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The nuclear magnetic resonances of Sb'%!, Sb'®, and Pt'® in PtSb, and PtAs, are reported.
The quadrupole coupling constants equ/ h of Sb are unusually low for compounds of this ele-
ment, being 98 mHz for Sb!* and 124.6 mHz for Sh1%, similarly low results have been re-
ported previously for the arsenide. The Pt resonance is anisotropic, with a center of gravity
displaced —0.40+0.02% relative to chloroplatinic acid; the shift is probably paramagnetic
relative to the bare platinum nucleus. The mean shift and anisotropy are identical in the
antimonide and in the arsenide. Analyses of the Sb and As resonances by the method of
Townes and Dailey, and also of the anisotropy in the Pt resonance according to Ramsey’s
theory, all lead to the conclusion that Pt is in the formal valence state (- 2) and that all
bonds in these compounds are primarily covalent.

I. INTRODUCTION
A. Preliminary

Platinum antimonide is a semiconductor with a
narrow band-gap, 0.1 ev, valence-band maxima
on the (100) axes, conduction-band minima on the
(111) axes, and roughly isotropic effective masses
in the neighborhood of 0.2 m. This laboratory’s
investigations of PtSb, have for the most part been
concerned with its growth and electrical proper-
ties!; here we report magnetic-resonance studies
of this material, together with less complete re-
sults on the similar compound PtAs,.

PtSb, crystallizes in the pyrite structure, which
resembles a NaCl lattice with Pt atoms on the Na
sites and Sb, molecules on the C1 sites. The four
Sb, pairs in the unit cell have their axes along the
four (111) axes. The nearest-neighbor distances
are Pt-Sb=2.68 A; Sb-Sb=2.67A.

Each Sb site has a nearly tetrahedral environ-
ment of three Pt atoms and one Sb atom; the Sb
neighbor is in a (111) direction from the site and
the surroundings have threefold symmetry about
this axis. This configuration of neighbors pro-
duces an electric field gradient (efg) at the site,
the maximum of 9E/dx being along the axis and the
asymmetry parameter being zero as a result of the
threefold symmetry. Both Sb*?! and Sb'?® possess
nuclear quadrupole moments and therefore will
interact with this efg, the quadrupole interaction
is expected a priovi to be comparable with the
Zeeman energy at moderate (~20kG) magnetic
fields.

Each Pt site has six equidistant Sb neighbors on
the corners of a distorted octahedron around it;
there are four inequivalent sites each with three-
fold symmetry about one of the (111) axes. The
departure of the surroundings from cubic symmery
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produces an anisotropic shift in the resonance that
is small compared with the total chemical shift.

B. Antimony: Quadrupole Interactions

The Hamiltonian of a nucleus of spin I, quadru-
pole moment @, and gyromagnetic ratio y in an
electric field gradient eq and magnetic field H is

H=[e?qQ@/41(21 - 1313 - 1T+ 1)] - yZH-T , (1)

in which 2z’ is the principal axis of the efg tensor
and the asymmetry parameter is taken as zero.

For the Sb atoms in PtSb, the axis z' is one of the
(111) directions. It is well known that exact solu-
tions to this Hamiltonian exist only in special cases,
one of which is given below.

When the magnetic field H is parallel with z’ the
term involving H commutes with the quadrupole
part of the Hamiltonian. The energy levels of (1)
are then precisely the sum of the quadrupole levels
and the Zeeman shift, which is linear in the field.
This situation holds for two of the eight Sb atoms
when H is in a (111) direction, which is the case
that we have studied most. The frequencies of the
allowed magnetic dipole transitions, [Am|=1, are

w=nwgyH , (2a)

in which
wo=3e%¢gQ/21(21- 1)k

and » is a positive integer or zero.

