VoLUME 17, NUMBER 11

PHYSICAL REVIEW LETTERS

12 SEPTEMBER 1966

search NONR 3718(01), and the National Science Foun-
dation, GK-945.

13. C. Helmer, Varian Reports No. VR-31, Varian
Associates, Palo Alto, California (unpublished).

%A. Lempicki, Proc. Phys. Soc. (London) B66, 278
(1953).

H. Weber, Z. Physik 130, 392 (1951).

L. Apker, E. Taft, and J. Dickey, Phys. Rev. 84,
508 (1951).

5A. I. Gubanov, Quantum Electron Theory of Amor-
phous Conductors (Consultants Bureau, New York,
1965).

®R. E. B. Madison and A. P. Roberts, Australian J.

Phys. 13, 437 (1960).

A. Rose, Concepts in Photoconductivity and Allied
Problems (Interscience Publishers, Inc., New York,
1963).

®. E. Tamm, Physik Z. Sowjetunion 1, 733 (1932).

%H. J. Boll, thesis, University of Minnesota, 1962
(unpublished).

A, Wiatskin, Zh. Eksperim. i Teor. Fiz. 9, 826
(1939).

UA, Wiatskin, Zh. Eksperim. i Teor. Fiz. 20, 547
(1950).

2w, Brauer and H. Klose, Ann. Physik Ser. 6, 19,
116 (1957).

MAGNETIC IMPURITY STATES IN LIQUID COPPER*

J. A. Gardner and C. P. Flynn
Department of Physics and Materials Research Laboratory, University of Illinois, Urbana, Illinois
(Received 30 June 1966)

We have measured the change in Knight shift
of the solvent nuclear resonance produced by
impurities of the first transition series dissolved
in liquid copper. The apparatus and techniques
used were similar to those described by Odle
and Flynn.! While all the solutes cause a lin-
ear decrease in the Knight shift K with concen
tration c¢ (see Table I), the effect due to Cr,
Mn, Fe, and Co is strikingly large and exhib-
its in inverse temperature dependence which
we attribute to the existence of localized mag-
netic moments on these four solutes in liquid
copper. The resonance shift due to polariza-
tion of the electron gas by magnetic impurities
has been discussed theoretically? and shown
to have the same inverse temperature depen-
dence as the fractional alignment of the impu-
rity spins along the magnetic field. In what
follows we show that the magnitude of the res-
onance shift leads to an estimate of 1 eV for
the bandwidth of the virtual d states associated
with these magnetic impurities.?

In liquid metals atomic diffusion is sufficient-
ly rapid that the nuclear resonance is affected
only by the spatial average of the electron re-
distribution caused by impurities. Thus, in
the case of all alloys except those containing
Mn, the Cu resonance linewidth was not signi-
ficantly altered, and shifts caused by impuri-
ties could be measured accurately. In contrast,
the resonance in solids is broadened and the
shifts masked.* Although the liquid copper line-
width was doubled by only 2% Mn, the broad-
ening was much smaller than the resonance

shift and did not impair the accuracy of mea-
surement., The broadening is probably due to
an enhanced relaxation of Cu nuclei diffusing
into sites near the large Mn magnetic moment.

The temperature dependence of the resonance
shift is shown in Fig. 1 for a number of alloys
containing magnetic impurities. In every case
AK follows a Curie-Weiss law with a Curie
temperature between 0 and 300°K, but the lim-
ited temperature range of 950°C (supercooled)
to 1200°C precluded the possibility of determin-
ing these Curie temperatures accurately. In
the case of V, which may well be magnetic,
the solubility is so low that no shifts could be
measured.

The electron density disturbance near an im-
purity which produces phase shifts 7y;(k) in the
partial waves of electrons with wave vector
k and spin i may be written® in the single or-
thogonalized-plan-wave approximation

6p.(r)=23p.(k7) 23 (21+ 1) {[n 2(k¥)—j 2(k7)]
R L !

xsinznh. (k)—nl(kr)jl(k'r) sin2nli ®)}, (1)

where p;(k,7) is the undisturbed density of elec-
trons with wave vector k2 and spin 7, and is as-
sumed in the following to be independent of 2

in the relevant range of k£ =kp.

We assume that for these magnetic impuri-
ties, only the d-wave phase shifts are impor-
tant and 7y, =0 for [ #2. In the following we
write n1 and n! for the d-wave phase shifts
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Table I. The fractional change in the Cu Knight shift
per unit solute concentration at 7=1100°C. T is inde-
pendent of temperature for the solutes Sc, Ti, and Ni,
but varies inversely with temperature for Cr, Mn, Fe,
and Co.

