=#, and Im(#,)— 0, then R,~R,
+K 6%/ | €| and oo~ —KofPwn.'’, where 1,”'=Im(e; )
and K,=wn,3/u, and where K; may be evaluated from
R, and R,. Consequently, even in regions where e, is
approximately constant, there will be a weak peak in the
reflectance and a moderately strong minimum in the
transmittance proportional to 62 whenever the frequency
approaches a LO frequency of e, Minima in the
extraordinary transmittance near poles of #,=¢& due
to the LO frequencies of e, can be observed as well for
radiation propagating almost parallel to the optical axis.

This weak coupling of the nominally transverse ma-
terial electromagnetic wave (mixed photon-phonon
particle wave) to the LO frequencies of the orthogonal
components of the dielectric response tensor apparently
has not been previously reported although it is a general
property of all strongly anisotropic (| &,—&;|>>0) trans-
parent crystals. The existence of this effect makes it
possible for some longitudinal dielectric resonances to be
studied in transmission, as if they were weak transverse
resonances, as well as identifying intrinsic but otherwise
spurious absorption bands due to a slight misalignment
of an anisotropic crystal with strong longitudinal
resonances.

An observation of the lowest LO frequency of the &,
component of the tysonite lanthanide fluorides is re-
ported in the next section.

EXPERIMENTAL RESULTS

Figure 1 shows the measured specular reflectance of
Lan, C6F3, PI‘F;;, and NdF3 at 7°K with E”G (7!'-
polarized modes). Five infrared-active phonon modes
are clearly visible in all four materials. An additional
band is observed at 234 cm™! for PrF; and at 239 cm™
for NdF; which may be a sixth fundamental phonon
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mode due to the lifting of an accidental degeneracy. For
PrF;, an additional band at 66 cm™ is also observed
which is not present in the reflectance spectra of the
other salts. This band is believed to be due to an
electronic transition from the ground state to the first

excited state of the 3H, Stark multiplet of Pr®+. This
transition has been predicted from optical absorption
measurements*?:24-27 to occur near 66 cm™! and its
nature has been confirmed on the basis of far-infrared
transmission measurements of Pr3* contained within
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Fi1c. 3. Temperature dependence of the far-infrared reflectance of
LaF; in the # polarization.

these four host lattices.* A perceptible change in the
reflectance of NdF; was also observed in this polariza-
tion near 45 cm™ due to an electronic transition from
the ground state to the first excited state of the g/,
Stark multiplet of the Nd3** ion. This latter transition
has been confirmed to be electronic in nature by Zeeman
splitting.3

Figure 2 shows the measured specular reflectance for
the four salts at 7°K with E_| ¢ (o-polarized modes). In
this polarization at least ten well-defined infrared-active
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phonon modes are observed, although the reflection
band centered near 140 cm™ in LaF; is only partially
resolved in NdF;. Proceeding through the series from
LaF; through NdF;, a moderately strong shoulder ap-
pears on the low-frequency side of the reflection band
near 130 cm™ (in LaF;) and it is quite likely that there
are in fact eleven infrared-active phonon modes in the
o polarization. For PrFs, an additional reflection band
(at 92 cm™) is once again observed which is not present
in the spectra of the other salts. This mode is believed
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918

LOWNDES, PARRISH, AND PERRY

182

TasLe I. Transverse and longitudinal 2~0 phonon frequencies and their associated damping in cm™ for the lanthanide fluorides in the

« polarization. The phonon frequencies are accurate to =2 cm™ and the damping to =20%,.

LaF; CeF; PrF; NdF;

