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In addition, the lines in Fig. 3(b) are observed
to be a true subset of the ones in Fig. 2(b). In other
words we suggest that our luminescence spectrum
is due to the emission of Dy' ions in sites of one-
(lower than cubic) point symmetry. This means
that in accordance with our previous suggestions,

sites of different symmetries can be responsible
for thermoluminescence emission even at tempera-
tures close to that of liquid nitrogen. Attempts to
excite luminescence of Dy" in sites of cubic sym-
metry only were not conclusive due to the very low

intensity of the emission involved.
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The electron paramagnetic resonance spectra of doped KMgF3 single crystals containing
Yb+, Tm+, Er+, Dy+, and Gd+ have been observed at 9 GHz. Cubic symmetry sites have
been identified for these ions and the data indicate that the Yb, Tm ', Er ', and Dy substi-
tute for the sixfoM-coordinated Mg ' ion, but that the gadolinium probably substitutes for a
twelvefold-coordinated K ' ion. Noncubic symmetry sites were also observed for Yb, Ex
and Gd+. Hyperfine structure for the isotopes 7 Yb ~~3Yb 6~7m ' 7Ex ~6 Dy and ~6

Hy

was identified, and in some cases supexhyperfine interactions with the fluorine ligand iona
were obsexved with good resolution.

INTRODUCTION

It is mell known that the. fourth-order term in the
expansion of the crystal-field potential has a dif-
ferent sign for sixfold cubic coordination as opposed
to fourfold, eightfold, or twelvefold cubic coordina-
tions. ~ ' For twelvefold coordinations, the sixth-or-
der term has a different sign than for the other
three types of coordination. These sign reversals
lead to a different ground state for a substitutional
paramagnetic impurity in sixfold coordinations than
for the same ion in the other coordinations. An
electron paramagnetic resonance (EPR) study of
a particular rare-earth impurity ion in cubic crys-
talline environments with different coordinations
mould therefore enable different ground-state res-
onances to be observed for this ion. The cubic
perovskite structure of KMgF, (a0=3. 9V3A) is ideal
for a study of this nature. 3' The structure may be
visualized as K" ions at the corners of a cube mith
a Mg

' ion at the body center and F ions at the
face-center positions. The Mga' ion has six F

nearest neighbors along (100) directions, while the
K' ion has twelve F nearest neighbors along (110)
directions. Assuming that the necessary charge
compensation does not occur nearby, a ra,re-earth
ion residing in a magnesium site would experience
a sixfold-coordinated cubic crystal field; if the
potassium site mere occupied, the cubic field mould
be tmelvefold coordinated. The EPH spectrum ob-
ta,ined for the rare-earth impurity should clearly
distinguish between these tmo types of cubic co-
ordination. Further, any observed superhyperfine
interactions with the fluorine ligand ions would be
an additional aid in determining the impurity site
location. Although the 4f electronic wave functions
are fairly well localized, superhyperfine structure
has been observed in the eightfold-coordinated Qu-
orite structure of CaF~ for Ce~'(4f '), 3 Tb '(4f 8),
Tm '(4f's), 5 and Ybs'(4f' ). Superhyperfine
structure has also been seen for Gds' in CaF3 crys-
tals that have been subjected to strains. Accord-
ingly, me have doped KMgF3 single crystals with
Yb ', Tm ', Er ', Dy ', and Gd ' and observed the



EPR spectrum for each of these ions in cubic sym-
metry sites and for Yb ', Ers', and Gde' in non-
cubic symmetry sites as mell. Hyperfine structure
for the isotopes ' 'Yb ' Yb 'Tm '8'Er '

Dy
and '6'Dy mas also identified, and in some cases
superhyperfine interactions with the fluorine ligands
mere observed mith good resolution.

THEORY

Fox' rare-earth lons, the interaction with the
crystalline electric field is very much weaker than
the spin-orbit coupling. The crystal field is con-
sidered as a perturbation on the PJ + 1 degeneracy
Qf the free-ion ground state and mill partiaOy re-
move this degeneracy, depending on its strength
and symmetry.

In the "operatox'-equivalent" technique developed
by Stevens, the crystalline electric field is ex-
panded in a power series, and successive terms in
the expansion are replaced by suitable angular-mo-
mentum operators allowing for the noncommutation
of J„,J„andJ,. A goo'd description of this method

may be found in Hutchings's work, mhere the vari-
ous polynomial operators 0& are enumerated. The
potential for cubic symmetx'y may be written as
&= B4(04+ 50,) + Be(04- 210'). The coefficients B,
and 86 are factors which determine the strength of
the field. In the point-charge model, 8„is propor-
tional to (x")/8"', where (w") is the mean nth power
of tile 1'Rdll fol' 'tile 4f electlolls Rl'ld 8 ls 'tile distance
of the coordinating charges from the magnetic ion.
The proportionality constant not only depends on the
type of coordination, but also includes the operator-
equivalent factor mhich is different for each rare-
earth ion and depends on the particular J manifold.