Solute T Solute T
Sc —0.48+0.10 Fe —-14.3+0.3
Ti —-0.8+0.3 Co -7.6+0.3
Cr —-13.2+0.6 Ni -1.2+0.2
Mn -19.2+0.4

of spin-up and spin-down electrons, respec-
tively, and 6pt and 6p| for the corresponding
density disturbances. The spin polarization
in the lattice surrounding a magnetic impurity
is

op =0pT -6pl,

and the average hyperfine interaction at the
nuclei is then proportional to (8p), in which the
average is taken over all nuclear sites and over
the spin states and orientations of the magnet-
ic ions. The latter is proportional to the frac-

tional magnetization of the impurities and yields
a factor [(n+2)upg/3k(T-6)], with pg the Bohr
magneton, k the Boltzmann constant, 6 the
Curie temperature, and » the average excess
number of electrons in the lower-lying subband.
The final result is

10K (n+2) By 1 by
——— — 2
=% 5" 3 k(T-6) szj)’ KariA(e)

x[sin?n1(k)-sin®nl(k)] + B(k)sin2n1(k)

-sin2n|(®)]}, (2)
with

AR)=5 [ [n2(er)=3;*(kr) 1D (),

and
B(k) = =5 [ n(kv) j,(kr)D(r)dr,

where D(7) is the radial distribution function,
Ex the Fermi energy, and kf the Fermi wave
vector of liquid copper. Equation (2) differs
from that of Blandin and Daniel® by a factor
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FIG. 1. Reciprocal of the Cu®® Knight shift change versus temperature for various magnetic impurities. AK for
each alloy is scaled to unity at 1373°K (1100°C) for purposes of comparison. The line corresponds to a Curie-

Weiss temperature dependence with 6 =150°K.
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of 2 and by the inclusion of the Curie tempera-
ture 6.

We have also measured the magnetic suscep-
tibility of the liquid Cu-Mn alloys and found
that Mn has an excess, », of 4.4 electrons in
one spin direction, in good agreement with the
work of Vogt® and Gustafsson® on solid Cu-Mn
alloys and Nakagawa’ on concentrated liquid
alloys. This is close to the maximum possi-
ble localized d spin of 2 which occurs when
one spin band is full and the other empty. For
the case of a single filled band which is narrow
and symmetric about %,, the second integral
in Eq. (2) vanishes and

2
n+2) E F k 0

T @-0 iy

kg
A(ko)/ sin?nt(k)dk. )
0

Given the shape and center of the impurity band,
the width can be calculated from Eq. (3) togeth-
er with the observed I" and a modified Friedel
sum rule® which relates the phase shifts n;(E)
to the number »;(E) of d electrons with spin

7 bound at energies E’ <E,

ni(E)z-é-Trni(E).

We have assumed that the Mn impurity can
be represented by a narrow, filled band at the
Fermi surface and have evaluated the width
parameters a, B, and y for the following band
shapes:
dni(E ) 5 o

dE " ma*+(E-E,)?’

(a) Lorentzian

(b) Gaussian

dni(E) 5 (E—EO)2
TdE pin P [‘ T}’

(c) Square dni(E)/dE=%-y IE—EOI <y,
= E- >y,
0l EOI v

The values for the width at half maximum are

20 =0.6 eV, 2(log2)¥28=1.4 eV, and 2y=2 eV
from which we conclude that the width of the
virtual d states associated with a Mn impurity
in Cu is ~1 eV.

Within the approximations leading to Eq. (2),
this estimate contains uncertainties due to im-
perfect knowledge of D(») (since the radial dis-
tribution function of Cu has not been published,
it was approximated by that of Ag® as described
by Odle and Flynn') and the approximation that
the impurity band is narrow and located at the
Fermi level. Particularly for the case of the
Lorentzian line which has extended wings, the
calculated linewidth is not compatible with
the assumed proximity of the Fermi level and
with the % dependence of A(k). However, with-
in the validity of Eq. (2) it is unlikely that the
estimates are in error by more than 50%. An
approach to the calculation of electron redis-
tribution similar to that adopted in deriving
Eq. (2) has proved reasonably successful in
predicting the changes of Knight shift due to
nontransition impurities in liquid copper.?
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