°K 5 78 295 5 78 295 5 78 295 5 78 295
wr 138 142 140 141 141 141 144 147

yr 3 5 9 9 5 16 10

wr, 138 143 140 141 143 142 147 147

YL 4 5 8 8 5 17 10

w7 166 168 168 170 170 167 178 175 170 176 177 172
YT 4 4 6 5 6 10 3 9 16 5 4 8
wr, 178 178 176 180 181 180 183 182 182 185 185 184
YL 3 4 7 6 10 20 2 6 15 3 3 12
wr 194 195 194 199 203 193 201 203 195 202 202 198
yr 8 9 14 8 11 24 10 17 20 6 7 15
wr 246 243 239 252 252 249 263 261 257 268 267 264
YL 5 7 16 8 8 16 6 7 20 4 6 14
wr 234 232 240 238 236
Yr 3 6

wr 234 232 238 236 234
YL 4 5

wr 273 274 275 280 285 273 289 288 283 294 294 290
Yr 8 10 12 3 6 20 6 8 20 4 6 17
wr 298 297 296 302 301 303 308 307 308 314 314 312
YL 6 6 10 4 7 13 5 4 20 5 6 14
wr 318 319 323 329 339 321 331 332 339 335 337 337
YT 14 14 16 6 14 18 8 15 20 8 8 12
wr, 462 461 468 478 475 466 471 474 467 470 472 472
YL 14 18 62 23 38 17 15 20 20 13 18 44

to be due to an electronic transition from the ground
state of the 3/, Stark multiplet of the Pr** ion to the
second excited state for the same reasons as given above
for the electronic transitions observed in the =
polarization.

Figures 3 and 4 illustrate, respectively, the tempera-
ture dependence typical of the reflectance spectra in the
m and o polarizations for LaF; between 7 and 295°K. It
is evident that a fairly rapid damping of the weaker
reflection bands occurs as the temperature is raised, so
that at 295°K there are only four well-defined reflection
bands in the = polarization and seven in the ¢ polariza-
tion. The damping out of the weaker reflection bands is
a continuous process with increasing temperature and
there is no evidence for a phase change.

Kramers-Kronig analyses of the reflectance measure-
ments determined the dielectric functions we” and wy’’
for each lanthanide fluoride. Figure 5 shows the typical
shape of these functions for NdF; Six TO and LO
frequencies can be easily distinguished in the 7 polariza-
tion, but only ten TO and LO frequencies can be easily
seen in the o polarization. A weak but sharp feature near
125 cm™ in both we’” and wn’’ has been interpreted as an
eleventh fundamental phonon mode due to its appear-
ance as a shoulder on the low-frequency side of another
fundamental phonon mode and because it occurs at a
frequency lower than expected for two-phonon summa-
tion processes. The weak broad feature near 320 cm™,
which is even weaker than the mode near 125 cm™, has
been interpreted as a two-phonon summation process

because it is at a sufficiently high frequency and appears
on the high-frequency side of a fundamental phonon
mode. Tables I and IT summarize the 2~0 infrared-
active TO and LO phonon frequencies and their as-
sociated half-widths determined for each of the four
lanthanide fluorides from the dielectric functions as
described in a preceding section. The tables reveal that
the frequency of any particular lattice mode in LaF;
moves to higher frequencies as the reduced mass of the
host lattice is increased. This reflects the stronger
interionic forces present in the heavier lattices due to the
lanthanide contraction of the cell volume as the atomic
number of the cation is increased.®®

Figure 6 shows the frequency dependence of the
absorption coefficient from 40 to 150 cm™ for one sample
of LaF; at 7°K in both orthogonal polarizations. In the
o polarization, a strong band centered near 103 cm™
dominates the spectrum as predicted by the reflectance
measurements. In the x polarization, the weak band
centered at 107.7 cm™ with a half-width of approxi-
mately 2 cm™ is interpreted as the £~0 LO phonon
frequency forecast from the reflectance measurements to
be between 109 and 110 cm™ with a half-width of
approximately 3 cm™. As explained previously, this
weak absorption due to the longitudinal mode varies in
strength from sample to sample and is seen because the
crystal ¢ axis was slightly misaligned from the E||c and
kL ¢ requirements for the w polarization. The ratio of

3 A. Zalkin and D. H. Templeton, J. Am. Chem. Soc. 75, 2453
(1953).
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TaBLE II. Transverse and longitudinal 2~ 0 phonon frequencies and their associated damping in cm™ for the lanthanide fluorides in the
o polarization. The phonon frequencies are accurate to =2 cm™ and the damping to £=20%,.

