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incident frequency is Doppler-shifted, two scattering
peaks will occur—a peak of width I"+I'~(+) at the
frequency a&s= (E(+) E,)—, corresponding to reso-
nance fluorescence from the symmetric state, and a
peak of width I"+I'7( —) at the frequency Mp

——

(E(—) E,),—corresponding to resonance fluorescence
from the antisymmetric state. The fact that the
radiative widths can be broadened or narrowed in
multiatom resonant scattering is a characteristic
feature of such scattering and has been discussed by
several authors. ' ""

We also note from (312) and (814) that it is possible
to selectively excite the symmetric or antisymmetric
state. If ko R»=2', then we see that only the sym-
metric mode will be excited, while if kp'Ris= (20+1)7r,

then only the antisymmetric mode will be excited. In
particular, if koR»«1, the first term of the bracket in
(814) ~4/Q(+), while the second term 0. Thus if
the two atoms are much less than a wavelength apart,
the interaction is entirely with the symmetric state.
The (partial) radiative width in this case is twice that
for a single atom, and the emitted radiation is four

times as intense oG resonance, and

4
( I"+I'7(b, a) &'

(I"+21'~(b, a)j
times as intense at resonance t o&s ——E(+)—A j.

The above results are of course intuitively obvious
from classical considerations. If two identical multi-
poles are vibrating in phase with a separation much
less than a wavelength, the emitted radiation is of the
same multipole order, with Geld amplitudes twice as
large and with radiated intensity four times as great
as for a single multipole, and hence the symmetric-state
radiative width is I'~(+) 21'~. However, if the
currents are 180' out of phase, then for hot»«1 only
higher-order multipole radiation is emitted and
I'~( —) 0. (For example, two electric dipoles vibrat-
ing 180' out of phase become an electric quadrupole
current source for ksRis((1). If kp'Ris=2nx. , then the
currents are driven in phase and only the symmetric
state is excited, while if ks Ris ——(2m+1)x, then the
currents are driven 180' out of phase and only the
antisymmetric state is excited.
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The appreciable variation of the gadolinium hyperfine fields from one compound to another in GdX2
(X=Rh, Ir, Mn, Pt, Al) is explained by interaction of the nucleus with the conduction electrons. These
electrons are polarized by their exchange interaction with the Gd ion. This interaction was investigated
experimentally by measuring the Gd g shift by means of electron spin resonance. The g shift was found
to vary in both magnitude and sign in these compounds. A relation between the Gd hyperfine field and the
Gd g shift is derived, enabling us to calculate the hyperfine field per spin for 6s electrons in GdPt2 to be
2.8X10' G.

INTRODUCTION
" "N a recent letter, Gegenwarth et al.' reported on the
. „gadolinium hyperhne fields in the magnetically
ordered state for several GdX2 cubic Laves phase
compounds. They found that the hyper6ne fieMs vary
considerably from one compound to another. According
to Gegenwarth, the hyperhne 6elds in Gdx2 compounds
result from two main phenomena: (1) core polarization'
and (2) interaction with valence electrons.

On the assumption that core polarization remains
constant from sample to sample, any variation in the
hyperlne delds should be attributed to interaction with

' R. K. Gegenwarth, J.I.Budnick, S. Skalski, and J.H. Wernick,
Phys. Rev. Letters 18, 9 (1967).

~ G. T. Rado and H. Suhl, in SIagnetism (Academic Press Inc. ,
New York, 1965), Vol. AII, p. 237.

the valence electrons. Gegenwarth stressed this point
but did not specify the mechanism of the interactions.
It is the purpose of this paper to present further experi-
mental results on the Gdx2 compounds and to explain
the origin of these hyper6ne 6elds.

In electron spin resonance (ESR), we measure the
exchange interactions between the Gd ion and the
conduction electrons. Since these interactions are re-
sponsible for the variation in the hyperfine fields (as
will be explained later), we believe that ESR measure-
ments are best suited to the above-mentioned purpose.

RESULTS AND DISCUSSION

The KSR of gadolinium in powdered samples of
GdXs (X=Rh, Ir, Mn, Pt) and GdN was measured
as a function of temperature, from liquid nitrogen to
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FIG. 1. The g shift of GdX2 (X=Rh, Ir, Mn, Pt) as a function
of 1/(T—T,l in 'K ', where T, is the paramagnetic Curie tem-
perature and is equal to 70, 75, 90, and 50'K, respectively. The
measurements were carried out at 0.8 cm.

room temperature. The apparatus and the technique
of measurement have been described elsewhere. '4 The
measurements were taken at wavelengths of 0.8 and
1 cm. The g shift, Ag, was found to be linear with the
susceptibility xf. The susceptibility of these compounds
was measured as a function of temperature using a
vibrating-type magnetometer. The susceptibility re-
veals a 1/(T T,) behavior —for T) T,. T, is the para-
magnetic Curie temperature.