Lea, Leask, and Wolf 'o (LLW) have performed
a detailed calculation of the eigenfunctions and ei-
genvalues of the sublevels for all J manifolds in a
cubic crystal field from J=2 to J=8. The eigen-
functions and eigenvalues mith a scale factor W are
tabulated as functions of a variable g, defined by

wheze p(4) and p(6) are factors common to all the
matrix elements of the fourth- and sixth-order an-
gular-momentum operators, respectively, and x
varies between 0 and+ 1 (see Fig. l).

Although the value of x (and BQBa) is theoretically
uncertain, the predicted sign of g does not, in prac-
tice, differ from the experimental sign. Thus, the

theory alloms the identification of the lowest sub-
levels of a particular J manifold. Some ambiguity
is still present since the actual value of x is not

theoretically known. The experimental data can be
used to set limits on the x ange of g and in some
cases actually to calculate the value of x directly.

The electronic configuration of Ybs' and Tm ' is
4f '3 with a free-ion ground state of E71a. A cubic
crystal field will split the eightfold ground-state
degeneracy into a pair of doublets, T'6 and I'~, and
a quax tet, 7'8. In a site for which the nearest-
neighbor- coordination is sixfold, the LI.% parameter
x is negative, lV is positive, and the predicted
ground state is the T'6 double, regardless of the val-
ue of g. For tmelvefold cubic coordination, x is
still negative, but Wis reversed in sign and is nega-
tive. The predicted gxound state mill be either a
I', doublet or a I, quartet. The 1"6 and P~ doublets
will have isotropic spectroscopic splitting factors
in an applied magnetic field given by gx 6=~~„~;and

g~ = 3g~~gg, Using gx ~~~ = 1, 141 22~ the pre-
dicted g values are found to be g~ = 2. 6628 and g~F6 X'7
= 3.423V. The splitting of the I"8 quartet mill de-
pend upon orientation of the applied magnetic field
with respect to the crystal axes. '3'

Tl'lvRlell't erbium 11RS R 4f elec'tl'olllc conf lglll'R-

tion and a free-ion ground state of I,«~. The six-
teenfold ground-state degeneracy will be split by a
cubic crystal field into three I 8 quax'tets and a pair
of doublets, F6 and T'~. For sixfold cubic coordina-
tion, the LL% parameter x is positive, +'is posi-
tive, and either a T'7 doublet or a I'8 quartet is pre-
dicted to be lomest. For tmelvefold coordination,
g is still positive, but 8' is negative, and the ground
state mill be either a I"6 doublet or a T'8 quartet.
The isotropic g values for the doublets mill be

g —sSsg Rlld gr 5g
g

~

v

Using g ~ = 1.19515,'3 the px'edicted g values are
found to be g~ = 6. VV1V and g„=5. 9V58. For re-

rz 8

Cubic Crystal Field Hamiltonian

A~84(0~+SO }+B(O0-210 ) .

F(4) F(6)
= B4 —O4 + B —0' F(4) ' ' F(6)

O, =(O,'+ SO4), O, =O,' —21O,'.
F(4) and F(6) are factors common to all the matrix elements

04 0
R =ex —'+ W(1- ~x)}—'

F(4) F(6)

F(4), % (1 —)xI) = B -F(6),

x B, F(4)

1 —~x) B, F(6}

FIG. 1. HamOtonian for cubic crystal field. The
0's are operators vrhose transformation properties are
similar to spherical harmonics. The 8's determine the
strength of the crystal field. For 4= +2, E{4)=60, E(6)
=1260, so that 2lx/(l —

I x I) =B4/&~. For 8= P,E(4)
=60, Z(6) =~3860, so that 23~&/(»- I x I ) =~,/&, .
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peated irreducible representations, the eigenvec-
tors depend on the particular value of x, and there-
fore the experimentally observed Zeeman splitting
of the T'6 quartet will determine the value of x.

Dy3 +

Trivalent dysprosium has a 4f configuration and

a free-ion ground state of 'H„„.The situation is
similar to the case of trivalent erbium mith the ex-
ception that the operator-equivalent factor contained
in 84 is changed in sign and that g„„„,is different.
Therefore for sixfold coordination, x will be nega-
tive, S' will be positive, and the ground state will
be either a T', doublet or a I'6 doublet. For twelve-
fold coordination, x mill still be negative, but 5'
mill be negative, and the resulting ground state will
be a 1 ~ quartet. Kith g ~ = 1.3225, ' the pre-
dicted g values for the isotropic doublets are g~
=

3 g. ~ = 7. 4942 and g~ = 5g ~ = 6. 6125.