LaFa CeFa PrFa NdFa

°K 5 78 295 5 78 295 5 78 295 5 78 295
wr 101 100 100 98 98 100 107 104 102 104 105 101
YT 2 7 5 6 6 7 3 4 6 3 6 8
wr, 110 110 108 108 107 108 111 110 109 112 111 110
YL 4 7 4 5 4 4 3 4 6 3 4 5
wr 128 127 128 130 130 130 134 132 131 133 133 131
YT 3 8 8 4 4 7 2 5 13 3 4

wy, 130 131 130 132 132 132 136 135 133 135 135 136
YL 3 7 7 3 4 7 2 6 10 3 4 20
wr 144 144 142 142 143 147

YT 1 5 8 6

wr, 146 145 142 145 143 147

YL 1 2 8 6

wr 168 167 168 164 166 164 169 170 166 170 170 165
YT 8 10 11 9 10 10 25 S 14 5 6 17
wz, 184 184 183 186 186 186 189 169 190 194 194 193
YL 5 5 18 8 7 2. 3 14 3 4 14
wr 193 193 198 201 196 204 202

rr 10 7 6 4 4

(237 196 195 210 208 197 204 202

YL 10 3 5

wr 210 208 208 218 222 203 213 211 205 215 214 208
rr 8 10 34 8 11 8 10

wr, 230 229 222 240 235 224 235 235 228 239 238 233
YL 8 10 26 4 12 6 8

wr 246 248 245 247 247 244 255 252 248 255 255 251
Yr 6 7 19 7 13 25 5 8 25
wr, 268 268 272 264 266 272 278 276 278 279 279 278
YL 9 12 20 5 12

wr 274 272 268 276 278 269 280 278 278 283 284 278
yr 8 13 20 10 5 11

WL 318 317 316 350 350 318 323 322 324 334 334 332
YL 10 10 16 34 15 16 25 12 16 23
wr 356 354 364 354 355 369 368 366
YT 9 13 20 23 8 10 30
WL 364 364 374 373 373 381 381

YL 15 10 12

wr 368 367 356 382 385 360 374 375 358 386 385 370
vr 15 4 16 20 33 9 33
WL 466 462 457 472 474 478 468 464 467 471 471 463
YL 31 19 35 26 33 72 16 23 33 18 20 30

the reduced strength measured in transmission to the
full strength measured in reflection suggests that the
angle of misalignment for this sample was approxi-
mately 3°. The equivalent longitudinal mode was seen
in transmittance at 108 cm™ for CeF;, 111 cm™ for
PrF;, and 112 cm™ for NdF;.

On the basis of unpolarized emittance spectra, Rast
et al.® have reported the 2~0 TO phonon frequencies
for k||c (equivalent to the o polarization) to be at 92,
100, 115, 128, 166, 192, 208, 246, 272, 353, and 368 cm™!
and the additional frequencies of k1l ¢ (mixture of o
polarization and 7 polarization) to be at 170, 203, 235,
264, and 304 cm™. In the o polarization, the emittance
frequencies are for the most part quite close to those

determined from the reflectance data. The exceptions
are that neither the 92- nor the 115-cm™ transitions seen
in emittance are seen in either reflectance or trans-
mittance measurements. Conversely, the emittance re-
sults show no sign of the phonon modes observed in
reflectance just above and below the moderately strong
band near 130 cm™. In the = polarization, the emission
frequencies are not in good agreement with those ob-
served in reflection, except for the strong lattice mode at
170 cm™. This may be due to the fact that the emittance
frequencies for the 7 polarization were, in fact, recorded
with kL ¢ rather than with E||c as done in reflection. As
a result, the emittance experiment simultaneously ex-
cited the infrared-active modes in both orthogonal
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TasrE III. Optically active phonons in proposed tysonite lattices.

Lattice

Lanthanide . .

space Formula site Optical activity®

group units symmetry IR-7 Raman-4 IR-o Raman-E
P63/mmc 2 6m2 249, 14,4, 2F,, 1E1,
(De®) (Dan) 3
P63 /mem 6 mm 44, 3414 TE1w 45y,
Der®) (Ca) 8Fay
P3cl 6 2 642, 541, 115, 1272,
(Dsd®) (C»)
P6;22 6 2 64, 54, 1175 117
(De%) (Cy) 1272,
P3c1 6 1 114, 235
(Cs®) (Cv)

a [R—infrared-active; ——E|c; o—E 1 ¢; A—nondegenerate ; E—doubly degenerate.

polarizations, yielding a strongly mixed spectrum diffi-
cult to relate to the dielectric response function in either
polarization.