When the magnetic field makes some angle «
with the symmetry axis then general solutions can-
not be given; we shall take the low-field case only.
For zero asymmetry parameter and low field it
is shown by Das and Hahn? that when m # 3 the solu-
tions are

E(H)=E,, - my#iH cosa ,
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m being the magnetic quantum number and Ey,, the
quadrupole energy. For transitions that do not

involve the quantum number = 3 one has

(n #0, 1) (2b)

In the case m = 5 the transverse components of H
link states that are degenerate under the quadru-
pole interaction alone. The frequencies of allowed
transitions involving |m | = % are

w=nwgoxvyH cosu

Wo=wox3(3-f)yH cosa
wp=wqt 3(3 +f)yH cosa (2¢)
w,=fyH cosa ,
where
f=[1++%?tan®a]' /2
C. Platinum: Chemical Shift

It has been shown by Bloembergen and Rowland®
that in surroundings of low symmetry the chemical
shift of a resonance depends on the direction of
the magnetic field [we take it that a paramagnetic
shift o is positive; i.e., atfixed frequency the
field H at which resonance occurs is Hy/(1+0), H,
being the field at which the bare nucleus resonates;
the shift AH =H — H, then has a sign opposite to
that of ¢]. In particular, when the surroundings
have axial symmetry they find that the shift o de-
pends only on the angle 6 between the axis and the
field, and is of the form

0=07—0,(3cos?6-1) . (3)

In Sec. III we show that, for the pyrite structure,
the ratio 0,/0, depends mainly on the degree of
deformation of the surrounding octahedron rather
than the chemical nature of the neighboring atoms;
this expectation is realized for the Pt resonance
in PtSb, and PtAs,.

The symmetry axes for the four Pt sites are the
four (111) directions; the shifts in the field at
which resonance occurs when the frequency is held
constant are

000] sublattice: AH/Hy=—0y+0(Im +mn +nl) |

[

[011] sublattice: AH/Hy=-04+0,(Im -~ mn—nl) ,
[101] sublattice: AH/Hy=—~04+0,(=lm +mn - nl) 54)
[110] sublattice: AH/Hy=~0y+0,(=Ilm —mn +nl) ,

in which (Imn) are the direction cosines of H re-
ferred to crystal coordinates.

In powder samples the line shape results from
an average over angles of the individual reson-
ances; a brief recapitulation of Bloembergen and
Rowland’s description follows. Let the number
of atoms resonating at fields between H and H +dH
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be n(H)dH =N sinfd#6, in which H and 6 are related
through H - Hy= - 0H,, 0 being given in Eq. (3).
Noting that 0 <1, one has

de -
n(H'):NsinGc—i?~(H'+§W) vz _AW<H'<Ww
=0 , elsewhere

in which W=20,H, and H' is measured from the
center of gravity of the resonance. It will be noted
that n(H') has an integrable pole at — 3W and a
discontinuity at W; these features are smoothed out
by the breadth of the individual resonances. I
gH-H' A) is the response to a field H of an in-
dividual atom resonating at ' (A being the width of
this resonance), then the response of the powder

is

nH )gH-H' A)dH' | (5)

R(H) = -vV;/z

n(H') being given above. These remarks are ex-
tended in Appendix B to cover the case in which the
intrinsic linewidth A is itself anisotropic, a state
of affairs that exists in PtSb, and exerts a marked
effect on the powder pattern.

II. APPARATUS AND OBSERVATIONS

Single crystals used in these experiments were
grown from the melt using the Czochralski tech-
nique by Damon, Miller, and Sagar.! Orientation
was accomplished by means of standard Laue back-
reflection x-ray photographs. Single crystals used
in our experiment were approximately 3mm X 3mm
X10mm. The PtSb, powder samples were prepared
by grinding single crystals. While most of the
PtSb, data was obtained on undoped samples with
carrier concentration 7, ~6 X 1018, a tin-doped (ny
~10%%) sample was also used.

The PtAs, samples were prepared by heating the
required amounts of platinum and arsenic in an
evacuated Vycor tube to 650 °C, and allowing them
to remain at the elevated temperature overnight.
The resultant material was then ground and pressed,
and the firing process repeated. Three overnight
firings were executed, with grinding and pressing to
assure the complete reaction of the platinum and
the arsenic. The final pellet was then sintered
at 1000 °C and crushed again. The PtAs, powder
was studied by x-ray diffraction to assure that no
second-phase material was present.

All of the powders used were sifted through a
# 200 mesh seive to assure that the size of the par-
ticles was smaller than the rf skin depth. A pinch
of aluminum powder was mixed with the sample
powders to provide a magnetic field calibrator. The
Knight shift of aluminum was taken to be 0. 162%
at liquid-helium temperatures. *

The apparatus used to study these resonances was
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quite conventional and is shown in block form in
Fig. 1. The detector was a marginal oscillator of
the Pound-Knight-Watkins type capable of covering
the 8.5-16. 9-mHz frequency range. The frequency

was monitored by a Hewlett-Packard 5245L counter.

