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Electron Paramagnetic Resonance Studies of Ions in Metals

by M. Peter, J. Dupraz and H. Cottet
Institut de Physique Expérimentale, Université de Genéve

(25. XI. 66)

Abstract. After recalling that the interaction between the diluted paramagnetic ions in a metal
and the conduction electrons is described by an effective exchange parameter J, which can be
measured by the shift of the resonance line of these ions, a molecular field picture is developed
and a susceptibility function which gives the complete response of the ions coupled to the conduc-
tion electrons is obtained. The physical origin of the ion-conduction electron coupling (Heisenberg
exchange and interband exchange) is discussed. The difficulties in comparing EPR results to
other static and transport properties, which arise from the fact that an isotropic, momentum
independent exchange parameter represents an insufficient model, are indicated.

A review of experimental results is established for the ions observed until now by EPR, as
well an evaluation of their effective exchange parameter in some highly polarizable host matrices.

A. Introduction

The electronic paramagnetic resonance (EPR) of magnetic impurities in metals is
similar to the nuclear paramagnetic resonance (NMR) in metals in many aspects.
There are however some important differences and the interpretation of results is
more difficult for EPR. In fact the first EPR experiments [1, 2] have been performed
about ten years later than the NMR experiments. The main difficulties which are
met in EPR can be enumerated as follows:

1) The ionic spin is a large local perturbation, and any conclusion for EPR experi-
ments as regarding the electronic structure of the host metal must be analysed care-
fully.

2) The effective interaction Hamiltonian between the localized spins and the con-
duction electrons is very difficult to derive generally, especially for non S-state ions.
It is usually assumed that for S-state ions an exchange type Hamiltonian is valid
(similar to the contact Hamiltonian of nuclear resonance), where however the inter-
action parameter is not a true exchange interaction but includes also mixing effects.

3) The resonance frequency of the localized ions is very close to the resonance
frequency of the conduction electrons, so dynamic effects might be important if the
relaxation rate of the electrons is not very large compared to the resonance frequency.

In spite of these difficulties EPR contains extremely valuable information about
parameters which cannot be obtained by NMR, in particular the effective interaction
parameter whose sign and magnitude play an essential role in a number of metallic
phenomena such as magnetism and transport properties.

B. Theory of EPR in metals
1) Simple derivation of ionic g shift

In many cases, a magnetic ion (e.g. Mn*+ or Gd***) retains its magnetic proper—
ties nearly unchanged in a metallic matrix.
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In the presence of an external magnetic field H in the z direction, the Zeeman
energies are given by E=—g BH-S

where § is the ionic spin; g is the Bohr magneton. g, the ionic g value, is usually nega-
tive, but in our discussion we will assume that g, and g, (electronic g value) are posi-
tive. The results will be the same. A transverse field of “frequency‘ w, can introduce
transitions if we satisf

d w, =g pH,

(with 7 = 1, w is an energy).

The main effect to be studied in EPR in metals is a coupling between a magnetic
1on at site R, and the conduction electron at site # which varies like the scalar product
between their respective spins, § and ¢, and which can be phenomenologically de-
scribed by an exchange interaction density:

yex = MZ(I/WO) ]S ) G(x) 6(Rn - x)
n
0(x) is the electronic spin density. J is a parameter with the dimension of an energy,
usually some fraction of an electron Volt; in the literature, the parameter 2 J is often
used instead of the parameter /. R, are the lattice sites occupied by the magnetic
ions. 7, is the number of lattice sites per unit volume. The justification of this energy
term will be discussed later.
In EPR, the allowed energy levels are now:

E——S. (¢.BH. + 2 <o)

where <o, is the expectation value of the electronic spin density at site R,.
Remembering that y,H, = <o,> g, f with y, the conduction electron volume sus-
ceptibility, and n, the number of lattice sites per unit volume we obtain:

_ _J
E= SzﬂHz(gs+xznﬂgeﬁz)
Hence we find a g shift
Jxe
M’O gg 182
If the metallic electrons can be represented by a free electron gas, we get

1
Xz= ?gf ﬁzN(Ef)

and N(E;) = 3n/4 E, (n number of conduction electrons per unit volume)

Ag, =

Hence 3 np? 3] n
= - d Adg,=-—+—
%= z2E, ™ 8= 4E n,
Hence we can measure | by determining Ag, and y,, or by setting, in the simple metal,
4n
.] = 3 no Engs

2) Molecular freld picture

The equation of motion in an external field f of a system of magnetic ions of g
value g, and magnetization M, in a metal with conduction electrons of g value g,
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and magnetization m can be described by a system of coupled Bloch equations and a
molecular field constant A describing the coupling between the ions and the electronic
system. The justification of such a description is given by an exact quantum statis-
tical analysis to be discussed below.