LATTICE SPACE GROUP

Table III summarizes some results of group-theo-
retical vibrational analyses of several structures pro-
posed for the tysonite lattice from x-ray-diffraction
studies. From the low-temperature infrared measure-
ments, the existence of six infrared-active modes in the =
polarization (E|/c) and at least ten (probably eleven)
infrared-active modes in the ¢ polarization (E1¢) can
be inferred. Therefore, the P6s/mmc (Dei*) lattice'?
which predicts two = and two ¢ infrared-active modes
and the P6s/mcm (De?) lattice!! which predicts four =
and seven ¢ infrared-active modes can both be elimi-
nated as possible tysonite lattices. The P3¢l (Dsd*)
lattice® 15 and the P6322 (Dgf) lattice! are both com-
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F16. 6. Frequency dependence of the absorption coefficient of
LaF; at 7°K calculated from transmittance data.

patible with the infrared measurements. However, the
P6522 lattice can be eliminated because it predicts
almost twice as many doubly degenerate Raman-active
modes as observed® and because it predicts that all
eleven of the o infrared-active modes should also be
Raman-active. Likewise, the noncentrosymmetric P3cl
lattice, which is consistent with the most recent x-ray
studies,® % can be eliminated by either infrared or
Raman studies. Only the P3¢1 lattice seems to be con-
sistent with both infrared and Raman measurements.

In addition to adequately explaining the optically
active phonon spectrum, the P3c1 lattice has a lantha-
nide ion site symmetry low enough to be compatible
with all of the reported optical absorption measure-
ments and has fluorine ion sites compatible with the
spectra of H™ and D~ impurities in the lattice.?? Those
experiments in which polarized or partially polarized
electronic spectra have been observed do not necessarily
contradict the low site symmetry found in the P3¢l
lattice, since the lower site symmetry merely allows
unpolarized transitions and the depolarization of a given
transition may not easily be measurable.

However, the difference between the P6;/mcm and
P3c1 lattices is determined only by small displacements,
which are of the same type as suggested by Oftedal
to fully reconcile his x-ray measurements with his
proposed structure,'* and the physical properties of
tysonite may be dominated by features characteristic
of the approximate P6;/mcm lattice. Using the Wyckoff
labels® for the equivalent lattice sites, the P6s/mcm
lattice can be generated from the P3cl lattice by dis-
placing the four “d” fluorines by 0.46 A 15 so that they
lie in horizontal mirror planes perpendicular to the ¢ axis
at z=z% lattice units and by displacing the twelve
“g” fluorines by 0.04 A so that they are contained
within vertical mirror planes passing through the origin
and the lanthanide ions. The net result of these dis-
placements from the more symmetric P6s/mcm struc-

36 International Tables for X-ray Crystallography (The Kynoch
Press, Birmingham, England, 1965), Vol. 1.
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TasLE IV. Significant properties of the possible tysonite magnetic space groups (extracted in part from Refs. 37-40).

Number of Number of independent constantsa
magnetically Magneto-
Magnetic Magnetic distinguishable electric

space crystal lanthanide Pyromagnetism polarizability = Piezomagnetism
group class sites i=a;T H;=a:;E; Hi=Cijrojk
P3¢l 3m 3 0 0 2
P3c1’ 3m1’ 3 0 0 0
P3¢l 3'm 6 0 1 0
P31 3'm’ 6 0 2 0
P3c1 3m! 3 1 0 4
P.3c1 3m b 0 0 2

a Hi—magnetic field ; ai-—pyromagnetic tensor; T-—temperature; ai;—magnetoelectric polarizability; Ej—electric field ; Cijr—piezomagnetic tensor

ojk—stress tensor.

b See text. No proper magnetic representation for atomic sites occupied in tysonite lattice.