The samples were placed in the rf coil which com-
prised the tank circuit of the oscillator. The coil
and sample were then immersed in liquid helium
contained in a glass Dewar placed between the pole
faces of a 12-in. Varian electromagnet with a 1. 25-
in. air gap. A Kinney KC-8 vacuum pump was
capable of lowering the temperature of the bath to
1.57°K, as measured by He vapor pressure. The
magnetic field was controlled by a Varian Mark II
Fieldial. Fields as high as 20 kG were attainable
in our system. The field was directly plotted
against the output of a PAR JB5 lock-in amplifier,
displaying the derivative of NMR absorption versus
field. Magnetic field modulation as large as 24 G
peak to peak (p-p) or as small as 2G (p-p) were
used, depending upon whether we were searching
for unknown quadrupole resonances, or carefully
studying the details of the Pt line shape.

For the quadrupole studies, the field was cali-
brated using H!, Cu®  Cu® (from the rf coil), and
pt!% resonances, with y’s taken from the Varian
NMR chart. Knight shifts are negligible. We were
unable to make measurements below about 250 G,
because the Fieldial reacted adversely to the field
modulation. Our observed low-field lines, however,
were sufficiently linear as to render extrapolation
through this region to zero magnetic field quite
unambiguous.

In the Pt'® line-shape studies, rf levels as low
as possible were used, because the line saturated
easily. Resonances were always traversed with
both increasing and decreasing fields to minimize
this effect, and permit us to determine the true
line shape. Some degree of saturation was always
noted, however.

In reporting the Sb resonance measurements we
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FIG. 1. Block diagram of apparatus.
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FIG. 2. Resonance positions at fixed frequency as H
is varied for fixed frequencies between 9 and 17 mHz.
The identification of the various lines is as shown in
Table III.

shall consider only the case in which the field is
parallel with a (111) direction, since in this case
Eq. (2a) holds at all fields for a quarter of the Sb
atoms, and some of the resonances can therefore
be identified easily. Measurements with fields in
the [100] and [110] directions were made and gave
the same values for the low-field limits nwq as did
the [111] measurements; interpretation of the lines
was, however, not attempted except at the lowest
fields, because of the complexity of the spectrum.

Figure 2 shows the observed Sb resonances for
HIl (111), the dots being strong resonances and the
open circles weak. Solid lines are those given by
Eq. (2a) for Sb sites whose symmetry axis is paral-
lel with the field; straight dotted lines are those
given by Egs. (2b) and (2c) for the remaining three
quarters of the Sb sites. No serious attempt was
made to identify the lines represented by open
circles. The dotted lines that go towards the ori-
gin, (3a) and (4), are not linear in the field - and
are not expected to be — but they approach the cal-
culated (dotted) straight lines sufficiently well for
the identification to be made.

The quantities used in calculations to fit the ex-
perimental data were '

Sb'¥ I=%, o', I=%

vg'=14.6 mHz, vg'=8.9 mHz ,

y121=6.402x10° HzG™, ¥'®=3.467x10°HzG™ |

where vg = wo/2m. The ¥’s are taken from the
Varian NMR table. From the values of v the
coupling constants are readily found, and are
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FIG. 3. Single-crystal Pt!% resonances in PtShy,
taken at H;=16.454 kG, with H, parallel to the a [100],
b [110], and ¢ [111] crystallographic directions.

e%qQ'¥/n=98.0 mHz, e%Q'*/h=124.6 mHz. (6)

The ratio of these coupling constants gives @23/
@'?'=1. 28, in good agreement with Murakawa. °

Absorption derivatives for the Pt resonance in
single crystals of PtSb, are shown in Fig. 3 for
various field directions; they were taken at 15. 000
mHz, and the center of the resonance is H,
=16454G. As is predicted by Eq. (4) there is only
one resonance frequency for H I [100], two reso-
nances of equal magnitude for H Il [110], and two
resonances whose magnitudes are in the ratio 3:1
for HIl [111]. The ratio of the [110] splitting to the
[111] splitting is 3 :4, as given by Eq. (4), and the
fact that the stronger resonance is at the lower
field in the [111] case shows that 0, is positive.
Taking chloroplatinic acid, H,PtClg, as standard,
the shifts are

0p=—4.0£0.2x10% 0,=3.0£0.2X10™ . (7)

Further measurements were made on PtSb, sam-
ples in which the carrier concentration ranged
between < 10'® and ~ 10?° current carriers/cc, and
also at temperatures of 1.8 and 77 °K; no changes
in the shift were found.