The Hamiltonian of the Gd ions in an external 6eld,
neglecting the terms which do not contribute to the
line shift, can be written as'

R=go~pg (H S„)+gJ(r,—R„)(s; S„), (1)

Ag = Jx"'/g p'x (2)

where J is the average exchange interaction, g'I"" is
the spin susceptibility of the conduction electrons per
mole, g, is the conduction electron g factor, and X0
is the number of lattice sites per mole.

The first term in Eq. (1) gives the shift caused by
demagnetization effects4 as well as the ordinary g value.
This shift is proportional to the susceptibility xf, given
by the Curie-Weiss law xz= C/(T T,). —

%e assume that the g shift which results from inter-
action with the conduction electrons, Ago, does not de-

where J(r;—R ) is the exchange interaction between
the Gd spin S„ located at R„and the spin s; of the
conduction electron located at r, , gG~ is the ionic g factor,
and p is the Bohr magneton. H is the effective field seen

by the Gd ion, and includes the demagnetizing field, apart
from the external Geld.

The second term in the Hamiltonian produces the g
shift resulting from interaction with the conduction
electrons. This g shift has been calculated by many
authors4 to be

pend on temperature. This assumption is justified in
view of the large variation of demagnetization shift
with temperature. Therefore we can find Ago by plotting
the gadolinium shift, hg, as a function of 1/(T T,—)
and extrapolating to 1/( T—T,) = 0 (Fig. 1) . The value
of the g shift obtained by this extrapolation was found
to be the same for both wavelengths.

It was found that Ago was Positive for GdPts. This
indicates a positive exchange interaction between the
Gd ion and the conduction electrons. ln the case of
GdXs (X=Rh, Ir, Mn), Ego was found to be negative,
indicating a negative exchange interaction. A possible
mechanism for this negative interaction has been sug-
gested by many authors. ' Previous ESR results of Gd in
metals have shown that the exchange interaction of
Gd with the s band is always positive. The interaction
with the d band was found to be negative. ' Therefore,
for GdXs (X=Rh, Ir, Mn) the dominant contribution
to the g shift comes from interaction with the d elec-
trons; for GdPt2 the g shift is the result of interaction
with s electrons.

The exchange interaction between the Gd ion and the
conduction electrons produces polarization of the con-
duction band. This polarization causes a hyperfine field
via the hyperfine interaction A(I s) between the
nuclear spin I and the spin s of the conduction electron.

By a simple calculation shown in the Appendix, we
obtain for this hyperfine field'

Ajj hf — Jxspin (s )g'p'&o gztzz
(3)

where gztzz is the nuclear magnetic moment, (S) is the
expectation value of the Gd spin, and A is the hyperfine
constant.

We distinguish between two hyper6ne fields which
result from interaction with the conduction bands. One
is due to the conduction electrons which are polarized
by the Gd ion of the same nucleus and is given by
Eq. (3) .The other is caused by the conduction electrons
which are polarized by the surrounding gadolinium ions.

The second hyperfine field was calculated by Yosida'
for a spherical Fermi surface to be

where E&——Pkz'/2ns is the Fermi energy for the con-
duction electrons, and z is the number of conduction
electrons per Gd atom.

Ii„ is given by the formula

2k' R„(cos2kpE„)—sin (2k' R„)
(2kgR„)'

' J. B.Mock, Rev. Sci. Instr. 31, 551 (1960).
4 M. Peter, D. Shaltiel, J. H. Wernick, H. J. Williams, J. S.

Mock, and R. C. Sherwood, Phys. Rev. 126, 1395 (1962).
~For simplicity, we assumed a single-band model for the

conduction electrons. A two-band (i.e., s and d bands) model
would not change our qualitative results.

M. Peter, J. Dupraz, and H. Cottet, Helv. Phys. Acta 40,
301 (1967).' D. Shaltiel, J.H. Wernick, H. J. Williams, and M. Peter, Phys.
Rev. 135, 1346 (1964).' K. Yosida, Phys. Rev. 106, 893 (1957).
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TAsLE I. Comparison between hyper6ne Gelds and the g shifts
resulting from interaction with conduction electrons.

Compound
Qhf

(kG)

hf-
ee

Qhf II hf

(kG)

GdA12
GdRhm
GdPtg
GdMn2
GdIr&
Gd+'
GdN

—170—100—180b—285b
~ ~ ~

—340—370

+170
+240
+160
+80a (+625e)

~ ~ ~

0
~p

—0.018—0.033
+0.032—0.075—0.015

0.008e
0

Measured with respect to the free-electron g factor.
Sign was not measured but is believed to be negative (by Gegenwarth

et al.).
Obtained by Gegenwarth et al.
This value was obtained by assuming that the sign of H is positive.