The molecular field acting on the ions, H, is given by H = f -+ Am, the field acting
on the electrons by h = f + AM. The Bloch equations then read?):

M=g fMxH) —4M-—p,H)
m—g,B(m x h) — 5 (m— u, h)
Here «, is given by the equilibrium condition m, = a4k, and is the static susceptibility

of the electron system. ¢ is the relaxation rate of the conduction electrons. g, and A
are the analogous quantities for the ions. In order to solve the equations, we remem-

ber the cross product in the system z, —, + with p X ¢ =r, and p. = 1/)/2 (p, =
3 tc, th :
12,), etc, then 7. =1(q.p.— P.q)
=1 (p—Qz - Q—pz)
7, =1 (P4g-—P-44)
setting now fi, M., my proportional to e=*®! (stationary solution), f, = constant

and retaining only the terms linear in fi, M. and m. (small deviations from equili-
brium) we obtain the equations:

—oM =g pHM,—MH,)+:4 M, —-p,H,
—owm, =g, (hom, —mh,) +16 (m, —oyh,)
From there the transverse susceptibilities:
my geBm,—iday s M, . g B M,—i4p,

X+ :7_,_ g, h,—w—id i+ = H, g BH -w-id
or, remembering m, = a, 2, and M_ = f§, H, and introducing
we:geﬁfz a:gsﬁzmz
ws:gsﬂfz b:-geﬁﬂMz

+ g o stazid g @
Xs Fo w;t+a—id—w Bo ws— W

T Wet+b—id
X+ = %o w,+b—i0—w — %o

w,—

By substituting these susceptibilities we find:
M, (o — w) = fy o, [f+ + Ao Jﬁ%a? (s + 4 M+)]

my (0] — o) = ayo [, + 4By 7 (fy + Am,)| and

_ Mitmy w5 g [agt Byt 2 4oy Byl — o (o w0 + By )

+ i+ (@ — ) (0, —w) — 12 0y By 0 @

This expression gives the complete response for a system of paramagnetic ions in
presence of conduction electrons.
We shall now discuss certain simple cases. At first we shall neglect the damping

terms. This leads to reasonable results where the frequencies w, and w, are very
different.

1) For the discussion of a more general damping term, see ref. [6].
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a) Case of NMR, o, is the nuclear resonance frequency, and v, € w,:
Neglect of the damping leads to real roots of the denominator of y, these roots give
the resonance frequencies. With 4 = § = 0, we have

w,=w,+a, o =w,+b, oayP,o.w,=ab
and the resonance condition becomes
[@a—(w—w)][b—(w—w,)]—ab=0

wkza—f—ws——&)—%la—;ws—}—a—-z)—b for small 2
AM
> o, + a0 g, B4 (L + A M) (1 - *77)
~o,+ogg fAf,+ -+ (the next term is of order 43).

We find the simple Knight shift which is of order 4, and no term in A2. The reason
is that the induced field h, (see Fig. 1) is parallel to M (see Bloch equations). This is
only the case if m is obvious below its resonance frequency w,, and then hg exerts no
torque on M.

b) In the case of EPR with o, > w, (as might be the case of Erf?)) with g, = 6.7)

we obtain:

wp=a+ v, — —— b~ ~a+ o, + — (for small A)

w +b—wg W,
~ o, +ag B2 (L +AM,) (147 ﬁﬁy

In this casem is no longer parallel to M, m  is in fact out of phase with M (excitation
above resonance) and hence hy contributes oy 4 M, (1 + g,/g,) to the resonance fre-
quency (see Figure 1).

¢) w,= 0 and w, = 0 (or f, = 0), a and b finite (both systems are ferromagnetic,
because a and b are proportional to m, and M,).