ture is that two Bs, infrared-inactive modes and the
four A, infrared-active modes of the Dg;, group combine
to form the six 4., infrared-active modes of the Djq
group. Four inactive E, modes and the seven active
By, modes of D¢, combine to form the eleven E, modes
of D3a. Therefore, the infrared spectrum associated with
the P3c1 lattice may be expected to consist of four = and
seven o strong reflection bands, characteristic of the
P63/mcm lattice, together with two more = and four
more o weaker reflection bands allowed only in the
P31 lattice. The experimental results confirm this and
at 295°K the weaker bands observed at lower tempera-
tures are almost completely damped out, leaving just
the seven ¢ and four 7 strong infrared-active modes.
This result might also be expected because the small
distances that differentiate between these two lattices
are comparable with typical vibrational amplitudes of
ions in solids, and the increased amplitude of these
vibrations as the temperature is raised would more
strongly affect the weaker bands allowed only in the
P3c1 lattice.

MAGNETIC SPACE GROUP

In spite of the evidence given above supporting
the P3c1 lattice, it is not the proper tysonite structure
because it predicts a magnetic ordering which is incon-
sistent with some of the paramagnetic and nuclear-
magnetic-resonance experiments. Only three magneti-
cally inequivalent lanthanide sites are predicted for the
P3c1 structure,’® yet six magnetically inequivalent sites
have been observed.!®1 '

This difficulty can be resolved by considering the 1651
Shubnikov groups®” which include the 230 conventional
space groups (Fedorov groups) as a subset. The
Shubnikov groups can be generated from the Fedorov
groups by assigning positive (4) or negative (—) signs
(or the colors black and white) to the points of space and
defining a sign (or color) inversion (anti-identity)

9 N. V. Belov, N. N. Neronova, and T. S. Smirnova,
Kristallografiya 2, 315 (1957) [English transl.: Soviet Phys.—
Cryst. 2, 311 (1957)7].

operator associated with these signs (or colors).?® The
addition of this new operation generates 230 major
(polar or single color) space groups, identical with the
Fedorov groups, which contain only the new identity
operator, 230 major (grey or neutral) space groups
which contain both the identity and the anti-identity
operator, and 1191 minor (mixed polarity or black-
white) space groups which contain some complementary
operators but not the anti-identity operator. Associated
with these space groups are the 32 conventional (polar
or single color) crystal classes, 32 (grey) crystal classes
containing the anti-identity operator, and 58 minor
crystal classes containing some complementary opera-
tors but not the anti-identity operator.5—%

For this particular application of the Shubnikov
groups, the anti-identity operator defined above will be
considered to be a magnetic inversion operator. A
complementary operation will have the same effect as
the conventional operation followed by a reversal of the
local magnetic field (or equivalently, followed by a re-
versal of the electronic or nuclear spin generated by the
conventional operator).

Table IV lists significant properties of the six mag-
netic space groups associated with the conventional
P3c1 lattice space group. Since the magnetic inversion
operator does not affect physical displacement vectors
or electric field vectors, any of these magnetic space
groups which have the same space lattice will have the
same phonon spectrum and the same optical absorption
spectrum to the extent that magnetic effects can be

“ignored. The group P3¢l is based upon one of the 22

new mixed-polarity lattices’”% rather than one of the
14 polar Bravais lattices. Since this latter group does not
have a proper magnetic representation for the atomic
sites occupied in the tysonite space lattice, it will not be
discussed further. The other five magnetic space groups
have the same space lattice as the conventional P3c1

38 A. M. Zamorzaev, Kristallografiya 2, 15 (1957) [English
transl.: Soviet Phys.—Cryst. 2, 10 (1957)7.

# S. Bhagavantam and P. V. Pantulu, Proc. Indian Acad. Sci.
59, 1 (1964).

# S. Bhagavantam and P. V. Pantulu, Proc. Indian Acad. Sci.
63, 391 (1966).
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F16. 7. Schematic illustration of the local internal magnetic
fields permitted at the lanthanide ion sites in the P3¢l and P3'c’1
structures.

space group; therefore, they are all consistent with both
the infrared and Raman studies reported above.

} “Due to the C; operator of the 3m (Dsa) group, there
will be at least three magnetically distinguishable
lanthanide sites. If there are only three such sites,
however, the lanthanide sites must be equivalent in
pairs. Therefore, it is sufficient to determine whether
any one lanthanide site is equivalent to the sites gener-
ated from it by the spatial inversion operator.