The middle resonance of Fig. 3, HIl [110], was
studied as a function of field intensity from H
=10KkG to H =18KkG; the splitting of the doublet was
found to be linear in the field within our ability to
measure the separation. The separation of these
two lines at 15mHz was measured as a function of
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field orientation for fields in the (001) plane; the
results are shown in Fig. 4 together with the value
found from Eq. (4),

AH =20, H;sin26 =10 GXsin26 ,

6 being the angle the field makes with the [100]
axis.

No single crystals of PtAs, were available, so
powder measurements of the Pt resonance in PtSh,
and PtAs, were made. The results are shown in
Fig. 5; circles mark the absorption derivatives
calculated from Eq. (5) and Appendix B, the agree-
ment being good. The calculated powder line shape
is determined entirely by the single-crystal data
for the antimonide; in the arsenide the intrinsic
linewidth A was available as a parameter. The
values of both the mean shift 0, and the anisotropic
component 0, are the same in the arsenide as in the
antimonide, within experimental error. In Ref. 6
we note the intrinsic line shapes and some difficul-
ties in the calculation of the powder line shape.

II1. DISCUSSION
A. Prelimary

Most of the ensuing remarks are directed towards
the two different bonding schemes that may be used
in describing PtSb, or PtAs,; in these schemes,
the charges may be assigned as either Pt**Sb2"
or Pt>"Sb;. The first of these corresponds to ionic
bonding between Pt atoms and Sb, molecules, the
atoms of which are covalently bonded as in the
halogens. The second is a generally covalent
scheme in which the four electrons remaining on
each Sb atom form the usual tetrahedral bonds with
its neighbors and each Pt atom forms d2sp? octahe-

oo
T
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4 4 Experiment
—(10G) xsin 28
2
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0 10 20 30 a0 T
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FIG. 4. Separation of doublet observed when Hj is
rotated in a plane perpendicular to a [100] direction.
The solid line is predicted from theory, normalized to
the splitting observed when H is parallel to [111].
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FIG. 5. (a) Pt'®As, powder resonance. (b) Pt!®Sh,
powder resonance. Circles are calculated by the meth-
ods discussed in Appendix B.

dral bonds. The discussion is cast largely in
terms of atomic orbitals, neglecting the difficulties
that these may meet in a narrow band-gap material.

B. Sb Resonance

Table I shows values of the quadrupole coupling
constant for Sb'* and As™ in various compounds,
including Jones’s” value for PtAs, (the listisprob-
ably not exhaustive); Sb'®® has been omitted for
simplicity, a practice that will be continued. It is
notable that the coupling constant in PtSb, and
PtAs, is much less than in any other compound of
these elements, even though the surroundings are
unsymmetrical; the Sb'*! coupling constant is, in
fact, close to that for the elemental metal, which
suggests that ionic effects are unimportant and that
the charge distribution in the bonds plays the major
role. In the following argument we shall consider
the antimonide alone and quote similar results for
the arsenide at the end.

The quadrupole moment® of Sb'?! is 0.53+0. 10
%102 cm? from the value of the coupling constant
in Eq. (6) the electric field gradient is
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eq=2.5x10"%esu . (8)

This gradient is the sum of terms coming from the
ionic field and from the nature of the bonds,

€q =G on+€qrona - (9)

A given Sb atom has four nearest neighbors; one
Sb atom of charge — 3ne on a [111] axis and three
Pt atoms with charges +ne whose directions from
the site make an angle 6=100. 2 ° with the [111]
axis and are symmetrically disposed about that
axis; the ionic contribution is

€q1on=~ (1+7)e?20 (3 cos?9, - 1)/7}

ni
=1.405nx10%esu (10

in which y is the Sternheimer antishielding factor,
1+y=15,% and » is the number of positive electronic
charges on a Pt atom.

The lack of spherical symmetry of the electron
charge in the valence electrons on the atom pro-
duces the term eqy.,q in Eq. (9). If p(¥)=R(»)
xg(6, ¢) is the electron density associated with
these electrons, then

equoma=e | p(¥)(3 cos?6 - 1r2a’

=% eq. [ 2(6, ¢)(3cos®0 - 1)sin6dod¢
(11)

in which eq,; is a quantity defined by Townes and
Dailey® and contains the radial integrals. Its value
may be obtained from the fine structure of atomic
spectra.