The solutions of the secular equation w = a — a b/(b — w) are:

|
|
|
|
|
|
|

Figure 1
Molecular field model — Addition of fields

a) w; € w, (case of NMR, if the magnetic impurities are the nuclei)
field acting on the nuclei

H = f+ im =~ f+ loyh = f+ oy (fy+ 2 M)
b) w; <€ w, (case of EPR with high g, values) in this case %, is no longer parallel to M.
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At a + b we find an antiferromagnetic resonance (by developing we can see than
m, and M, have opposite signs), which is however optically inactive if g, = g, as
can be seen from the expression for y,. The resonance at a + b was first pointed out
by DoN1ACH [4].

d) If we apply a weak magnetic field to the ferromagnetic lattices of the former
case in ¢) the frequencies will be:
b

b
?‘fi—bi W, U)R2=a —l" b+ d—+_-_b- C()e'l"

a a
Wg1 = a+b W, + m' W

e) w, = w,, damping.

In cases ¢) and d) we learned that there will be no g shift if w, = w, (the shifted
mode being inactive). In the case of EPR with S-state ions, we will often find w, ~
w, but appreciable damping of the conduction electrons. ¥, may have to be plotted
explicitely to give the resonance lines, but the position of the poles of y, gives an
indication on line position and width.

Taking 4 € w, = w, and A2« B, <€ 1 we find:

! A2 e 50 w: ’ r 1

V4
we . . 2
a)R——a)sb—w;———_wR ~w,+a—14—14 aoﬁowswea.

This means that we get the Knight shift without second order contribution in
/ but with a damping proportional to ab/d.

Note that b ~ M, ~ 1/T'; at low temperature we may have b of the order of &
and an additional broadening of the order of the Knight shift. Figure 2 and Figure 3
show cases where a broadening 1/T was observed for EPR of Gd respectively in Pd
[5] and Pd,U [6].

3) Validity of molecular field picture
The secular equation for EPR in metals can be written in the form

wp =, + g fAx(0=0)f+22g B M {1 (0=0) — 1'(0)}.

2000 ; , !
© Pl gy 60ggs At B0 KMG :
Pl s 12 g OSTENEI EO1 2500 |
p [\ 4P Bty 2t SRAC *P* |
Xx 2000
=, 1200 2 ‘
= = 1500
S 800 | - < P
= Nt 2 1000 ; L
F W0 = sl
ES i =
0 0
0 2 40 60 & 0 L0 80 0 60 200 240
Temperature (degree Kelvin) Temperature(degree Kelvin)
Figure 2 Figure 3
Dependence of linewidth on tempevature Dependence of linewidth on temperature
Jfor diffevent fields and concentrations for 2%, atl Gd in U Pd,

of Gd in Pd.

20
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A similar form was previously obtained from a quantum statistical analysis [7]
of this problem without use of the molecular field approximation. The term in the
parenthesis is given in this calculation by

2 U (0, R) — 7 (@ =0, R,)}
Ry=0
where the functions ¥°, (w, R) and #¢ (w, R) are the space dependent non local sus-
ceptibilities, and the R, are the lattice sites occupied by the magnetic ions.

It turns out [7] that Re %% (w, R,) and Re y;(w, R,) differ appreciably only at
large distances (| ¢ | small), so that in summing over their differences, the sum can be
replaced by an integral over space. Then real part of the bracket is proportional to

Re [7% (0, ¢ =0) — 2z (0 =0, g = 0)]
where %% (w, @) and yi(w, q) are the susceptibilities in function of the wave vector q.
But the values of these functions for ¢ = 0 are exactly the uniform susceptibilities
considered in the molecular field model.

We conclude that this model is successful since the dynamical behaviour of the
conduction electrons manifests itself only at large values of R, or small values of q.
This is also the justification of the recent RPA calculations by DoNIACH [4] on this
problem.

4) Interelectronic exchange enhancement
a) Enhanced g shift

The quantity E,Ag, is a measure of the exchange parameter / only in the case
of a free electron gas. In certain cases, y, is severely enhanced by interelectronic
exchange. If this exchange interaction is taken to be strongly localized and hence
constant in % space, it can be characterized by a parameter v and the enhanced sus-
ceptibility is given by [8] [9]: 1

2R NE)Y
Here y, , is the free band susceptibility: y, , = (1/2) g 2 N(E,).

