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Neutron Measurement of Magnetization Density in Palladium*
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The magnetization density induced in palladium by an applied magnetic field was mea-
sured by polarized neutron diffraction, The measurements were taken with the sample
at 4.2 K in an applied field of 57.2 kOe and include the innermost eleven Bragg reflec-
tions. The observed density is contracted by about 15% relative to that calculated for
Pd - by the Hartree-Pock method, and shows an asphericity similar to that of isoelec-
tronic Ni,

Magnetic-form-factor studies' ' show that the
spin densities of the 3d transition-metal ferro-
magnets are appreciably contracted relative to
those calculated for Hartree-Foek free atoms.
It has been suggested" that this contraction is
associated with the radial character of the anti-
bonding wave functions near the top of the d band
in the metals. " However, the experimental spin
densities for ferromagnetic metals are not in
good agreement with those obtained from band-
structure calculations' "; it is rather puzzling
that their shape is instead closely approximated
by those of the Hartree-Fock free ions in the+2
ionization state. " Some of the computational dif-
ficulties associated with the ferromagnetic state
are avoided in the paramagnetic state which
therefore affords a more direct comparison be-
tween theory and experiment. We have chosen to
measure the magnetic form factor and the corre-
sponding density associated with the field-induced
moment of paramagnetic palladium, an element
that exhibits very high susceptibility, "with near-
ly spin-only character. " We find that the mag-
netization density contraction is more pronounced
for Pd than for the 3d ferromagnets.

The experimental method is the same as that
used for ferromagnetic systems and consists of
taking the intensity ratio at the Bragg positions
(Ski) for neutrons with spins parallel and anti-
parallel to the sample magnetization. With the
proper experimental geometry, this ratio is

Rhkl (~ +f hk1) i(~ ~hkl)r

in which b and P are the nuclear and magnetic
scattering amplitudes. The nuclear amplitude is
a known constant (b =0.591 x10 "cm), "while P
is proportional to the induced moment per atom

and to the magnetic form factor appropriate to
the Ski reflection.

The samples mere rod-shaped single crystals,
1 mm in diameter and 15 mm long, with a [110]
axis parallel to the rod. Magnetization measure-
ments on the two samples for which neutron data
were collected show that one is very pure" while
the other contains about 44 ppm of a superpara-
magnetic impurity. The superparamagnetic clus-
ter moment is about 13pB per impurity which is
characteristic" of Fe impurities in Pd.

The neutron measurements were made at the
high-flux isotope reactor at Oak Ridge National
Laboratory. Extinction checks were made by
measuring R», as a function of neutron wave-
length. The "as-grown" crystals" showed ap-
preciable extinction (30%%uo at 1 A) and a reflectiv-
ity corresponding to a mosaic spread of -2 min.
After a gentle rolling and the consequent defor-
mation to a mosaic spread of -16 min, the crys-
tals showed no change in R», from 0.768- to 1.41-
A neutron wavelength and thus appear to be free
of extinction.

Intensity ratios were taken for the eleven in-
nermost reflections at 4.2 K in an applied field
of 57.2 koe. Vnder these conditions, the total in-
duced moment is 7.5&10 'p& and 8.0x10 'p.

& per
atom for the two samples. This moment con-
tains three components: the 4d moment, the dia-
magnetic moment, and the localized-impurity
moment. The observed magnetic amplitudes
were corrected for the diamagnetic" and local-
impurity contributions by assuming the diamag-
netic susceptibility of Ag' and that the superpara-
magnetic clusters are caused by Fe atoms with a
localized moment of 3p. B per Fe. These correc-
tions are small ((3%) and readily calculable.
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TABLE I. Comparison of the observed and calculated
form factors for paramagnetic Pd.

sins/X fobs
afCR1C

ill
200
220
311
222
400
331
420
422
333
511

0.223
0.258
0.364
0.427
0.446
0.515
0.561
0.576
0.631
0.669
0.669

0.536 + 0.015
0.433 +0.015
0.178+0.015
0.035+0.018
0.070 +0.018

—0.077 +0.015
0.006 +0.018

—0.045 +0.025
0.035 + 0.015
0.020 +0.015

—0,043 +0.015

0.553
0.407
0.172
0.053
0.090

—0.071
0.013

—0.030
0.001
0.030

-0,059

Calculated from Eq. (2) with Hartree-Fock Pd+
form factors and with G. =0.15 and y=0.15.

The corrected amplitudes for the two samples
differ only insofar as the 4d moments differ and
yield the same form factor within experimental
error. The average form-factor values are giv-
en in Table I.