Gd +

Trivalent gadolinium has a 4f ~ configuration and

a free-ion ground state of '$7&3. The operator-
equivalent parameters are zero, and therefore no

splitting of the eightfold-degenerate levels by the
crystal field is predicted. Experimentally, some
of the degeneracy is removed by the interaction with
the crystalline electric field; and although the exact
nature of the interaction is not understood, - the ob-
served spectrum may be fitted to a "spin" Hamil-
tonian which has the same symmetry as the crystal-
line electric field. Further, since the splitting is
relatively small, seven or more transitions may be
observed between the eight energy levels, and the
coefficients of the polynomial angular-momentum

operators may be determined directly from the

EPR spectrum.

EXPERIMENTAL

Single crystals of KMgF, (mp=1075'C) contain-

ing up to 3 wt%%uo of the appropriate rare-earth flu-

oride were grown using the Bridgman method. The

starting materials were powders of 99.99Fo-pure

KF (Research Organic/Inorganic Chemical Corp. ),
& 99.99ro-pure Mg Fs (prepared and purified from

MgO supplied by the Kanto Chemical Co. ), and
& 99.9Fo-pure LnF~ (prepared from rare-earth ses-
quioxides, Ln303, supplied by the Michigan Chem-
ical Corp. ). The fluorides were obtained by slowly

heating mixtures of the respective oxides with

NH&HF3 at temperatures up to 500 C in a platinum

crucible under inert gas atmosphere. Equimolar
portions of MgF, and KF and 1-3 wt%%uo of LnF, were
mixed together and inserted into cylindrical plati-
num ampoules (1.5-cm diam, 8 cm tall, 1-mm
w'all). The ampoules were heated to 1125 'C under

forepump vacuum for outgassing, sealed, and sub-
sequently lowered through 40 cm of negative ther-

mal gradient from 1125 'C to room temperature at
a rate of approximately 0. 25 cm/h.

The above procedure of slow cooling to room
temperature favored formation of regions of crys-
tal inhomogeneity, visually evidenced by optical and
density variations in the lower portions of the boule.
This problem could usually be eliminated by air-
quenching the ampoules from 800 C, but the ther-
mal shock caused the boules to crack along their
(100) cleavage planes. However, the resulting boule
fragments always included clear colorless crys-
tals up to 0. 5& 0. 5~ 0. 5 cm. Still larger crystals
could be obtained if the ampoule diameter were in-
creased; but the above sizes were more than ade-
quate for our purposes. Emission and mass spec-
trographic analyses indicated that the dopant im-
purity content of the crystals approximately equaled
the initial doping level for Yb, Er, Dy, and Gd.
However, the assayed impurity levels in the crys-
tals containing thulium (70 ppm) and holmium (400
ppm) were decidedly lower than in the initial charge.

The EPR investigations were carried out at X
band, using a TEgyy cylindrical cavity mith 2-kHz
modulation. oCo y rays with a flux of 2. 4&& 106 R/h
were employed to convert the initially trivalent
thulium to divalent thulium. Irradiations were
made at either 300 or 77 K and most EPR mea-
surements were made at room temperature, 77,
4. 2, and1. 5K.

Yb'+

X=gp&H S+AI S, (2)
'I

where 8=-,'; J=O, —,
' or-', . g=2. 584+0. 001;

A»3(' Yb) = (188. 5+0. 2)x10 cm; and A»3(' 'Yb)
= (684. 7+1.0) x10 cm ~. Their linewidths varied
with field orientation and were narrowest when H

was parallel to a (111)direction. The linewidth of
the '"'Ybs' line was 20 6 in the (111) directions and

25 Gin both the (110) and (100) directions. The g
value identifies the ground state as belonging to the
I'~ doublet.

Ax'ial

Two different sets of axial centers were observed.
For one, the symmetry axes were the four (111)
axes with g„=1,844+ 0. 001 and g, = 2. 896+0.002;
for the other, the symmetry axes were the three
(100) axes with g „=l. 078 + 0. 001 and g, = 4. 377
+ 0.004. The hyperfine structure of these centers
was too weak to measure. (Only the central line

Cubic

For crystals of KMgF3: Yb', the spectrum shomn
in Fig. 2(a) was observed at both 4. 2 and 1.5 K.
The lines indicated by the stick diagram were iso-
tropic with respect to magnetic-field orientation
and could be fitted to the spin Ha, miltonian
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KMgF~' yb

7 = I.5K
ve=9.27 GHz

H NEAR )III]

2500 2800 H (gouss)

GAIN xIQ

GAIN xIO

EVENyb

I7&yb

GAIN x(

I

I73yb

FIG. 2. EPR spectrum of KMgF3.
Yb ' for H near [111j. (a) Isotropic
cubic lines are depicted by the stick
diagram below. If H were exactly
parallel to [111], the large axial
lines would be' superimposed. {b)
Cubic lines with amplification show-
ing superhyperfine lines due to the
neighboring fluorines.

