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EPR of Gd3+ in a single crystal of thorium oxysulfide
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The electron paramagnetic resonance of Gd3+ has been studied in a single crystal of thorium
oxysulfide. The experimental results are interpreted using a spin Hamiltonian for tetragonal
symmetry, and the crystal-field parameters and the g factor are determined. The very good
agreement between the calculated and experimental data shows that the Gd + ion enters substi-

tutionally, and that the charge compensation is far enough away to avoid any distortion of the
local symmetry.

I. INTRODUCTION

The paramagnetic resonance studies of S-state ions
in host crystals are of interest for two fundamental
reasons: (a) the possibility of a detailed determina-
tion of the character of the crystal field acting on the
ion and therefore the knowledge of the site symmetry
at the location of the ion; (b) the information that
one can obtain on the mechanism which governs the
zero-field splittings of the ground state. In this re-
gard, it has been shown' that a purely ionic model is
inadequate to explain the experimental results and
that a certai~ amount of covalency with the ligands,
induced by spin-orbit coupling, must be considered. '

This paper deals principally with point (a) and
describes the theoretical and experimental machinery
used to obtain the crystal-field data.

II. CRYSTAL GROWTH AND CHARACTERIZATION

- Torr. The transport process occurs in a temperature
gradient of 50'C. The crystals grow at 850'C main-
taining the feed po~er at 900'C.

After two weeks, 2-mm-long transparent platelets
are obtained. The crystals were characterized by x-
ray diffraction methods. The rotating crystal photo-
graph and the Debye-Scherrer pattern reveal a tetrag-
onal structure (space group P4/nmm) with lattice
parameters

a =3.973 +0.004 A

c =6.773 +0.008 A,
in agreement with published data. ' The quality of the
Laue pattern (Fig. 2) is an indication of the high lev-
el of perfection of the crystals. From the symmetry
and the intensity of the EPR spectrum it is evident
that the doping Gd3+ ions enter substitutionally and
in a proportion of the order of 10 ppm.

Sirigle crystals of actinide chalcogenides with well
developed natural faces and low defect density can be
grown by chemical transport reaction using iodine as
transporting agent. 4 The mechanism of the process is
described in Fig. l.

Gadolinium-doped thorium oxysulfide (ThOS) sin-
gle cf'ystals were obtained by this method. The trans-
port reaction is carried out in quartz bulbs (25 mm in
diameter and 150 mm long) in a temperature gra-
dient furnace. The gadolinium-doped ThOS powder
(5 g, with a gadolinium concentration of the order of
500 ppm) is introduced into the carefully cleaned
bulbs with a quantity of iodine sufficient to produce a
pressure of 2 atmospheres at 900'C. The quartz
bulb is evacuated and sealed under a pressure of 10

US +2& US +2)
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FIG. 1. Chemical transport process of chalcogenides in a
closed system; T~ and T2 are, respectively, the feed and the

growth temperatures (T~ & T2).
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FIG. 2. (a) Transmission and (b) back-reflection photograph of ThOS single crystal. The incident beam is perpendicular to
the (001) plane (30-mm specimen-to-film distance).

III. THEORY

The ground state of the Gd + ion is essentially S7g2. The EPR spectra reproduce the tetragonal symmetry of
the Th crystal site (point group C4„).Therefore, the spin Hamiltonian for the magnetic field parallel to the
crystal-field z axis can be written

gll p'BHs Sg +B2 02 + B4 04 +Bg 06 + B4 04 +B& 06

~here p,~ is the Bohr magneton, the B„'sare the crystal-field parameters, and the 0„'sare the corresponding
operators with matrix elements proportional to those of the related spherical harmonics.

When H is placed along the x (or y) axis, the Hamiltonian (1) transforms to the following, obtained by projec-
tion, in the usual way, on the new axes,

g{.'=gypgHS, r+C2g2 +C4g4 +C6g6+C202 +C404 +C404 +C606 +C606 +C606

where the coefficients C„'sare related to the B„'sas follows:

Co = —,80, Co--, (380+8,'), C,' =—„(SB,'+8,'), C,' = —,80,o ~ o o ~ o 4

C4~ = ——'(5840 —84 ), C4 =
s (3584 +84 ), C6 =

i~ (IOSB6 +586 ), C64 = ,6
(638—60——1386 )

C66 =
3

(231860 +11864 )
I

As usual, instead of the B„'s,we will use in the following the reduced parameters b„,defined as

b2 =3Bg~, b4~ =60B4~, by~ =1260B6~

and therefore also the parameters c„,related in the same way to the C™s.
From Eqs. (1) and (2) we obtain, with a perturbative procedure up to the third order, the following general

scheme [Eqs. (5)] for the seven lines of the EPR spectrum, where the Pi's and Ho are given in Table I.