Define the A axis as the axis joining Sb pairs,
and three C axes directed towards Pt neighbors at
the angle 6=100. 2° to the A direction. We assume
that p(¥) comes from orthogonal wave functions
pointing in these directions

Ya=v29(s)cotd+[(1 - 3cos®6)2/sinbly(p,) ,
Yer=[(1- 3cos?6)!/2/3'/2sindlu(s)

+ (%)1/2[1“1)2) cotf - Zl’(l’x)] )

the other two wave functions being rotations of i ¢;
through angles +120° about the A axis. The total
electron densities in the three C directions are
equal and not necessarily the same as that in the

A direction. Denoting these densities by p. and
p4, and setting the above wave functions in Eq. (11)
one finds

eqvona=€qdat(pa—pc)(1-3 cos?9)/sin%)
=31.2(ps—-pc)X10%esu (12)

in which the value eq,, = 33. 74X 10" esu, given by
Barnes and Smith, !° has been used.
We now use Egs. (8)-(10), and (12) tofindp, — pc
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TABLE I. Quadrupole energies for As™ and Sb'%! in different compounds.

Material equ/ 7 (mHz) Remarks Reference
SbCly 383.66 distorted pyramidal a
AsCly 157.9 configuration, n= 0 b
Sby035° 554.83 pyramidal configuration,
As,05° 233.56 n=0 ¢
SbBr; 321.92 distorted pyramidal g
AsBrg 122.36 configuration, n=0 h
SbyPt 98.0 pyrite structure, This work
As, Pt 52. 96 tetrahedral configuration, (Ref. 7)

2 . .
n=0

Sb. metal 76. 867 arsenic crystal structure (Ref. 8)

n=0

2H. G. Dehmelt and H. Kruger, Z. Physik 130, 385 (1951).

"R. G. Barnes and P. J. Bray, J. Chem. Phys. 23, 407 (1955).

®Senarmonite.

%R. G. Barnes and P. J. Bray, J. Chem. Phys. 23, 1177 (1955).

€Arsenolite.

'H. Kruger and U. Meyer-Berkhout, Z. Physik 132, 221 (1952).

ET. C. Wang, Phys. Rev. 99, 566 (1955).

"R. G. Barnes and P. J. Bray, J. Chem. Phys. 23,207 (1955).

for the charge schemes Pt!* and Pt*". The results
are shown in Table II together with values obtained
from a similar calculation in the arsenide; for
each charge scheme two values of p, — p. are given
since the sign of eq is not known. Parameters
used in the arsenide calculation are bond angles

as in the antimonide; interatomic distance is
2.494; eq,,=19.75% 10%esu, from Ref. 10; @
=0.3%x107%* cm? coupling constant of Ref. 7. We
are not able to find an estimate for (1+y) for As™,
we estimate it to be somewhat less than (1+y) Sb'2,
and accordingly, we arbitrarily take as its value
(1+y) As™=10.

The last two columns of Table II are the only
ones that are in reasonable agreement with common
sense, providing one remembers that the values
pa— pc are densities of valence electrons belonging
to the Sb atom itself: The first two columns cor-
respond to an electron deficit in the direction of the
one covalent bond that the atom forms. The last
column corresponds to almost exactly even covalent
bonding. This identification, however, is not cer-
tain since it is unwise to take a formal charge
scheme too seriously; one can say only that the
results favor the covalent Pt?~ scheme.

C. Pt Resonance

The mean shift in the Pt resonance is — 0. 40%

relative to H,PtClg, the usual standard, and is in-
dependent of temperature, carrier concentration,
and magnetic field; it is therefore most likely to
be a paramagnetic shift of the type treated by
Ramsey. ! According to Drain'? the shift of the Pt
resonance in H,PtClg is +0. 7% relative to the “bare
platinum nucleus. This estimate is also regarded
as realistic by Clogston, Jaccarino, and Yafet.
The shift in the antimonide is then indeed para-
magnetic, the mean and anisotropic components
being

ooltrue) ~3x1073

2»

0,=3x10™, (13)
Ramsey’s formula for the paramagnetic shift is

2 (OIL u, ln){n | Ly,/7*10)

&, -y , (14)

0 = const
nyk

in which | Q) is the ground state, [#) an excited
state, Lu, is the component parallel to H of the
angular momentum operator for the kth electron in
the system, and E, is the energy of thenth state. Use
of this formula requires precise knowledge of all
pertinent wave functions and several authors'?!®
have discussed the related problem of Co®" in an
octahedral crystal field; in particular, Walstedt
et al.' have shown that it may be necessary to al-
low for the augmentation of molecular orbitals with
ligand wave functions in order to obtain the magni-
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TABLE II. Calculated values of py — pc, for platinum
valence states (+4 ) and (- 2).