We first compare the data with an atomic cal-
culation using the same model' ' that successful-
ly describes the moment densities of the ferro-
magnetic transition metals. In this model, free-
atom d-electron densities are centered at the
atomic sites and these are superimposed on a
uniform background that can be either positive
or negative. The model also allows for an orbital
moment and an aspherical d-electron distribution.
The form factor is then written as

f(&) = (2/g)(&+ ~)Rjo)+(ay &)&M—l &j4)~

Pd". A», is simply a geometrical factor. " The
two parameters are then n, the fraction of the
spin moment appearing as a uniform negative
polarization, and y, the fractional population of
the E, crystal-field sublevels. A least-squares
fit of this expression to the observed data yields
the parameters a =0.15+ 0.03 and y =0.15+0.04.
The corresponding form-factor values are listed
in the last column of Table I and are in good
agreement with the data. The parameters are
nearly the same as those obtained' for isoelec-
tronic Ni (o. =y =0.19) and correspond to a dis-
tinctly aspherical density function (y = 40%%uo for a,

spherical distribution) with a localized moment
of 8.8~10 'pB per atom and a uniform polariza-
tion of —1.1x10 'p, B per atomic volume. Howev-

er, we must recognize that n, and therefore the
local and nonlocal moment values, is dependent
on the form-factor assumption. We have fitted
to the Pd" form factors because of the previous
observations on the 3d transition-metal ferro-
magnets. Since this same behavior does not nec-
essarily apply to palladium, we must question
the physical significance of n. The y parameter
is, however, relatively insensitive to the form-
factor assumption.

The n parameter was cheeked by direct Fou-
rier transformation of the form-factor data. The
resulting moment density is perhaps best illus-
trated by the point-density map shown in Fig. 1.
This map, not too dissimilar from that obtained
for a Fep py3Pdp y87 alloy, "exhibits large positive-
density regions centered at the atomic positions
and these have a pronounced asphericity in ac-

'/po '/p

+ [(g —2)/R'] f„b- (2/g) o.5(K). (2)
I

I

I

/
/

The g factor, which determines the fraction of
the atomic moment associated with unpaired
spins, was taken from magnetomechanical mea-
surements" to be 2.20. Some question could be
raised on the applicability of the gyromagnetic
ratio thus obtained from measurements at room
temperature. No paramagnetic resonance has
been detected in pure palladium; in impure sam-
ples (Sd solute atoms) the resonance experiments
give extrapolated values" of g ranging from 2.1
to 2.5, depending upon the solute. However, it is
convenient to fix the value of g for the arguments
to follow, that do not change by varying g in a
reasonable region.

The (jo), (j~), and f„b functions were taken
from a restricted Hartree-Fock calculation' for

000
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i/, 00

FIG. 1. Moment density in a (100) plane. The dashed
lines are zero-density contours.
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FIG, 2. Experimental form factor of palladium. The
continuous line represents the spherically averaged
Hartree-Pock form factor of Pd2+.

cordance with the low y parameter obtained from
the free-atom fitting procedure. The low-density
features, i.e., the negative-density regions in-
side the dashed contours and the small positive
regions at —,'00 and 00-,', are questionable because
the Fourier sums do not converge well enough to
establish their existence. This convergence
problem can be avoided to a large extent by aver-
aging the density over some volume element. "
We have used this technique to obtain better va].—

ues for the moment density in the low-density re-
gions and obtain good convergence with an aver-
aging sphere of radius 0.5 A or 13% of the edge
of the cell. With this forced convergence, the in-
teratomic moment density varies from (0.5+ 0.5)
&&10 'pB per atomic volume at ~0, to (- 0.3 + 0.6)
&10 'p, B per atomic volume at 40-,'. Thus, the
Fourier analysis shows no appreciable negative
polarization in the interatomic region and there-
fore that the local moment is the same as the 4d
magnetization. We conclude that the n parame-
ter from the free-atom fit, which requires an in-
teratomic density of —1.1 x10 'pB per atomic

volume, is nonphysical and that the localized mo-
ment density is contracted by about 15% relative
to the Hartree-Fock Pd" density functions that
are already contracted by an equal amount rela-
tive to the free atom. In Fig. 2 the nonscaled (o.
=0), spherically averaged (y =0), Hartree-Fock
Pd'+ form factor is compared with the experi-
mental points, that for the three innermost re-
Qections, most sensitive to the radial distribu-
tion, are definitely higher than the expectations.
The question of whether the associated contrac-
tion of the wave functions can be explained as a
solid-state effect is treated in the following Let-
ter 24

We would like to thank Dr. D. Lam for the loan
of a Faraday balance, Mr. A. W. Mitchell for as-
sistance in the magnetization measurements, and
Dr. R. M. Moon for his assistance in the Fourier
analysis,

"Work performed under the auspices of the U. S.
Atomic Energy Commission.

C. G. Shull, in Electronic Stmctuxe and A/loy Chem-
istry of the Transition Elements, edited by P. A. Beck
(Interscience, New York, 1973).

R. M. Moon, Phys. Rev. 136, A195 (1964).
3H. A. Mook, Phys. Rev. 148, 495 (1966).
4B. Nathans, S. J. Pickart, and H. A. Alperin, J.

Phys. Soc, Jpn. , Suppl, 17, 7 (1962).
L. Hodges, N. D. Lang, H. Ehrenreich, and A. J.