Hi =Ho+(Pi —P2) — (2P6 +Pi —Ps~ —2P92)1

4H(

, [—', P5'(Pi —Pg) +P6 (Pi —Pp) +-Pii (Pi —P4) —
4 Ps (Pi —Pi) P9 (P2 P4)— —

1

(3)

(4)

Ps(PePs PqP9) —Pio(P6Pi ——PsP9)]—1
(Sa)
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TABLE I. Values of the parameters P; and Ho for Eqs. (5).

Hll z HII x

P1

P2

P3

P4

P5

Ps

P9

P1o

Ho

(7b,'+7b,'+b,o)
gIIJ B

1
(b o 13b4o 5b6o )

gllPB

(—3b20 3b40 +9b60)
g IIV'B

(—Sb2 +9b4 —Sb6 )
gll&B

0

g 5 4 7 6t( }1/2b4 +( )1/2b4 ]
III B

1 4 1J3b4 — b6
glIPB v'3

hv

gll&B

1
(7e2O +7cO + eO )

gll B

1 (c,' -13c4 -Se,')
gj.PB

(—3c2o —3c4 +9c6 )
gags

o o o(—Sc2 +9c4 —Sc6 )
gy ps

1

gl34o K7

1 21 /
2 21 / 2

t( )1/2c4 +( )1/2c4 ]
gl ps 5 ' 7

1 4 1 443C4 ~ C6
gras, V3

1 ~ 2 1 2 2
&~SC2+ ~C4 —. ~C6

t

( )1 2c2 2( )1 2e + c62

1

gl IJ"s

H2=Hp+( P2 —P3) — (Ps +3P6 +3P9 —3P1p )
602

Ps (Pl P2) +P6 ( 1 P3) + Pg (P2 P3) +P9 (P2 P4)402 9 2

—P1o (P3 —P4) —
3

Ps( 2P6Pg + P7P9 ) —2P1pP6P7] (Sb)

H3 =Ho+(P3 —P4) — ( 2P62 —P72 +Pg2 —+2P92 )
483

[—P62 (P1 —P3) + P$(P1 P4)—— Pg2 (P2 ——P3) +-Pj (P2 —P4)402 4 4

+2P1p ( P3 —P4) + Ps(P6Pg —P7P9) +3P1p(P6P7 —PgP9)] (Sc)

H4=Hp — (P7 —2P9 +2P1p )
204

(Sd)

Hs = Ho —(P3 P4) — ( 2—P62 P72 +Pg2 —+2P92 )
405

+ l P6 (P1 —P3) + P7—(P1 P4) — Pg—(P2 —P3—)+P9 (—P2 P4)—
4052 4 4

+2P1o ( P3 —P4) + Ps(P6Pg —P7P9) +3P1p( P6P7 PgP9)] (Se)
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Hg Hp —(P2 —P3) — (P5' +3Pg +3Pp —3Pt'p )
6

+
2 [—p P5 (Pt —P2) +Pg2(Pi —P3) + 2Pg (P2 —Pg) +Pp (P2 P4)—
6

—Pip (P3 —P4) —
3 P5(2PgPg+P7Pp) —2PipPgP7] (5f)

H7 = Hp (P) —P2) — (2Pg + P7 P ——2P )
1

+ [p P52 (P/ —P2) +Pg2 (P/ —P3) +
4

P72 (P] P4) ——
4

Pg2 (P2 —P3)
7' '

Pk ( P2 P4) —
3 Ps( PgPg P7Pp ) —Ptp( PeP7 PgPp—)j
1

(5g)

It is to be noted that the third order of perturbation
is more than enough to describe the parallel spec-
trum. In fact, the third-order terms are smaller than
the experimental uncertainty on the determination of
the field position of the lines. The situation is dif-

.ferent in the perpendicular case. In fact, owing to
the large contributions of the terms in c2 and c~, the
third-order terms are not negligible in this case.
Therefore, the values of the crystal-field parameters,
obtained by fitting the perpendicular spectrum with
Eqs. (5), require an ulterior refinement. g

IV. EXPERIMENTAL

The spectra have been recorded by means of a
modified X-band ovarian 9E-line spectrometer. In
particular, for each line of the spectra, the field posi-
tion was measured as follows: the magnetic field was
set to a value very close to the position of the line by
means of the Varian Fieldial, calibrated by compari-
son with a Bruker BH12 nuclear resonance probe,
coupled to a Hewlett-Packard 5245L frequency
counter. Then, the field was increased step by step
with a suitable device, while the derivative of the
EPR absorption was monitored on a chart recorder.
The number of steps (each corresponding to a con-
stant increment )AH), necessary to reach the inver-

sion point of the derivative, and the reading of the
Fieldial gave the field position of the line. In this

way, we have obtained a sensitivity better than 0.1 G
for lines of -15 6 of width. This procedure was

made easier by the fact that no hyperfine structure
was observed. In the same way the resonance field
was measaured for a sample of DPPH (a, e, -diphe-

nyl-P-picrylhydrazyl), placed inside the E233 rotating
cavity together with the crystal, which allows one to
obtain the microwave frequency, using its g value of
2.00368 +0.00005, as measured with our equipment.

