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Covalency Effects in the Magnetic Form Factor of Ir in K, IrC16
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We report magnetic-form-factor measurements for Ir in the cubic antiferromagnet
K2Ir{ l6 (7'~ = &.05 K). Even though the Ir ions lie on an fcc lattice and are surrounded by
octahedra of Cl, the magnetization density deviates strongly from the cubic symmetry
that the charge density shows. This unusual asymmetry is dramatically magnified by the
large amount of covalent bonding of the single 5d(t&) magnetic hole to the C16 complex.

Neutron-scattering measurements of the mag-
netic form factor f(K) give direct information
about the spatial distribution of the unpaired
"magnetic" electrons. Measurements have been
reported on a wide variety of materials contain-
ing 3d, 4d, and 4f magnetic ions, and the results
can generally be understood on the basis of free-
ion wave functions for the magnetic electrons,
with allowances for small changes due to the ef-
fects of the solid. For elements of the 5d series,
on the other hand, the magnetic electrons have a
relatively large spatial extent, so that interesting
deviations from this free-ion-like behavior might
be expected. Nevertheless, there have been no
detailed form-factor measurements on 5d mag-
netic materials, principally because there are
very few materials in which the 5d ions order
magnetically, and those that do are generally un-
favorable for neutron-scattering experiments.
The purpose of this note is to report the deter-
mination of a 5d magnetic form factor, which in
this case is for Ir in K,IrCl, . Because of the
symmetry of the ground-state wave function, the
magnetization density differs radically from the
cubic symmetry that the charge density posses-
ses, and this noncubic symmetry reveals the co-
valent bonding to the Cl, complex in a dramatic
way. This same magnetic symmetry gives rise
to an atomic magnetization density which varies
not only in magnitude as a function of position,
but also in direction as well, and this noncollin-
ear density is also observed in the magnetic form
factor.

Potassium chloroiridate has the antifluorite
crystal structure (Em3m) in which the Ir ions oc-
cupy an fcc lattice (a = 9.662 A), and are each
surrounded by an octahedron of Cl ions located a

distance u= 0.24a along the cubic axes. This pro-
duces an octahedral crystalline electric field at
the Ir site which splits the free-ion 5d states into
e and t, states, with the triplet t, lying lower. '
For Ir4' the crystal fieM is so strong that the
Hund's rule coupling is overcome and the low-
spin (t„)' state is the ground state, which can be
conveniently regarded as a single t„magnetic
hole. Application of spin-orbit coupling leaves a
doublet lying lowest, so the ground state is, to a
first approximation, an effective S= & with an iso-
tropic I factor of 2.

At 3.05 K, the moments order antiferromagnet-
ically into the 3A magnetic structure. ' For this
structure, the magnetic unit cell is twice the
chemical unit cell along one of the three cubic
axes, and the spins point along this doubled axis.
Referred to the chemical unit cell, the magnetic
reciprocal-lattice vectors T= (k, k, l) are found at
0+k= 2n+1, l= (2m+1)/2, where n and m are in-
tegers and the index l coincides with the doubled
axis. Since the lattice constant is large, there
are Bragg reflections at small momentum trans-
fer IKI I. & = IKI = Pl =4nsin(0)/x, where 20 is the
scattering anglej, which is where the effects of
covalent bonding should be most readily discern-
ible. However, because there is a low density of
magnetic ions which in addition have a small mo-
ment, and only one-third of the crystal contrib-
utes to any reflection due to the different do-
mains, the magnetic intensities are some four or-
ders of magnitude smaller than the nuclear re-
flections. This coupled with the high absorption
cross sections of Cl and Ir makes form-factor
measurements very difficult.