Recent work by BERK and SCHRIEFFER [10] shows that in the alloy series Rh-Pd-
Ag the density of states is small and varies relatively little with alloy composition or
temperature, and that y, is large because of exchange enhancement. The density of
states N(E) can in these cases not be inferred from the electronic specific heat as this
quantity is also enhanced by the interelectronic exchange, although the enhancement
factor is generally smaller than the one applicable to ,.

The characteristic maximum in g shifts for EPR in the Rh-Pd-Ag series [5] is then
mostly due to the exchange enhancement of the susceptibility, more precisely of the
contribution y, due to the d-holes.

b) Enhanced range of y¢(w, R)
The enhanced susceptibility of a standard band is given by
_ 1 25 N(E})U(wq)
Xz(w: q) 2 ge ﬁ l—ij(Ef) U (w, q)
where 2 N(E,) U (w, q) is given by the well known function P**4(w, ¢) in the RPA
approximation.

By developing P®*4(w, q) for small values of | ¢ | one finds that the range of
%-(w, R) is enhanced proportionally to [1 — 2N(E )]~ 2 Thus in Pd, with an enhan-
cement of y, of ~ 50 [10], the range should be enhanced by about }/50 ~ 7.
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¢) Anomalous Korringa relation

The exchange of an ionic spin to an electronic spin makes possible a relaxation
mechanism known as Korringa broadening Ax. Between this broadening and the
g-shift Ag_ there holds, in the absence of interelectronic exchange, the well known

Korringa relation [11]. A =7 (Ag)2 kT
K — 5

(this broadening is given in units of w, the usual angular frequency multiplied by h)

2 JRT
A, = Ziziﬁw Im g, o (@, R=0) (Ref. [7]).

In the presence of exchange enhancement, the Korringa relation no longer applies
in its simple form. Ag, is enhanced by

[1 — v N(E;)]?
(0, q) = g2 82 - B O 9

1-vN(Ef) Uy (0, 9)
setting U, (w, q) = U'(w, q) + ¢ U"(w, q) since, as we have seen in B.3, U, (o, q) is
nearly equal to U(w, q) for most values of g, we find

- 1 20 N(Ef) U(w, 9) _
. [L-vN(E,) U’ (@, )12+ [vN(E[) U” (@, @)1
Im{y’, (w,, R = 0)} then becomes a sum over all values of q. As U(w,, q) is generally
a decreasing function of | q |, we see that Ay is less enhanced than predicted by the
simple Korringa relation.
In both Figures 2 and 3 we find that there is a broadening ~ T at higher tempera-
ture and that this broadening is less than predicted by the simple Korringa relation.

Im{y (@

5. Indirect g-shifts

In the previous section we have learned that interelectronic exchange can appre-
clably increase the range of the non local susceptibility y,(#). Correspondingly, the
range of the exchange field %(w), which is set up around a magnetic ion because this
ion polarizes the conduction electrons, is also increased [12]. Such a magnetic field
h(x) may oscillate as a function of | x |, and has in general also a mean value. In sec-
tion B.3) we showed that, if only one species of magnetic ions is present in a metallic
host, only the mean value of 4(x), there called the molecular field, is of importance,
and that the fluctuations, are rather remarkably, not observable, and furthermore
that there are no shifts due to A(x) if o, € w, or @, = w,. The reason for this beha-
viour was that the field A(x) processes in phase with the total magnetization.

If we introduce magnetic impurities of a second kind, having different g values,
then a different situation obtains. The magnetization and electronic polarization of
these second impurities process no longer in phase with the magnetization of the
electrons under observation, and therefore the z component of %(x) due to the second
impurities is fully effective in producing a line shift and also a line broadening due
to the fluctuations in A(x).

The broadening can be calculated by just considering the z component of A(x)
in the case of extreme dilution of both ionic species, and more exactly by just calcu-
lating the second moment of %(x) around its mean value as will be shown below. In
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moderate dilutions, the higher moments will become important and lead to exchange
narrowing effects which are to be calculated in a more elaborate analysis.

To get the result for extreme dilutions, consider first the case of a resonating ion,
say Mn**, at the origin, and of one other magnetic ion, say Tb*++, at R;. It will shift
the resonance of the Mn*+ by % (R,).