The crystal was placed rigidly inside a plexiglas cap-

TABLE II, Fitting of the field positions (in gauss) of the

lines, for the parallel and perpendicular spectra, obtained
with the parameters of Table III.

Hexp

H II z

+exp

2076.1

2428.2
2801.4
3227.1

3652.0
4024.7
4376.8

2076.7
2428.6
2801.2
3226.5
3651.8
4024.8
4377.0

25&8.0
2890.8
3040.9
3171.3
3336;1
3560.3
3941.5

2587.9
2890.4
3040.5
3171.0
3336.3
3560.8
3942.1

sule, which was fixed to a rod inserted into the cavi-
ty. The orientation of the principal symmetry axes of
the crystal field was determined following the angular
variation of the spectrum in three mutually orthogonal
planes, the first of which was (001). Such determi-
nation has an uncertainty smaller than 1', and the
consequent possible error in the field position of the
lines is less than the instrumental one. However,
taking into account all the possible error sources, the
final uncertainty on the values of the measured field
positions is not greater than +0.4 gauss.

The z axis is the direction for which the spectrum
shows the maximum overall splitting (about 2300 G
from the data of Table II) and coincides with the [001)
axis. In the perpendicular plane, we have assumed,
as usual, the x and y axes in correspondence to the
equivalent positions of maximum splitting (about
1350 G, see again Table II). An alternative choice is
the positions of minimum splitting. In such a case
one would obtain the opposite signs for the parame-
ters b4 and b64, responsible for the

2
n symmetry of

the spectrum in the xy plane, but the same absolute
value.
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TABLE III. g values and crystal-field parameters (in units of 10~ cm ) for Gd + in ThOS.

bo b4 b4

1.9915 +0.0003 1.9911 +0.0003 —183.33 +0.02 1.704 +0.006 —0.591 +0.008 28.30 +0.05 —4.76 %0.13

V. FITTING PROCEDURE

The b„parameters are we11 determined by fitting
Eqs. (5) with the experimental values of the parallel
spectrum. A good value of gii is also obtained in this
case. At the same time, a first approximation for the
values of the b„'sand gi is obtained from the per-
pendicular spectrum. This was performed by means
of an iterative procedure on two systems of linear
equations built up from Eqs. (5). Essentially, we
evaluate gii and the b„'sfrom the four equations ob-
tained, for the parallel case, from H4 and the differ-
ences Hi —Hq, H2 —H6, and H3 —H5, in which we
neglect, in the first step, the terms of second and
third order. The same is made, in the perpendicular
case, for gj and the c„'s.From these values of the
b„o'sand c„o's,by means of Eq. (3), we obtain the
values of the b„'s,which are used, in the second
step, to correct the equations with the terms previ-
ously dropped. Such corrections are successively re-
peated until an adequated consistency is reached.
The values of the parameters obtained in this way are
then used as starting values for a trial and error pro-
cedure in which the energy matrices of the Hamil-
tonians (I) and (2) are exactly diagonalized. '0 As
said, the values of the b„'sand gii remain practically
unchanged in this refinement. The final values of
the spin-Hamiltonian parameters are shown in Table
III, while in Table II we report, for comparison, the
experimental and caiculated values of the fields (ob-
tained with the parameters of Table III), for the
parallel and perpendicular spectra. The precision of
the fitting, as evident from Table II, is supported also
by the coincidence, inside the quoted uncertainty, of
the value of b2 obtained from the "parallel" equations
with that deduced from c2 in the perpendicular case.

The signs of the parameters of Table III are rela-

tive only, because the absolute signs depend on
which state (+

2
or —2) is the lowest in energy (and,

for b4 and b6, also on the choice of the x and y
axes). We have in mind to make measurements at
liquid-helium temperature, because a comparison of
the relative intensity of the lines at room-temperature
and liquid-helium temperatures can give the sign of b2

and therefore of the other b„'s."

VI. DISCUSSION

The perfect tetragonality of the crystal field con-
firms that the Gd3+ ion enters substitutionally at the
Th + site. Moreover, the absence of distortions
shows that the charge compensation due to the dif-
ferent valence of the two ions is not in the neighbors
of the doping ion and is probably connected with
some surface defect.

The g factor is practically isotropic, as expected for
an S7i2 ion. Its value is slightly smaller than the cal-
culated 1.9928,' and this may be attributed to co-
valency effects, taking. also into account that 0 is a
ligand which usually shows a high covalency degree.
This is consistent with the relatively low absolute
value of bf (one of the smallest for tetragonal sym-
metry"), which may be due both to a smaller than
usual excited-states spin-orbit admixture (and this
would lead to a greater value for the calculated g fac-
tor) and to a reduction of the ligand field effects pro-
duced by a certain amount of covalency.
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