The cross section for magnetic Bragg scatter-
ing of neutrons' is proportional to the square of
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the structure factor

F(K) =p, e' ', Kx[M, (K) xK], (1)

where %= K/iKI, M,.(K) is the vector form factor
of the jth ion in the unit cell, and the sum is over
all atoms in the unit cell. For the SA structure
and assuming a collinear magnetization density,
lF(K) l' simplifies to

lF(K) I'= () e'/2m'')'p'f'(K)

x IS„i'[1—(It-.q)'],

where q is a unit vector in the direction of the
sublattice magnetization, p. is the magnetic mo-
ment, and IF„i'= lQr), . exp(iT r~)l' is independent
of (h, 0, l). Thus from the Bragg intensities we
can determine f(K), which, when Fourier invert-
ed, is the magnetization density. Qur results,
taken on a single crystal at 1.75 K with a 2.44-A
filtered neutron beam, are shown in Fig. 1. The
data should be expected to deviate somewhat from
the (j,& radial integral shown, since the magneti-
zation density is expected to differ from spheri-
cal symmetry. However, not only do the data dif-
fer radically from spherical symmetry, but they
do not show cubic symmetry either. Note, for
example, that the form factor falls off veryquick-
ly for the sequence of reflections (01-,'), (01-',),
and (01—,'), which progress along the direction of
the spin axis, whereas the form factor falls off
rather slowly for the (01—,), (03-,'), (05-';), and
(07—', ) reflections, which are basically perpendic-

with

l~&= 2 '"[l~s&+ ily~&]=12, »
IC&= l~v&=2 "'[I2, 2& —I» —2&]

(4)

where
l l, m, & are the orbitals for a single d elec-

ular to the spin direction. The form factor does,
on the other hand, possess approximate cylindri-
cal symmetry about the spin axis, that is, f(K)
=f (z, (t) where g is the angle between K and q.
Figure 2 shows the Fourier inversion of the data
in Fig. 1, and clearly demonstrates the elonga-
tion of the density along the spin direction.

The results shown in Figs. 1 and 2 depend, of
course, on the validity of the assumed spin con-
figuration and the spin direction. One can quick-
ly show that changing the spin direction only in-
creases the deviations from spherical symmetry.
Furthermore, if the spin structure is collinear
then there is no variation in the magnetic struc-
ture lF„l' with (l's, k, l). A variety of general cant-
ing structures was also tried, but none improved
the shape of the form factor. Thus the density
must be elongated along the spin direction, which
is somewhat surprising at first since the environ-
ment that determines the ground state of the Ir
ions is obviously cubic. ' To understand the
source of this asymmetry we note that the ground-
state wave function can be written' in terms of t,
orbitals (for spin up) as

I+& = (l)'~
I ~& x'+ (-')'"
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sharply from spherical symmetry, but they also do not
show cubic symmetry.

FIG. 2. Fourier inversion of the form-factor data in
the (xone} plane, showing the large elongation of the den-
sity in the spin direction (g axis) .
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tron. Note that the charge density, 0 *4 ~x'z
+y z2+x y2, has cubic symmetry, but that the
spin density, 4*$,4 ~ x'z'+y'z'-x'y', is in fact
elongated along the spin direction. This property
of the ground-state wave function is a result of
the spin-orbit interaction.

To calculate the form factor quantitatively, we
need to evaluate'

M{K)= (+
I
2Se"'+Ol+) (5)

where 0= 2 (Lf(K r)+f(K r)L) is the symme-
trized orbital operator introduced by Trammell.

Usually the direction of M(K) does not depend on

K, and then the form factor is just a scalar func-
tion. In our case, only (S,) and (L,) are nonvan-
ishing, so we expect the largest contribution to
come from the collinear [i.e., M, (K)] part of the
magnetization density. However, for K&0, S„,S„
L„, and L„ the so-called noncollinear density
terms, ' will also give a contribution to Eq. (5).
Thus the form factor is not a scalar, and M(K)
must be substituted into Eq. (1) to obtain IF(K)l'.
However, the resulting expression can be written
in the form of Eq. (2) with a scalar function de-
fined by'

f(K)= l((j.( ))+2&x.( )& —,[2&j.( ))+&a.( )&](3 o 'y —1)l ——", [&j.( )&'-'(g.( ))] o 'y, (6)

l a& =&[I~'&+& l~"&], I~"& = (&/2~2)[l z~& —
I z,&+ i&3& —lx6&+~kl z,&

—
I zs&+ ly, &

—lygk],

lc&=&le'&+& lc"&], lc"&=-'[ly & -ly.&+I~~& —l~ &],

where the Ix), Iy&, and I z& refer to P, orbitals
on the Cl, and the 1, 4; 2, 5; 3, 6 refer to Cl sites
along +x; +y; and +z. To determine the primary
effect of the bonding, we neglect the Ir-Cl over-
lap terms and just calculate the site-diagonal 0.20