~= 5/2

N)
=+ &/2

Vb IN KMgF~

due to the even-even isotopes was measured for all
the axial centers observed. ) The (100) centers
were approximately one-half as abundant as the
(111) centers and appeared to have longer relaxa-
tion times (i. e. , saturated more easily). The line-
widths for the two axial centers were noticeably
different. The (1 1 1) axial centers exhibited line-
widths varying between 20 and 30 0, while the line-
widths for the (100) centers were approximately
10 G.

SagerhyP erfine Interactions

Figure 2(b) shows some of the cubic lines with

higher resolution for Hll[lll]. This clearly shows

a superhyperf inc interaction with the neighboring
' F ions. There are seven lines indicating an in-
teraction with six equivalent fluorine nuclei. The
additional terms

Z (I ~q ~ A;) ~ S) —y„8H I f)
i j

should be added to the spin Hamiltonian with the
separation between the lines in this [111] direction
approximately equal to '7. 2+ 0. 2 Q. The structure
was only weakly resolved along the (110]direction
and was not resolved along the [100], preventing any

careful study of the angular variation of the super-
hyperfine interaction.

The axial centers also exhibited splitting due to
' F. For the (100) centers, the superhyperfine
structure was only resolved when H was perpendic-
ular to a principal [100]axis with a separation of
the order of 4. 0 6, while when H was parallel to the
axis, there was no structure. (Between 8=0'
and 8 = 10, the line was actually split into two lines

38 6 apart, showing an additional interaction that
was not further i'nvestigated. ) For the (111)axial
centers, superhyperfine structure was resolved
when the field was either parallel or perpendicular
to a principal [ill] axis (splittings were -8. 5 and

6. 0 6, respectively), but for some intermediate
angles, the structure was not resolved. For both

types of centers, it was difficult to make a defin-
itive statement concerning the number of fluorine
ions involved.

In the as-grown crystals of KMgF3 doped with
thulium, no spectrum was observed at 4. 2 and 1, 5
K. The crystals were subsequently irradiated with
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7 rays at VV K, mounted into the EPR spectrom-
eter without an intervening warm-up, and the spec-
trum due to divalent thulium shown in Fig. 3 mas
obsexved at 4. 2 K. The two lines mere isotropic
in position and could be fitted to Eq. (2) with 8 =-,',
f = 2, g = 2. 591+ 0.001, and A,(~(' Tm) = (283.0
+1.0)&&10 cm '. The linewidths varied with field
orientation and were -12 0 at their narrowest vrith
Hll (111). There was no resolution of any superhy-
perfine structure in any direction. The g value
identifies the ground state as a I'~ doublet similar
to the isoelectronic Yhs'.

It was found that the Tm2' was quite stable, since
the spectrum at 4. 2 K appeared undiminished fol-
lowing several days storage at room temperature.
Divalent thulium could also be produced by a room-
temperature irradiation, although not as efficiently.
No axial Tm ' spectra were observed in any of the
samples.

Cubic

For crystals of KMgF3: Er ', the spectrum shown
in Fig. 4 mas observed, consisting of a large cen-
tral line due to the even-even isotopes of erbium
and eight hyperfine lines for ~~7Er(I=+~). The posi-
tions of the lines varied with magnetic-field orienta-
tion, and with the assumption that 8 =-', , there were
three different g values for t e centra~ line: g,«
= 4+ 029 40i 004& ggjg = 3~ 955 +Oi 004& and gogo= 3o 9V4
a 0.004. The hyperfine constant A,&,(' VEr)
= (142.8+1.0) &&10 cm ~ was measured with H ff(100)
only, as the resolution mas poorer in the other di-
rections. The g-value variation indicates that this

KMgF&,
' Er5+

H I( tioo)
T= 1.5 K

v, =9.184 6Hz

1800 2000 H (gauss)

167E

FIG, 4. EPB spectrum of KMgFS. Er ' for H ll t1{jo].
Anisotropic cubic lines are depicted by the stick diagram
below.

is the I'-, ) —I --,') transition of a I', quartet. With
Ayant's ' notation of ( —,'IO',

I
—', )=P and (~IS, I —,')=Q,

then

ti00=2@t, „gui=(p—@)zL ~.

Z». =(--*.(J' e) —.'[V(& e') -»e]"'jg„„,.
Fitting the experimental g values to these formulas
in the manner outlined by Abraham et al. '6 to
maintain consistency, me arrive at the values
P = 5. 044, Q = 1.V025, x = 0. 8V8, and g„~= 1.183.

The llnemldth varied slightly with magnetic-field
orientation and mas about 10 6 for the central line.