The grey magnetic space group P3cl’ represents a
magnetically disordered or nonmagnetic crystal. Be-
cause of the existence of the magnetic inversion operator
in this group, there are no local internal magnetic fields
at any point within the crystal and Kramers degener-
acies are unsplit. Upon the application of an external
magnetic field, any degenerate electronic states may be
Zeeman split. Since the group includes the magnetic
inversion operator, however, the same splitting at that
site must result when the external magnetic field is re-
versed. Therefore, independent of the assumed spatial
or magnetic parity of a magnetic tensor property as-
sociated with them, the lanthanide sites generated from
each other by the spatial inversion operator must be
magnetically indistinguishable.

The magnetic space groups P3¢1 and P3’¢’1 both have
three ordinary C; operators perpendicular to the ¢ or z
axis of the crystal. If £ is defined as a unit vector parallel
to a C. axis passing through a given lanthanide site and
#=%8X%#, it can be easily shown that an external field
applied perpendicular to the x axis (i.e., in the u-z
plane) must generate the same splitting at that site
whether the field is positively or negatively directed.
Therefore, just as for P3¢1’, the lanthanide sites gener-
ated from each other by the spatial inversion operator
are indistinguishable by magnetic fields established in
their common #-z plane.

It may be possible, however, to distinguish these sites
from one another by the # component of the external
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magnetic field. Figure 7 shows the local magnetic field
permitted at the lanthanide sites in these two struc-
tures. In the P3’¢’1 structure, the local internal mag-
netic fields at the two types of sites related by the
spatial inversion operator are antiparallel. The external
and internal magnetic fields add at one type of site and
subtract at the other, resulting in a different Zeeman
splitting, and allowing the sites to be magnetically
distinguished. In the P3c1 structure, the local internal
magnetic fields at these two types of sites are parallel.
As a result, the total magnetic field and the resulting
Zeeman splitting at both sites are the same and the two
types of sites are not magnetically distinguishable, even
though the Zeeman splitting at a given site does change
if the magnetic field is reversed.

By similar arguments it can be shown that P3¢l has
only three magnetically distinguishable sites and is
ferromagnetic, and P3’cl has six magnetically dis-
tinguishable sites and is antiferromagnetic along the z
axis. Since neither of these properties has yet been ob-
served for the tysonite lanthanide fluorides, the only
magnetic space group which simultaneously explains the
optically active phonon spectra and the optical ab-
sorption spectra of ions in the lattice and is consistent
with the magnetic-resonance data is the P3’¢’1 magnetic
space group.

As indicated in Table IV, either P3'¢c’1sor P3’c1 can
exhibit the magnetoelectric effect (E;=2; ai;H ;, where
E=electric field, H=magnetic field, and @¢;; is the
magnetoelectric tensor). P3’cl possesses only one off-
diagonal antisymmetric tensor element, @¢;;=—ayz.
P3’¢'1 has two diagonal symmetric tensor elements,
@ p2=Qyy7~az.. A study of the symmetry of this effect,
if found in the tysonite lanthanide fluorides, could
confirm the proposed P3'c’l magnetic structure.

CONCLUSION

It is now possible to study in greater detail the low-
energy electronic transitions of ions in a tysonite
lanthanide fluoride host lattice.* The first-order infra-
red-active and the first-order Raman-active® phonon
modes have been identified for LaF; through NdFs;. A
magnetic space group has been proposed which is in
agreement with the atomic positions predicted by x-ray—
diffraction’®15 measurements and explains the reported
magnetic-resonance data.’®=* An examination of re-
ported near-infrared electronic transitions may now
reveal some of the observed satellite lines to be vibronic
transitions involving the first-order optically active
phonon modes of tysonite and a study of those transi-
tions falling in otherwise transparent spectral ranges,
especially below 100 cm™, can confirm or improve cur-
rent assignments of the Stark levels. With such measure-
ments and the known crystal symmetry and phonon
modes, it should be possible to determine which of the
electronic transitions may be suitable for far-infrared

lasers.