Pt Pt
Sh -0.10, —0.26 +0.17, 0.01
As -0.12, —0.36 +0.24, —0.01

tude of 0 when substantial covalency is present.
The problem is much simplified if one seeks to
obtain not the magnitude of o, butits angular depen-
dence, for in this case we can hope to lump all of our
ignorance together into a single factor containing
the radial integrals and energy denominators.

The surroundings of a Pt atom in PtSb, are best
described as an octahedron compressed along a
(111) direction and rotated about it. The descrip-
tion of these surroundings and the construction of
appropriate orbitals are given in Appendix A, and
it is there shown that for an individual site ¢ has
the form

o=0g[1-2a%3cos?9-1)] ,

A=+1 for Pt?- and A= - § for Pt**, § being the angle
between H and the threefold axis of the site, and

a being proportional to the distortion of the octa-
hedron, ¢®=0.1. This is just Eq. (3) with o, /0,
=xa?; from the valuesin (13) we have then A=1.0,
which is the value calculated for Pt2-, That the
ratio o, /0, does depend primarily on the crystal
structure was confirmed by the breadth of the
PtAs, powder spectrum in Fig. 5, where the cal-
culated points were obtained on the assumption that
the ratio was the same as in the antimonide.

That the calculated and observed values of X
agree in magnitude is fortuitous, for the calculated
value depends on the rather arbitrary criterion
used in constructing deformed octahedral wave
functions around the Pt atom. For a given Pt
valence state, however, the sign of A depends only
on the requirement that the bonds be distorted in
the direction of the distortion of the octahedron,
and the observed sign is appropriate to the state
Pt?- rather than Pt**,

We note that the observed mean line breadths,
3.5 G in the antimonide and 1.5 G in the arsenide
(see Ref. 6) are much greater than those calculated
from magnetic dipole interactions, 1.0 and 0.4G,
respectively; also that they are in the ratio 2.3:1,
the dipole moments of Sb and As being in the ratio
2.1:1, Most of the observed second moment pro-
bably comes from exchange broadening, '!® the
anisotropy that is found in the Sb linewidth arising
from a pseudodipolar interaction that is expected
to be present when exchange broadening is im-
portant.
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IV. CONCLUSION

Studies of the NMR of Pt and Sb in PtSb, and
PtAs; have been undertaken. The quadrupole cou-
pling constants of Sb'?! and Sb'#® are given in Eq.
(6); particular attention is drawn to the small mag-
nitudes that these constants have compared with
those in other compounds of Sb and As (see Table
I). The isotropic and anisotropic components of
the chemical shift of the Pt resonance relative to
H,PtClg are given in Egs. (7). Equation (13) notes
the probable true value of the mean shift which is
paramagnetic.

Analysis has proceeded from an atomic-orbital
point of view with the end of choosing between two
possible bonding schemes for the compound,
Pt**Sb2" (mostly ionic bonding) or Pt*Sb} (mostly
covalent bonding); conclusions for the antimonide
hold also for the arsenide. The quadrupole coupling
constant of antimony suggests that platinum is in
the state Pt®- rather than Pt**, but no definite con-
clusion could be drawn; the anisotropy of the para-
magnetic chemical shift in the platinum resonance
is compatible only with the state Pt>*, We conclude

TABLE III. Identification of various lines as shown

in Fig. 2.
1 my<=>My
H parallel to symmetry axis
7
la: I=5 —-g—<=>—;—
1b: I:‘;‘ +~Z;’—<=> +&
. - L L |
lc: I=5 ty<=E>—c
2a: =% +§—<=> +;—
3 1
2b: =% —-5<=>-7
2c: I=% +g—<:>+g—
1 1
2d: =% +g<=>=7
H not parallel to symmetry axis
3a: I:%- —-<=>+
3b: I=;— -§—<=>_R
4 : I=g_ —_ =>4