Two sets of axial centers mere observed whose
symmetry axes were the four (111)axes. For one
center, gi, =4. 216+0.004 and g, = V. 886+0.008, and
for the other, g„=4.394+0.004 and g, = 7.08+0.01.
A third axial center was observed with (100) sym-
metry axes with g„=2.682+0. 005 and g, =8.362
+ 0.010.

KMgF3.' Tm

T= 4.2K
q = 9.24 GHz

I

2700 H (gauss)

I

2400 2500 2600
Tm lN KMgF&

FIG. 3. EPB spectrum of KMNFI. Tm ' for H ll I.111].
Isotropic cubic lines have narrowest linewidth in this
direction.

Superhyperfine Interaction

Figure 5 shows the central cubic line with in-
creased gain for H parallel to the three principal
directions. The best resolution is clearly with HII

(100), where the splitting is approximately equalto
3. 8 G.

Some dopant segregation occurred during crys-
tal gromth, as indicated by a variation in the boule
color. The clear boule sections mere more lightly
doped, and the intensity of the axial spectra was
reduced. Only in these clear crystals could the
superhyperfine structure be resolved. The pink
sections of the boule were more heavily doped (as
evidenced by the more intense axial spectra) and no
superhyperfine structure could be resolved in speci-
mens from those sections.

No EPR spectrum attributable to holmium was



Gd3+

FIG, 5. EPB spectra of cubic central I=O erbium
line in KMgFS.Er for H parallel to the three principal
crys taQogl aphic direc tions ~

observed in the as-gromn crystals doped math tri-
valent holmium, or in crystals which mere y irradi-
ated at VV K. The samples mere subjected to a
radiation dose of up to 1.5&&10 R and mere mounted

in the EPH spectrometer without an intervening
grarm-up. Searches for a holmium spectrum mere
unsuccessful at 4. 2 and 1.5 K.

Dy3+

The spectrum shomn in Fig. V mas observed for
crystals of KMgF3. Gd '. The intensities and an-
gular variations of the lines Rl e chalRcterlstlc of
an 8=

& state in a cubic crystal field. '7 The crys-
tal field is comparatively weak, and seven ~,=+1
transitions may be observed among the eight ener-,
gy levels. The cubic crystal-field parameters b4
= 6084 Rnd be= 126086 are tabulated in Table II for
different temperatures. By studying the relative in-
tensity of the lines between 4. 2 and l. 5 K, the sign
of b4 mas ascertained to be negative. From this it
folloms that at zero magnetic field the ordering of
the states in energy is a 1 6 doublet lowest at zero
energy, a ~8 quartet at —12b4+ 36b6, and a X'& doub-
let highest at —32b4+ ebs. The cubic spectrum mas
enhanced a factor of 4 by heating the crystal to
1200 K and then quenching in acetone, a procedure
which also reduced the extra lines due to lower
symmetry sites. Linemidths mere approximately
10 G.

¹meubie

An additional Gd ' spectrum was detected mhose
symmetry has not yet been determined. There were
four different sites which were equivalent with H II

(100). Further work will be necessary to deter-
mine whether the symmetry is axial or orthorhom-

KMgF5. Dy

H II fIIIj
T-15 K

For crystals of KMgpe..Dy", the spectrum shomn

in Fig. 6(a) was observed at 4. 2 and 1. 5 K. Only

absorption lines which mere isotroplc with respect
to magnetic-field orientation mere seen, Rnd these
could be fitted to Eg. (2) with S = &, & = 0 or —,', g
= 6. 544~0. 006, a», ('"Dy) = (274. 2+1.0) ~10-' cm-',

»dZ, ('~'Dy)=(194 2+1.0)~10-'cm-'. Theg
value identifies the ground state Rs belonging to the
~ doublet. Their linemidths varied greatly with.
f' ld orientation Rnd mere narrowest with H,", ~

ou e.
re orle

A li 'dth f about 15 G was observed with H II(11 )
h' h broadened to - 35 6 with H II (100).

Superhy pepin e

Intersections

!
FVEN-EVEN Dy

I I

7 ~ i.5 K
re=9.45 6HzH~

5 gauss

I

I6to„

f650

F' 6(b) shows the central cubic line under
111g galll.h

' There is some resolution of structure
with H II (111), but no resolved structure with H II

(100), where the linewidth broadens.

FLQ. 6. EPH spectrum of KMgFS..Dys+. (a) Isotropic
b' l' are depicted by the stick diagram below.

@) The cubic central I= 0 line for KMgF3 ..Hys' is shown
for 8 ll t,ill].
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bic. Since the splitting is comparatively large
(520—1200&&10 cm '), the experiments will be done
with a higher-frequency EPR spectrometer (35 GHz)
in order to determine the spin-Hamiltonian param-
eters more accurately.