If we now consider that every site R, # 0 of the lattice can be occupied with

equal probability by the Tb*++, we obtain a probability #(k) for having a resonance
shift by 4. The mean shift will be: '

by — f honlh) dh =~ 'k (R)
! i+0
where N 1s the number of lattice sites.
The 2t* moment p, of this distribution is given by:

oo
pe= [ Wenlh) dh = . TIHR))

—(;0 NVRz#:O
If two Tb 1ons are present, the probability is
-}-00
n® (h) — f n(h — 1) n(h') dh’

— 00

If the Fourier transform of n(h) is n(l), then 72(l) = [%(})]2 and for M Tb ions, #!*(l)
= [#({)]™. The k** moment in presence of M ions is given by:

+oo

P, =" [ monm)®™ gn = { i )]M}

olk =0

For instance we have now the mean shift in the case of M ions:
_ = nm—1 0n(l)
P, = (M w0
Or, with #(0) = 1 [#(k) normalized] and {0;’2 /Ol};=0 = Py
P, gives the line shift, it is proportlonal to the ionic concentration c.
The mean square deviation or second moment with respect to the center of the
shifted line is: +00
B=j (h — P2 u™ (h) dh = P, — 2 P*+ P2.

e R Cs )

o= M = 1) {2 [ 20T+ v et S
Py=M2p%— M p2+ Mp, and with Pl Mp,

B:Pz—Pi=M(¢2—pi):c[Zzﬂma (Zh )]

R;=0 R;=+0

=¥ 2 R,

R;=0Rj=
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If 2(R;) has the simple form %(R;) = constant for | R, | < Ry, h(R;) = 0 otherwise,
we find that the ratio z = p2/B is given by the number z of Tb*++ within the radius
R, around each Mn++ (J/z ~ ratio of frequency shift to linewidth). The range R, of
an arbitrary field A(R;) may be defined by calculating z for this field and a given ¢,
and finding R, which gives the same z for the same ¢ and the above simple function.

The values B and z are rather easily determined by EPR experiments. The eva-
luation of these experiments is relatively easy if y%(R) is greatly enhanced by inter-
electronic exchange and therefore of long range since at reasonable distances we may
expect A(R) to vary like y¢(R), and to be given by:

MR) = 71920 ¢S5 7 (R)  Ref. [6]
Here, /, and [, are the exchange coupling constants of the two ionic species.

In case of a non S-state ion, we have <S,> = (g, — 1) </,>, where g; is the ionic
Landé factor and <J,> the mean z component of the total ionic angular momentum.

As z becomes quite large in the case of long range, we can measure P, and there-
fore [, if we know J, and y%(R;). This makes possible the determination of the ex-
change parameter for magnetic impurities, which EPR cannot determine directly.

The method of indirect g shifts was used for instance to determine the J, constants
for the rare earth ions in Pd by observing P, induced on the resonance of either Gd+++
[5] or Mn*+ [13]. These latter ions are in an S-state and have reasonable relaxation
times even above the magnetic ordering temperatures. The rare earth ions which
orbital moments could not be observed directly because of short relaxation times and
anisotropy of paramagnetic spectrum. It is however possible that work at high dilu-
tion in monocrystalline hosts should bring to light the EPR spectra of rare earths
in non S-states.

In normal metals, where yi(R;) is of short range and oscillatory, we observe
broadenings which are so large that the shifts can hardly be identified. This is to be
expected if one assumes that at short range i(R;) is also proportional to y;(R;).
This assumption is however not well founded as will be discussed in the next section.

The fact remains that the exchange interaction can be estimated from the broad-
ening of EPR due to magnetic ions of a second kind, however the analysis of such
results is more delicate than in the case of long range polarization and will not give
the sign of the exchange interaction of the ions of second kind.

6. Nature of exchange interaction

So far we have assumed that the ionic spin S, on lattice site R, is coupled to the
electron of spin @(¥) at site & by a model interaction (1/n,) J S, - 0(%)!(x — R,). Sucha
model interaction has been fruitful for obtaining insight into the behaviour of magne-
tic ions in metallic solutions but it represents a rather inadmissible simplification of
the microscopic problem. The correct treatment of the ion-electron exchange inter-
action and its different physical main features is a topic of interest to current solid
state theory: in what follows we indicate certain results obtained by simple perturba-
tion theory. At reasonably high temperature, such an approach may be justified.
The interaction leading to the polarization effects to be considered here is the Cou-
lomb repulsion between the electrons in the metallic band and on the magnetic ions.
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We distinguish between matrix elements containing two itinerant and two localized
functions to be called “Heisenberg exchange and between contributions due to

matrix elements containing only one itinerant wave function, to be called “Interband
exchange™.