I

density terms. The Ir contribution has the same O. I 8—
form as before. For the Cl, the important fac-
tor is not the type of P, orbitals, but their loca-

0.14—
tion. If we simply count the number of orbitals
on each site, then we find that the moments on
the Cl located on the x and y axes cancel. Thus,
although the charge is transferred equally from
the Cl, there is a net magnetic moment only on
the Cl at +z, and in fact all 30% of the trans- 0.06—
ferred moment ends up on these two Cl. This
will have a very large effect on the form factor
both because of the large percentage of the mo-
ment on the Cl and also because the Cl are locat-
ed far from the origin. To see if this can explain
the observed form factor we assumed that a frac-
tion Mc~ of the total moment resides on the Cl,
and this has a spatial distribution which is sim-

ply given by Gaussian distributions with width o

centered at+ (0, O, u). We then least-squares
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FIG. 3. Detailed comparison between the observa-
tions and calculations, with the various contributions
to the calculated magnetic amplitude shown explicitly.

where j,(z),j,(tc) and g, (x), g, (v) are the radial integrals appropriate for the spin and orbital magnetiza-
tion, respectively. The only contribution from the noncollinear part is the appearance of the last term
in Eq. (6). Note that f has cylindrical symmetry about the spin axis. Qualitatively (g, (x)) behaves like
(j,(z)), and (g, (K)) like (j,(K)), and the spin radial integrals are shown" in Fig. 1. Clearly, the form
factor has the desired behavior, since for /= 0 we subtract a function like (j,(v)) from (j,(z)), and for
g= 90' we add (j,) to (j g, but the observed effect is much larger than can be accounted for via Eq. (6).

The missing ingredient is the covalent bonding to the Cl octahedra. The measured g value of 1.79
(g= 2 for a pure d electron) as well as the observed Cl hyperfine spectra suggest there is an apprecia-
ble magnetic moment on the Cl ions. ' Stevens' has considered the case with covalent bonding of the Ir"
to the Cl, complex, and has estimated that in the paramagnetic state -5% of the moment resides on
each Cl. The ground-state wave function is the same as in Eq. (3), but now Ia) and Ic) are an admix-
ture of d and p states:

T56
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fitted this model to the data, and the calculated
form factor values are shown in Fig. I as the
open circles. Considering the rather crude ap-
proximation for the Cl moments, the fit is re-
markably good, with a g'= I.6 (g'=1.0 is ideal),
while the fit without the Cl moments gave X =17.
For clarity Fig. 3 shows the various contributions
to the calculated form factor for a selected num-
ber of points. The final best-fit parameters are
p, =0.80p, & for the total moment, Mc~=0.28, and
v =0.06a, which compare very favorably with the
estimated" values of p. = 0.89'. & at T = 0 K, and
Mcg-0.3. With the success of this simple mod-
el, it would certainly be desirable to have a more
rigorous calculation of the magnetization density
for the lrCl, complex.
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The first measurements of magneto-optical effects in metals at energies above the
quartz trasmission limit are reported. The discussion focuses on the results for Gd
which exhibits a 4f transition threshold that confirms the result of recent optical studies.
Details of the magneto-optical spectrum suggest that this technique provides a sensitive
probe of core-state splittings as well as other features of optically excited states in fer-
romagnetic metals.

Recent work on ferromagnetic metals has stim-
ulated new interest in the application of magneto-
optical techniques as a probe of their electronic
structure. In particular, interest in the 4f core
levels of rare-earth metals is apparent from the
x-ray-photoemission (XPS) studies of 4f-core-.
state excitations' and from the 4f-electron-bind-
ing-energy calculations that have recently ap-
peared. 2 Additionally, several new experimental
techniques that probe the spin polarization of
conduction-band electrons in ferromagnetic met-

als have been developed. These techniques (spin-
polarized photoemission and field emission, and
spin-dependent tunneling) have raised new ques-
tions regarding the ground-state electronic struc-
ture of ferromagnets as well as the nature of the
new probes. 3 The new interest in magneto-opti-
cal techniques stems from the fact that the same
parameters, i.e., core-state splittings, 4f
thresholds, spin polarization, and band proper-
ties, can, in principle, be obtained from mag-
neto-optical studies. ln addition, at energies
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