Superhy perfine Interactions

Figure 8 shows the central cubic line under much
higher resolution for H parallel to the three princi-
pal directions. The superhyperfine structure was
clearly resolved for H ll(100) and (110) with little
resolved structure for H II (111). Approximate split-
tings along the [100]and [110]were 3. 3 and 2. 5 G,
respectively, and it appears that there are more than
seven superhyperfine lines in the former case.

DISCUSSION

KMgF3.'Gd

CENTRAL Ms=+/p -t~p TRANSITION
7=77K
vs= 9.020 GHz

. Experimental results for the observed cubic and
axial spectra are summarized in Tables I-III.

For the cubic Yb ' and Tm ' sites, their 1"6 ground
states, plus the fact that their anisotropic EPR line-
widths are narrowest with H II [ill], imply that they
occupy the Mg ion site. The Mg site has the re-
quired sixfold coordination, and for H II [111]the
superhyperfine interactions with the six fluorines
located along (100) directions would all be equiva-
lent. Since fluorine has a spin of 2, this mould split
the resonance lines into 2$,I, +1= 7 equally spaced

FIG. 8. Cubic central Ms =2 ~s= 2 line for
KMgFS. Gd3' for H parallel to the three principal crys-
tallographic directions.

(u) H II [IQQ]

K MgF&', Gd

7= 77K
ue = 9.020 GHZ

3400 3500 H (gauss)

superhyperfine components with relative intensities
1:6: 15:20: 15:6: 1. This is seen in Fig. 2(b) for
Yb". Ão structure mas observed in the Tm" spec-
trum.

Vfhen the separation between the superhyperfine
lines becomes small, the superhyperfine interaction
term and the fluorine nuclear Zeeman term become
comparable, and hence only an ENDOR experiment
can determine unequivocally the relative importance
of the two interactions. (In our case, the fluorine

TABLE I. Cubic spectra results for KMgFS..Ln.

3000 3100 3200 3300 3400 H (gauss) Ion

Site
Ground coordi-

s tate nation

Hype rfine
constant
(10"4cm i)

3300 34QQ H (gauss)

FIG. 7. EPB spectrum of KMgFS. Gd3' for H parallel
to the three principal crystallographic directions.

Ym '

2.584+ 0.001 I'6

2.591+0.001 16

g~pp = 4o 029 +0m 004
g111 = 3 ~ 955 + 0 004 ~8
graf p

= 3 ~ 974 + 0 ~ 004

6.544*0.oo6

A( g2
—-684.7 + 1.0

"'As/2 =188.5+0.2

6 " Ai /2 = 283.0 + 1.0

1"A», =142.8 +1.0
for H II [100]

~6~A
gg 2

= 194.2 + 1.0

163A»2= 274. 2+1.0



2862 ABRAHAM, FINCH, KOLOPUS, AND LEWIS

TABLE II. Cubic spin-Hamiltonian parameters for
KMgF&. Gd3 .

Tota1
Temp b4

——60B4 b6 = 1260B6 spread
(K) g (1O-' cm-') (1O-' em-

~

297 1.9916 + 0.0005 —11.15 + 0.05
110 ~ ~ 0 ~ e ~

77 1.991'6~0.0005 -12.94~0.05
4. 2 l.9916+ 0.0005 —13.52 x 0.05

+1.20+ 0.05
~ ~ ~

+1,33 +0.05
+ l.31 a 0.05

l.98
2. 24
2. 29
2.39

Distance between outer lines 2 —, and —
2

- -,' with
H II [100] (measured with proton resonance 42. 576 MHz
= &04G).

nuclear Zeeman term is -2. 86. ) Ranon and Hyde'
performed this experiment on CaF&.. Yb ', and
showed that under this condition the situation can be
complicated, since so-called "forbidden" transitions
have intensities comparable to the allowed transi-
tions and extra lines may occur. By performing
EPR experiments at two different frequencies (and
hence changing the value of the nuclear Zeeman
term), they were able to explain the superhyperfine
structure considering only the eight nearest-neigh-
bor fluorines. The superhyperfine tensor was sep-
arated into an isotropic and an anisotropic part and
compared with the results of Bessent and Hayes'
on isoelectronic Tm2' in CaFz. They concluded that
the isotropic term was larger for Tm ' than for Yb '
with the inequality reversed for the anisotropic
term. Since in KMgF, the superhyperfine structure
for Tm ' is not resolved, it would appear that the

anisotropic portion of the interaction is larger than

the isotropic portion, which is similar to the situa-
tion in CaF2. Apparently the electronic wave func-
tions of divalent thulium have less overlap with the
fluorine wave functions than do the trivalent ytter-
bium electronic wave functions. A plausible explan-
ation might be that there is a larger Coulombic force
between the trivalent rare-earth ion and the fluorine
(which effectively increases the overlap) than be-
tween the divalent ion and the fluorine.