a) Heisenberg exchange
The contribution is of the form

W~ YR gy g, (— q)-S,

n
Ok, q,n

with 0u(— Q) S, — i (— @) Si+of (—q) Sy + o5 (—q) S;

5 x x

Op = Gy Up—g)+ — A Ag—g)—
+ %

Op = Qi Ag—g—
T X

Op = _g- %+

where we have used the well known second quantization operator:
. ) o
JE(Q) = My [[ A%y dx, 'P;kn(xﬂ "Pi(”z) Te—x, | P (%) %Uk—q(xl) g~ %dRa

Yy, is the localized wave function of an electron bound to a magnetic ion 7 and y, is
the wave function of an itinerant electron.

JZ(q) has the dimension and the order of magnitude of an atomic exchange
energy, and is independent of R,. From our previous discussion we see that the g shift
in EPR in the absence of dynamical effects is given by the parameter J = J¥ (g = 0).
The simple treatment of the Korringa effect and of the indirect g shift given previously
was based on the assumption that [,(q) was equal to [ for all k and q.

In their recent work WaTson and FREEMAN [14] have shown that this assumption
is in general not justified. However in the case of the rare earths, at least the depen-
dence on k can be neglected and it is permissible to consider the dependence only on
the magnitude of the vector q . (| q| =1¢) .

In that case H,, can be written as

oo = 3, [ 0(8) J" (v~ R,) ds
where '
i) = - X g e
and ’

o(x) et ¥ g(q).

A
Vo G
If we neglect the q dependence of J¥(q) we find back our simplified model Hamil-
tonian which leads to the spin spin coupling given by Kasuva [15] and the simple
expression for 4(x) given in the previous section.
b) Interband exchange
If we had only the Heisenberg exchange we would find for the difference of the
energies of a metal with one impurity spin S, =S and a particular conduction
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electron spin ¢, = — 1/2 and the same metal with the given electron in the state
%=+ 12 AE" — + S Ji (g =0)

AEH describes however not the full energy difference.
Interband exchange makes a comparable or even greater contribution 4E?. We
obtain, then, an effective exchange constant

Interband exchange is due to virtual ionization processes of the magnetic ions. The
processes can be illustrated by means of an energy density diagram (Figure 4). The
vertical axis gives the energy, the abscissa the density of the conduction electrons.
E,is the Fermi level and E, is a level below E ; which contains p bound electrons. In
our example we give three bound f electrons corresponding to Nd in the S = 3/2 state.
To the right are given the + spin states, to the left the — spin states. The virtual pro-
cesses of interest are:

1) the ion absorbs an electron with spin — (~ kz > )
2) the ion absorbs an electron with spin + (~ kz = f)
In both cases the energy needed is E ..

3) the ion emits an electron to the Fermi surface (f - ~ k), the energy needed
15 s

Strictly speaking E,, and E_,, depend on the quantum numbers L*, S*, J* of the
intermediate ionic states, but these effects are neglected here. All absorption processes
are characterized by the same energy E ,,, and the same matrix element V, all emission
processes by the same energy E,,, and the same matrix element U.

Each process of type 1) lowers the energy of the — electron by V2/E .. The energy
contribution is by our convention to be counted negatively in AE’. As there are seven
orbital states with — spin that can be reached by our electron, the total contribution
of type 1) processes is — 7 V2/E,,.. The processes of type 2) make the contribution
(7= PVHE

abs*

abs-

W

T, ey s

abs

\L | 1/
E; Fermi level
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£, full f states
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Figure 4

Interband exchange — Vivtual ionization processes of the magnetic ion
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The processes of type 3), which raise the energy of a + electron, make the contri-
bution p U?/E,,. Since 2 S = p we find

F=-2

There remains the question of the nature of the off diagonal elements U and V. These
elements connect states which differ only by one electronic state. If we had calcu-
lated our one electron functions by an unrestricted Hartree-Fock procedure, these
elements would be zero, and there would be no interband exchange. This exchange
1s therefore connected with the choice of the unperturbed wave functions. The reason
why we cannot suppose to have started with correct H-F functions is, that in this
case our starting configuration would already contain the conduction electron polari-
zation which we would like to put in evidence.