5a: I=-;" —%—<:>—
5b: I=;— —%—<:>+
6a: =% NN,
6b: =% +g—<=>+b
Ta: I=§- —§—<=>+
7b: =% +dc=>-

2Tentative, should go to 8.9 mHz at H=0.
PDotted line.
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that the system of bonding in these compounds is
predominantly covalent rather than the more con-
ventional ionic scheme.
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APPENDIX A: EVALUATION OF MATRIX ELEMENTS

We wish to distinguish between the valence states
Pt* and Pt%; the only matrix elements involved
are those connecting states of equal /, and the
greatest contribution to the shift comes from terms
involving the least energy denominator, so we must
try to suggest a rough scheme for the energy levels
associated with a Pt atom in the two valence states.
Each atom is surround by six Sb atoms, forming
a nearly regular octahedron (see below); the d
orbitals then split by the crystal field into bonding
(d,) and nonbonding (d,,) sets: d, =d,z2.,2, dsz2.,2
and d,, =d,,, d,,, d,,. In both valence states, the 5s
and 5p states are filled (see Fig. 6). In Pt¥, the
5d%6s6p° orbitals are engaged in bonding, the 5d,,
orbital being the highest occupied level. The low-
est empty levels are the 64 states, with the 6d,
states being lower in energy than the 6d,, states as
a result of the crystal field. In Pt** the bonding is
wholly ionic, and the filled 5d,, states lie below
the empty 5d, states. The most important transi-
tions in Eq. (14) are marked with arrows; in both
cases the least energy denominator is between d,
and d,, states, so the two cases cannot be distin-
guished unless the crystal-field splitting of the 6d
states in Pt?- is small compared with the 5d-6d
energy difference. In the following we shall suppose

pte” Pt
3..2 (anti- -—
6s6p”5d bonding) n=6
Zg —-——(dnb) .
T ermi (dy)
Level
6 6 3
5d (d b) 5d (dnb)
656p35d2 (bonds)
2.6
552’5p6 55,5p

Covalent Case Ionic Case

FIG. 6. Energy-level diagrams for Pt~% and Pt in
the octahedral crystal field.

AND P. R. EMTAGE

Ino

FIG. 7. Coordinate system used for calculating the
matrix elements.

the 6d states to be degenerate.

Now consider the surroundings of a Pt atom in
moredetail. Thereare four similar but nonequiv-
alent Pt sites; around one of them the Sb neighbors
are in the positions

£7'(1, ~a,a), zr'(a,1,-0), zr'(-a, 1),

in which
r'=7/(1+2a%)'/3,  =Pt-Sb separation,
a=b/(a-0b).

The a is the lattice parameter and v3b is the Sb-Sb
separation; a=0.316 for PtSb,; other pyrite struc-
tures have very similar values of this parameter.
These neighbors lie on an octahedron that is com-
pressed along a [111] axis and rotated about it;
the other three Pt sites have equal compressions
and rotations about the remaining [111] axes.

To discuss the bonding of the Pt atom we refer
to axes (Fig. 7) with the Pt atom as origin, the
z axis in a [111] direction, and the x axis such that
two of the points of the octahedron lie in the plane
9=0. The configuration has threefold symmetry
about the z axis, the bonds making azimuthal
angles A or 7-— A with the 2z axis, where

cosA =[3(1+2a%)]17/% |
A~a?/V2+cost(1/V3) .

The distortion of the octahedron is of order o?,
=~(0.1, which we shall treat as small.

(a) Pt?-: Assume an sp’d? set of orbitals is in-
volved in the bonding. From the threefold rotation
and inversion it is readily shown that the possible
orthonormal orbitals are
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1 1 1
S %2 <7§1>,+ (‘f%)Px) + 75 (Crdeyt cd s p)
-}—Gs " J—;{ws ot VBN = 5y + (2VB)p, ]}

1
ol - dar G Byl el -2 5= (34,1}

Tlssi 7%(—}3 pot V2 = 40, - (%Js)m]>

bRl - b V) a, ) ol - 3, o+ (V)] }

where c?+ci=1. The remaining set of nonbonding
d orbitals are

1
1/)1 =(‘/—%)(Czdzx - Cld,‘a_yz)+ % dstz-rz ’

b=/ Deal - 3dr (3¥3)d,,)

1
—cyf - %dxz_yz - (3V3)d,, 1 1+ 7 dazz_rz s

Yy =0 D {col - 2du~ (3V8)d,]

—cf - %dxz_yz+ (3V3)d,,l}+ '\/%dhz_rz
(on referring back to crystal coordinates, these are
the d,,, d,,, d, harmonics when a=0).