The experimental g values for Er3' are only con-
sistent with the ground-state I"8 quartet eigenfunc-
tions (given by LLW) which result from sixfold co-
ordination. The resultant value of x=0. 678 is com-
parable with those reported for the erbium-doped
sixfold-coordinated crystals of MgO (x =0. 72), '~

CaO (x = 0. 782), 2O and SrO (x = 0. 744). ~0 Further-
more, the g values cannot be fitted to the other pos-
sible I'8 quartet wave functions which would result
from twelvef old coordination. Consequently, the
superhyperfine structure is expected to be best re-
solved for H ~( [111], where the six fluorine nearest
neighbors are all equivalent. The spectra shown in

Fig. 5 are in contradiction to this expectation. In

this case, ENDOR measurements arerequired to de-
fine the relative magnitudes of the superhyperfine
and nuclear Zeeman interactions.

TABLE III. Axial spectra in KMgF3. (The use of
Roman numerals in this paper is only for the purpose
of classifying the axial sites).

Ion gii

Average
g=3 (@)+2'1

Princi-
pal

axes

Yb~ -I 1.844+0. 001 2. 896+0. 002
Yb3 -II 1.078 +O. 001 4. 377 +0. 004

Er~ -I 4. 216+0. 004 7. 886+0. 008
Er~ -II 4. 394+0. 004 7. 08 +0. 01
Er~ -III 2. 682 + 0. 005 8.362 + 0. 010

2. 545
3.277

6. 663
6. 185
6. 469

(111)
(100)

(111}
&111)
(100&

For Dy", the ~ ground state clearly indicates
that the impurity is in the sixfold Mg lattice site.
The linewidth variation due to the superhyperfine
lines is also in accord with this identification.

The point-charge model breaks'down for the case
of S-state ions, Abraham and Boatner ' have
shown that the temperature variation of Gd' EPR
spectra in various cubic crystals appears to depend
on the type of cubic coordination. In that work, the
absolute change in the total spread of the EPR spec-
trum (for H )( [100])from 1.5 to about 500 K was the
same for the same cubic coordination, regardless
of the different crystal-field strengths in the various
crystals. It is predominantly the fourth-order term
&4 which varies with temperature, and since the
temperature variation of the total spread of the cu-
bic KMgF3: Gd" EPR spectrum is similar to that for
the eightfold-coordinated fluorite-type crystals and
not the sixfold-coordinated alkaline-earth-oxide
(NaCl-type) crystals, we conclude that the Gd

' is
in the twelvefold K" site in KMgF3. The superhy-
perfine lines seen in Fig. 8 do not contradict this
conclusion. For this site, there is no magnetic-
fieM direction in which the intera, ctions with all
twelve fluorine ions are equivalent. The f-electron
orbits contract with increasing atomic number (lan-
thanide contraction), and presumably the larger tri-
valent gadolinium goes into the larger potassium
site.

Heavier rare-earth doping of the crystals reduced
the resolution of superhyperfine lines by broadening
the lines and also increased the relative abundance
of noncubic to cubic symmetry sites. The latter is,
of course, to be expected, since the heavier the
doping, the closer the proximity of the required
charge-compensating mechanisms which would low-
er the local symmetry.

It is expected for both Yb ' and Er ' axial spectra
caused by small perturbations of the cubic crystal
field, and for negative charge compensation, that
g„&(g cubic) &g~. ~ 24 This is the case for all axial
spectra in Table III. For small perturbations the
average value of ~(g~, +2g, )is an indication of which
cubic ground state is perturbed, ~5 and hence which
lattice site is probably involved. Initially, several
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different cubic ground states may be present due to
different x values.

The g values given in Table III indicate that the
{111)and {100)axial centers of ytterbium arise
from an Yb 'ion residing in Mg

' and K" lattice
sites, respectively. The axial symmetry of both
spectra may be explained by the same type of
charge-compensating mechanism, i. e. , missing K '
ions (one for Yb-I and two for Yb-li).

The g values given in Table III for erbium indicate
that Er-I and Er-III had lowest I'7 cubic ground
states before the axial perturbation, and for these
spectra the erbium ion probably resides in the six-
fold Mg" site. The Er-II g values indicate that in-
itially a ~6 cubic ground state was lowest in energy;
therefore, the erbium ion producing this center
probably resides in the twelvefold K' site.

A potassium vacancy could produce the spectra
for Er-I, while a substitutional oxygen ion at a flu-
orine site could produce the Er-III center, and the
Er-II center could be produced by a Mg vacancy.
These speculations on the nature of the axial sites
are plausible, but other interpretations are possi-
ble.

For example, a trigonal distortion of the cubic
field would split the I'8 quartet and create a doublet
with the g values "' g„=(& —Q)g„~;= 3. 955 and g,
= (&+Q)g„d;= 7. 981. Bo".h the Er-I and Er-II axial
centers have values that do not differ greatly from
these, and thus both centers could conceivably be
the result of small distortions of the cubic Mg site.