Freeman, J, Appl. Phys. 37, 1449 (1966).
6F. Stern, Phys. Bev. 116, 1399 (1959).
J. H. Wood, Phys. Rev. 117, 714 (1960).
S. Wakoh and J. Yamashita, J. Phys. Soc. Jpn. 21,

1712 (1966).
L. Hodges, H. Ehrenreich, and N. D. Lang, Phys.

Rev. 152, 505 (1966).
P. D. De Cicco and A. Kitz, Phys. Rev. 162, 486

(1967).
~K. J. Duff and T. P. Das, Phys. Rev. B 3, 2294

(1971),
B.E. Watson and A. J. Freeman, Acta Crystallogr.

14, 27 (1961).
S. Foner, R. Doclo, and S. J. McNiff, Jr., J. Appl.

Phys. 39, 551 (1968).
' R. Huguenin, G. P. Pells, and D. N. Baldock, J.

Phys. F: Metal Phys. 1, 281 (1971).
"J.W. Cable and E. O. Wollan, Phys. Rev. 140,

A2003 (1969).
'6G. Chouteau and R. Tournier, J. Phys. (Paris),

Colloq. 32, C1-1002 (1972).
'VS. Hornfeldt, J. B. Ketterson, and L. R. Windmiller,

J. Cryst. Growth 5, 289 (1969).
~ C. Stassis, Phys. Rev. Lett. 24, 1415 (1970).
~D. L. Hadison, Case Western Reserve University,

Cleveland, Ohio, Technical Report 71-1 (unpub1ished).
A. J. Freeman and R. E. Watson, unpublished,
'R. J. Weiss and A. J. Freeman, J. Phys. Chem.



VOLUME )4, i%UMBER 5 PHYSICAL REVIEW LETTERS ) FEBRUARY 1975

Solids 10, 147 (1959).
W. C. Phillips, Phys. Hev. 138, A1649 (1965).
H. M. Moon, Int. J. Magn. 1, 219 (1971),

4A. J. Freeman, B. N. Harmon, and T. J.Watson-
Yang, following Letter [Phys. Hev. Lett. 34, 281
(1975)].

Theoretical Determination of the Induced Magnetization Density and

Form Factor of Palladium~

A. J. Freeman
Physics Depa&nzent, No&hsoestem University, Evanston, Illinois 6020Z, and A&gonne National Laboratory,

Axgonne, 1/linois 60439
and

B. N. Harmon
Anzes Laboratory-USAEC and Department of Physics, Iota State University, Ames, Ious 500ZO

and

T. J. Watson-Yang
Magnetic Theory GxouP, Physics DePa&ment, No&htoestem University, Evanston, illinois 6020Z

(B,eceived 15 July 1974)

Induced magnetization densities determined from an ab initio augmented-plane-wave
wave-function study of Pd metal including local density-of-states effects on the Fermi
surface were found to yield a neutron magnetic form factor in excellent agreement with
the recent experiments of Cable et a/. A remarkable feature of these solid-state spin
densities is their spatial localization which is greater than even the very contracted
Hartee-Fock density of the free Pd + ion.

The present understanding of the electronic
structure and properties of the transition metals
has come from a variety of experiments yielding
macroscopic information or microscopic informa-
tion which have been related directly to the elec-
tronic energy-band structure. By contrast, there
are few experiments which yield direct informa-
tion about the nature of the wave functions in
these metals. One outstanding exception is the
use of neutron magnetic-scattering experiments
to yield, via the form factor, the Fourier trans-
form of the magnetization density in the magnet-
ically ordered metals. While theory has been
successful, in most cases, in yielding an ade-
quate account of the energy-dependent properties,
it has had distinctly poorer success in explaining
observed form factors because of the greater the-
oretical (and computational) problem associated
with theoretically treating magnetically ordered
systems. Thus, whereas the neutron form fac-
tors obtained from band-structure calculations'
for the ferromagnetic metals are not in good
agreement with experiment, ' it has veen rather
puzzling that the Hartree-Fock free-ion spin den-
sities for the +2 state of ionization have the same

shape as those determined from experiment.
The accurate determination of the neutron mag-

netic form factor of paramagnetic Pd metal by
Cable et al. has shown that the magnetization-
density contraction is more pronounced than that
observed for the Bd ferromagnets. Using the
same analysis' as previously carried out for the
ferromagnets, Cable et a/. find asymmetry pa-
rameters which agree with those found for Ni
metal but a local-moment density which is con-
tracted by about 15%%up relative to the Hartree-Fock
Pd" density function (which is already contracted
by the same amount relative to the neutral free
atom). This determination of the field-induced
magnetic form factor of Pd metal provides a time-
ly and meaningful challenge to theory.

We report in this Letter the results of augment-
ed-plane-wave (APW) calculations on Pd metal
which have yielded the first theoretical determin-
ation of an induced neutron magnetic form factor
for a paramagnetic metal from ab initio solid-
state zoave functions. In contrast to earlier work
on the ferromagnetic metals, the results are
found to be in excellent agreement with the recent
experiments of Cable et al. ' A remarkable fea—