The only parameter available is the ratio ¢, /c,,
which we choose to make each bonding orbital
stationary in the direction of the bond. If o is
small, one finds

c?=2(1-3a%),
We now evaluate (14) between the nonbonding states
and a complete set of 6d orbitals, with the result

0=0y[1 - a®(3cos? -1)] , (A1)

0 being the azimuthal angle of H.

(b) Pt**: The threefold rotation and orthonor-
mality show that the d,, states must have the same
form as derived for Pt*2, Evaluating (14) between
the 5d, and 5d,, states, one finds

cd=1(1+6a% .

o=0p[1+3 a?(3cos®0 ~1)] . (A2)
APPENDIX B: LINE SHAPE IN POWDERS

We here estimate the effect of a small anisotropic
line broadening on the powder patterns, assuming
that the response of each Pt atom is a Gaussian
centered on its resonance frequency, and is char-
acterized by frequency and second moment alone.
Following Bloembergen and Rowland, 3 the second
moment is taken to be a sum of isotropic exchange
and pseudodipole interactions,

A?=A%[1+1B 2, (3cos®0y, - 1)] , (B1)
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in which A, is the isotropic broadening, g measures
the relative strength of the pseudodipole interac-
tion, 6y, is the angle between H and the line

joining a Pt atom to the nth atom, and the sum

is taken over nearest neighbors only. For the

time being we take it that the neighbors lie on a
regular octahedron; then for small g8 and with H

in the direction (Imn) one has

A=A {1+ 58[3(* + m*+n*)-1]} . (B2)

We extend Eq. (5) to cover the case in which the
resonance field H' is a function of azimuthal angle
0 measured from a (111) direction, and the line
breadth A is a function of § and a polar angle ¢:
the response R(H) to an applied field H is

R(H)= %;/g[H’— H,A(0, $)nH"dH' do

ufg[H'-H,Z]n(H')dH'

1 _
+ ﬂjﬁ] Z[A(e, ¢)-Aln(H")aH' do

where A is a suitable mean value of A, n(H’) is
given above Eq. (5), and g is the derivative with
respect to field of a normalized Gaussian:

H -H ~(H-H)2 242
~ e -
8 A3

From Eq. (B2)
A0, ¢)~ A=BA,[2cos?0 —F cos®s

+v2 sin®0 cosh sin3¢] ,

Z=Ao [1+38] .
On using Eq. (3) to give cosf in terms of H' one has
R(H)=R,(H)+6R ,
RyH)= [y (H'+3W) *g(H-H',A)aH’ ,

6R=PA [V (W @H'+ L W)
— (7/9WA)H '+ tw) /2] % aH’ .

A convenient property of Gaussians is that dg/dA
=Ad’g/dH" = — Ad%g/dHdH'. The first term in 6R is
then found as follows:

d, ' d?
oL L) /e %8 __ /L1t g ’
f( +3W) aa @'+ 3W) aran”

1/2 dg

=AH'+Lw) 5

d
+ 3A Zi?l—f(Hl+ w)yt Pgan’ .
The last term here is proportional to dR,/dH, and

to first order in B has the effect of shifting R, along
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the axis of H. Collecting all terms together the
end result is

R(H)=(1-"1BA%/12W?)Ry(H + BA?/2W)
+(3/2W) 2(B/a) {1(H - W) /6W
+3[1- (- WP/A2] e @-¥P 1222 (pg)
The last terms are the major part of the correc-
tion, the shift and change in magnitude of R, being

small. The whole correction can be ignored when
A is small compared with W, except in the most

2

accurate work, since its major part then affects
only the right-hand peak of the powder pattern,
and the change is rather small.

The above calculation can be corrected for the
effects of the distortion of the octahedron surround-
ing the Pt atom without much trouble. The effect
is to replace the numerical factors & and  in Eq.
(B3) with  +%§ o® and & + # a?, respectively. This
change was made in such a way as to maintain the
most convenient experimental definition of S,

B= Aoy~ Aainy)/Aa
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