To simplify this discussion let us consider a case where the ground state (magnetic
ion + unpolarized conduction electrons) is given by a single determinantal function
o (streched case). Hence we are looking for the matrix element between , and
a¥ . Qg m, o Yo in second quantized notation.

In the case of virtual emission, the coulomb interaction between the ionic 4 f
electrons vy, , (%;) and the itinerant electrons v, ,(¥,) give rise to a matrix element

V2 Uz AElL
(L)
abs

em

<a;!z‘,o' a4f,m,a %o l a?e‘,a (Z“Z‘f, m’, o’ a4f,m’,cr’) It aMQm,o’ !1/)0>
m

if we restrict ourselves to the part of the coulomb interaction which is spherical both
in &, and &,.

In the case of the rare earths, this turns out to be the principal contribution [16].

The coulomb integral I° connects then vy, ,, , and the part in ¢, , which possesses
[, m symmetry &, <f,m | k>. In calculating the average /¥ on all directions of k,
it is permissible to replace (f, m | k> by a factor N, which depends only on & = | k |
and whose magnitude gives the amount of f character of the conduction electrons.
The m’, ¢’ are to be summed over the p occupied levels on the ion. Since we treat the
emission case, the 4 f,m, ¢ state is one of the occupied levels, and the matrix element
becomes (p — 1)1°. If the 4 f, m, ¢ state would have been an unoccupied level, the
element would have been # I°.

It is easily seen that, if we calculate the average element for any set of p functions
m', ' we obtain (p — p/14) I°, the average value for the matrix element. This average
matrix element has already been dealt with when calculating the unperturbed wave
functions in the absence of ionic magnetism. For our effective element U we retain
only the difference between the actual element and the average element [16]:

U= [(p— - (p- -57)]10= =ttt o
By analogous reasoning, we obtain V' = p/14 I°

p_ _ Imropr | (4
I==u [E_ + 7’E*’7]'

abs

From this we expect a parabolic behaviour of J in function of 4. Such a behaviour
1s seen in the plot of this for rare earths in palladium, determined by indirect g-shift
(6], and rare earths in (R.E.)Al, [17],, determined by indirect Knight shifts.
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The fact that the parabolia rises more steeply for small $ indicates that E,, <<
E .55 1n the beginning of the R.E. series (e.g. Cett+ easily gives up its f electron).

Note added in Proof. The quantity (p — p/14) I° subtracted. from the matrix
elements between f orbitals and conduction electron states represents the matrix ele-
ment of an average potential of the unpolarised ion which is supposed to have been
diagonalised out in the starting set of unpolarised conduction electron wave functions.
A simpler average potential would be the coulomb potential from (p — 1/2) f orbitals
(neglecting exchange). This potential would lead to minimum off diagonal matrix
elements V' —= U = I°/2 and represents hence the potential which leads to optimum un-
polarised wave functions. With it, we would get J7 = (I9¥(1/2 E,,, + 1/2 E,,).

[tis an interesting question to what extent we are allowed to substract the average
matrix element. In the case where the magnetic ion presents the same average poten-
tial as all the other lattice sites to the conduction electrons, it seems to be particularly
justified. If the average potential deviates, it should give rise to interference terms in
the scattering amplitude which can be observed by anomalies in the thermopower
[18]. The average potential gives also rise to shielding effects which may enhance,
diminish or even suppress the exchange couplings.

7. Dependence of different physical properties on exchange parameter

A certain number of experimental properties depend on ion-electron exchange.
In particular, the effective magnetic moment of magnetic ions in dilute metallic
solution should be enhanced by exchange polarization. From ref. [6] we have
1 1 .
@ =5 (g BH. + - J <) N(E))

the magnetic moment due to the exchange part is

’ 1 1 . , ]nz
¥ =aB@=sa b JSNE) #=L1E s
since

1 7
Xz=— ?gEﬁZN(Ef)
The total magnetic moment is given by

: f y 3 J %z
g R S
0 ! <S> M’O geﬁ < >

b= o 1+ 1) = py (1 + 5

ng & &, B* g

furthermore
Ags(T)
PT) = po (1+ 2551,
For Gd and Mn in Pd such a relation is approximately fulfilled. The direct or indirect
g shifts should also permit to predict the conduction electron polarization measured
by neutron diffraction.