As is usually characteristic of irradiation-pro-
duced rare-earth divalency, no spectra were ob-

served that could be associated with Tm or Ho '
in noncubic sites. No divalent holmium appeared
to be produced by ionizing radiation at V 7 K, but
divalent thulium eouM be produced in cubic sites,
and was stable at room temperature. This was true
even though analyses showed that in these crystals
the holmium impurity level (400 ppm) was higher
than the thulium impurity level (70 ppm). The
amount of thulium and holmium incorporated into
the crystals was considerably less than that in the
starting melt, which was in contrast'to the other
rare- earth impurities.

It is concluded from the experimental evidence
that rare-earth ions can occupy the sixfold-coordin-
ated Mg site in KMgFS and still possess cubic sym-
metry. Rare earths have been observed in the alka-
line-earth oxides with sixfold cubic coordination, but
due to the high melting points (2000-3000 'C) of
these oxides, the crystals are usually grown in an
electric arc furnace. This method requires a large
and costly amount of rare-earth impurity dopant.
The cubic perovskites, on the other hand, with their
lower melting points, are ideal hosts for the incor-
poration of impurities into sixfold- cubic- coordinated
sites, and large crystals may be grown. Cubic pe-
rovskites with larger lattice constants should also al-
low the incorporation of the larger ions at the begin-
ning of the rare-earth series.
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Electron-paramagnetic-resonance spectra of the isoelectronic ions Pu3' and Am ' in cubic
sites of fluorite-structure single crystals have been investigated at 1.5 and 4. 2 K. The ob-
served isotropic spectra and associated g values identify the ground states as I'7 doublets. This
ground state is produced by intermediate-coupling effects which are much larger for 5f 5 con-
figuration ions than for the analogous 4f ions. Spin-Hamiltonian parameters were determined
to be: g=1.3124+0.0005, A= (65.4+0.2) x10 4 cm for OPu+ in Th02, g=1.1208+0.0005,
A=(127.9+0.4) x10" cm ' for 9Pu ' in SrCl2, and g=l. 2862+0. 0005, A= (45.7+0.1) x10-4

for Am ' and A=(45. 3+0.1) x10 cm for 4 Am ' in Th02. Spectra observed for
both Pu ' and Am were characterized by very anisotropic linewidths and by a dependence
of linewidth on the nuclear-spin projection quantum number mi.

I. INTRODUCTION

Although the electronic properties of 5f" (actinide)
ions are somewhat similar to those of the corre-
sponding 4f" (rare-earth) ions, some important dif-
ferences occur as a result of intermediate-coupling
effects. An illustration of the significance of inter-
mediate coupli'ng for the actinide ions was provided

by a comparison' of wave functions calculated for the
J'=~aground-state term of Sms' (4f') and Pu ' (5f ).
For pure Russell-Saunders coupling, the Hund's-
rule ground state for an f s configuration is H, &, .
A comparison of the intermediate-coupled wave
functions, however, indicated that although the 8
term contributes 96% to the ground state of Sm ', it
contributes only 66% to the Pu '

ground state.
The large admixture of higher-lying J= ~ states

changes the predicted splitting by a cubic crystal
field of the Pus' ground-state term. A calculation
of the fourth-order crystal-field operator-equivalent
factors (4~ I Ip I I 4'~) has been carried out by Edel-
stein et al. using intermediate-coupled wave func-
tions for Sm ' and Pu '. From this calculation they
found that intermediate coupling resulted in a differ-

ence in the sign of the factor (%~I IpI I CJ ) for Pu'
relative to that obtained for Sms' (or for a pure Hs&s

state). For Sms' and Pus" in an eightfold-coordinated
cubic site, this difference in sign determines that
the I'8 quartet lies lowest for Sm ', while the I',
doublet lies lowest for Pu '. Experimentally, Edel-
stein et al. ' have verified that the I'& doublet is the
ground state for Pu'in CaF2, SrF3, and BaFz.
Their measured g values for Pu ' were different in
each host due to varying crystal-field-produced ad-
mixtures of the I & doublet in the first excited J=-',
state. A 1", ground state for Sm3' in an eightfold-
coordinated cubic site has not been reported, al-
though axial spectra have been observed ' in CaF&.

An interpretation of the Pu ' hyperfine parameters
as measured in three fluorite-structure hosts has
been given recently by Edelstein and Mehlhorn. ~

Intermediate-coupling effects were again important,
and the varying admixture of the excited I'& doublet
also resulted in significant variations in the magni-
tude of the hyperfine parameter which corresponded
to observed effects.

We report here the observation of Pu ' EPR spec-
tra in the fluorite-structure single crystals Th02