~ Measured by R. Lacroix, Helv. Phys. Acta 30, 374 (1957).

where R„represents the position of the gadolinium
ions. Since kr is not known, we have calculated g„F„
as a function of kp, summed over the nine Gd nearest
neighbors. The atomic distances were calculated using
x-ray data. ' Assuming the free-electron model and one
electron per Gd atom, we found kg=0.82&10' cm '
and the corresponding value of g„F to be —0.4&& 10 '.
Hence, the value of Hs~' is 15%%uo of that of HP'. Other
approximations reveal that Hss' is always less than 50%%uo

of H1"'. We therefore consider the hyperfine Geld due to
interaction with conduction electrons, H„"', to be the
sum of H1 ' and H2"'.

The GdX2 compounds are ferromagnetic in the
ground state. Thus, the effective exchange interaction
between the Gd ions, i.e., the Ruderman-Kittel inter-
action, ' is ferromagnetic and negative. Since this inter-
action is proportional to g„F„,with a positive constant
of proportionality, Q„F„must always be negative.

While the sign of the g shift depends only on the sign
of the exchange interaction J, the sign of the hyperfine
Geld H~"' depends on the product of J and A, and the
sign of Hq"' depends on the sign of the product —A)&
J)&g„F„.Since Q„F„is negative, the sign of both
H1"' and H2"', in our case, should be the same.

The contribution of the core polarization to the
hyperfine Geld, H„„"',is believed to be constant in all
the GdX& compounds. The value of H „"'is equal to
the hyperfine Geld in Gd+' (or in GdN) which is —340
kG."Therefore the hyperfine field resulting from inter-
action with the conduction electrons, H "', can be
calculated by subtracting the value —340 kG from
the total hyperfine field. In Table I, the extrapolated g
shift Ago is compared with the hyperfine Geld H„"' ob-
tained by the method described above.

600-

I I I I I I I

0
GdMn2

C9~ 400-
at

&o

200 Gd Alp

GdRhp

~ GdPt2

CONCLUSIONS

Table I shows that the hyperfine Geld H "' is always
Positive This . agrees with our expression for H "',
Eqs. (3) and (4), for the following reasons:

(1) The g shift of GdXs (X=Rh, Ir, Mn) was found
to be rtegatise (Table I). Since according to Shaltiel
et al. ,

7 interaction of a Gd ion with an almost full d band
is always negative, we expect that the dominant con-
tribution to the g shift and the hyperfine field comes
from interaction with the d electrons. Jaccarino et al."
showed that the hyperfine Geld per spin, A/grttr, due to
the d electrons is negative. Therefore the product A )& J
should be positive leading to a positive H»"'. Since for
ferromagnetic metals Q„F„ is always negative, H&"t

should also be positive, making H„"' positive.
(2) Susceptibility measurements of I,aPts have

shown that it is diamagnetic" and that its susceptibility
does not depend on temperature. This indicates that
the d band is filled. Assuming the electronic structure in
LaPt2 is similar to that of GdPt2, we conclude that there
is only an s-band contribution to the g shift and hyper-
fine Geld. Since the hyperfine Geld per spin, A/grttr, for
interaction with s electrons is always positive, and our
result for Ago in GdPt2 is also positive, the product
AX J is therefore positive. This shows that the hyper-
fine Geld H "' in GdPt2 must also be positive, in agree-
ment with the experimental results.

We found the g shift in GdN to be close to zero. This
agrees with measurements of resistivity and magnetic
properties. '4 These measurements indicate that the
conduction bands in Gdw are only slightly populated,

GdN
ia 1 I I 1 1 I 1

0.02 0.02 0.06 0;08

)wg, l

FlG. 2. The hyperfine 6eld resulting from interaction with the
conducting electrons, B,,hf, versus the absolute value of Ago for
the various compounds. The hyperfine 6eld H,,hf for GdMn~ here
has the assumed value of 650 kG.

' V. B.Compton and B.T. Mathias, Acta Cryst. 12, 651 (1959);
A. K. Dwight, Trans. Am. Soc. Metals 53, 479 (1961).

'e C. Kittel, Qnantnm Theory of Solids (John Wiley Bt Sons, inc. ,
New York, 1963), p. 364.

"W. Low and D. Shaltiel, J. Phys. Chem. Solids 6, 315 (1958).

"V. Jaccarino, in Proceedings of the Internationat Conference
on JIt/Iugnetism, 37ottingham, 1964, (Institute of Physics and The
Physical Society, London, 1965), p. 377.

"H. J. Williams and R. C. Sherwood (unpublished).
"R. Didchenko and E. P. Gortsens, J. Phys. Chem. Solids

24, 867 (1963).



332 D. DA VIDOV AND D. SHALTIEL 169

and therefore the contribution to the g shift of y'pi"

is negligible. For the same reason we conclude that the
contribution of the conduction electrons to the hyper-
6ne field is also negligible. This is in agreement with
Eq. (5) and also confirms the assumption of Budnick
and his collaborators that core polarization is the only
source of the hyper6ne field in GdN.

Figure 2 indicates that the hyperfine field H„h'
increases with the increase of the g shift. Table I shows
that the g shift Ago of GdMn2 is large and negative.
Therefore, if we adopt the band model, the hyperfine
6eld H "' should also be large. From this point of view,
we expect the hyper6ne field of Gd in GdMn2 to be
650 kG rather than 80 kG as assumed by Gegenwarth
et a/. However, susceptibility measurements" indicate
the possibility of an antiferromagnetic ordering between
the Gd and the Mn localized moments. In analogy with
previous arguments, assuming that the Gd and Mn
moments are subject to the Ruderman-Kittel interac-
tion, one can show that the Mn produces a negative
hyper6ne field on the Gd nuclei, thereby reducing the
total hyperfine field H '. This will be in agreement with
the small value of 80 kG assumed by Gegenwarth for
Hge ln GdMn2.

It will be very interesting to determine the sign of
the total hyper6ne field of Gd in GdMn2. This com-
pound is being further investigated.

As shown above, both HI"' and dgo result from ex-

change interaction between the Gd ion and the con-
duction electrons. By substitution of Eq. (3) in Eq.
(4), we obtain the relation between the g shift and HP'.

where x~'p'" and g2'p'" are the susceptibilities of the
conduction bands at the temperatures at which the
hyperfine field and the g shift were measured, respec-
tively.

Equation (6) also represents the relation between
the hyperfine field H„"' and the g shift, Ago, if and only
if Hi"'))H2"' (as the numerical calculation above has
shown) .

Assuming that this condition holds, one can find

the hyperfine field per spin, A/griper, for the various com-

pounds. For example, we have shown that for GdPt2
the hyper6ne field H„"' results from interaction with
the s band. For such a band x~'p'"= x2'p'", since the spin
susceptibility does not change with temperature. Using

H~ '=+160 kG, Ago
——+0.032 and (S)= ~, we obtain

from Eq. (6) A/ger=2. 8X10' G. This value agrees
closely with the estimate of Gossard et al." for the 6s
electrons contribution in. rare-earth compounds.

"E.A. Nesbitt, H. J. Williams, J. H. Wernick, and R. C.
Sherwood, J. Appl. Phys. 34, 1343 (1963); E. A. Nesbitt, J. H.
Wernick, and E. Corenzwit, ibid. 30, 365 (1959).

' A. C. Gossard, V. Jaccarino, and J. H. Wernick, Phys. Rev.
133, A881 (1964).

Shaltiel et al. '~ have investigated the magnetic prop-
erties of intermetallic compounds using EPR and NMR
techniques. They were able to relate the KPR and
NMR results, and thereby obtain information on the
magnetic properties of the system which could not
have been obtained by means of just one of these
techniques. We therefore see that investigating the
same compounds using both techniques yields addi-
tional information on the origin of magnetic interac-
tions.
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APPENDIX

The exchange interaction between the Gd ion and the
conduction electrons J(S s) produces an exchange
field H' on the s electrons, which is given by H' =
J(S)/g, P. This exchange field polarizes the conduction
band. The polarization 3f can be written

spinHex J(S)
spin

g.P

On the other hand, this polarization is equal to
g,PE, (s), and therefore (s), the expectation value of
the electron spin, is found to be

J
($)—xspiIl (S)

g 2P2g

where S, represents the number of conduction electrons
per mole.

The polarization of the conduction electroms, 3f,
causes a hyperfine 6eld on the nuclear spin I via the
hyperfine interaction A(I s). This hyperfine field is
obtained from the equation g;A (I s,) =griiir(I Hi~')
to be Hi~' ——(A/ger)s(s), where z is the number of
conduction electrons interacting with each spin I. Sub-
stituting the value of (s) found above in the formula
for H~"' we get

H hf

where Xo (1VO ——E,/s) is the number of lattice sites per
mole.

"D. Shaltiel, A. C. Gossard, and G. H. Wernick, Phys. Rev.
137, A1023 (1965).