In the case of Fe in Pd, there is no simple correlation between indirect g shifts
and polarization indicated by neutron diffraction. The experiments mentioned so far
concern the average conduction electron polarization and should stand in simple
correlation with the direct EPR g shift.
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Other properties, such as the magnetic order in dilute alloys, the lowering of the
superconducting transition temperature by magnetic ions and the low temperature
anomalies in resistance and thermopower, depend on the parameter [,(q) for all
values of k and q and it is hardly permitted to compare numerically these quantities
with [, (¢ = 0) obtained from EPR shifts. In the case of the rare earths, the coup-

lings measured are of smaller magnitude than the couplings deduced from the mea-
surements of Curie temperature T, by means of the model of constant (g-independent)
J- As WaTsoN and FREEMAN [14] show, the true polarization is probably more distri-
buted than the one given by constant /, so that the values for J deduced from T, are
probably overestimated.

In the case of Mn in Cu, J from EPR is positive while the presence of a resistance
minimum would indicate a negative J [19]. Here again, Watson’s work shows that
a sign change between ¢ = 0 and ¢ = 2 &y is quite possible, which could explain the
seeming discrepancy between the [ (g = 0) derived from EPR and the value of

J from Kondo’s analysis, which is more closely related to [, » (0= 2Fkp).

The indirect EPR measurements give insight into the spatial distribution of the
polarization. They should be more closely related to the study of magnetic order.
Neutron diffraction gives in favorable cases (e.g. Fe in Pd) direct information on
polarization distribution. Another good tool is the study of NMR, but it has been
sucessfully applied only in the case of a series of ordered intermetallic compounds
such as (R.E.) Al, [17]. The spatial electronic charge density around goldin Pt has
been studied by this technique [20]. Analogous studies where the polarization density
1s measured on different shells of neighbours, should be extremely helpful.

In metals with a complex band structure, we must be careful in comparing trans-
port properties, as different bands may be responsible for different properties (e.g.
in Pd, the s band for transport and the highly exchange coupled d band for magne-
tism). The present analysis needs to be extended to include the actual structure of
the different conduction bands, which often does not justify the free electron approxi-
mation, as well as interelectronic exchange (see B.4), shielding effects mentioned
above and the effect of crystalline fields on ions in metallic solution. These latter
effects will become better understood once the anisotropic spectra of non S-state ions
in solution in single crystals have been observed.

In conclusion, we repeat that the direct g shift determines a relatively simple
quantity, [ (¢ = 0), which should be comparable to the magnetic moment and
neutron diffraction measurements, after dynamic effects are properly taken into
account. The indirect shifts as well as relaxation studies depend on more complicated
averages of [,(q), just as do several other properties depending on ion-electron ex-
change, and in many cases, a more detailed study of particular cases will be necessary.
This 1s particularly the case for transition metal ions, for which a constant / model
is even less justified than for rare earths. |

C. EPR measurements
1. Experimental technique

The apparatus for EPR studies on ions in metals can be relatively simple. The
signal is due to the susceptibility of the magnetic impurities contained within a skin
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depth. Real and imaginary part of this signal are mixed due to the metallic conduct-
ivity. If polycrystalline material is to be studied, its surface can be increased by using
powdered samples until the resistive power loss becomes large. In such a case the use
of a sample cavity is not justified, a straight through system can be used [21]. Real
and imaginary parts will be further mixed because of standing waves in the wave-
guide containing the sample. A decomposition of the observed line into parts of even
and odd symmetries helps to locate the line center, particularly if the line is not too
wide compared with the field for resonance. As the line width is usually rather fre-
quency independent it is advantageous to work at as high frequencies and fields as
possible. The gain in precision will be important, even though the gain in signal
strength is less important because of decrasing skin depth. For the study of single
crystals with dilute impurities a high sensitivity spectrometer with suitable cavity
will be advantageous.

The g factors measured have to be connected for demagnetizing effects. These
etfects are not simply related to the well known demagnetizing factors since the RF
field acts only within the skin depth. Experimentally, this problem was studied by
RopserL [22]. Corrections for demagnetizing effects can be made by varying the
magnetization with temperature and extrapolate to zero magnetization. In very
dilute samples, demagnetization shifts, which are of the order of 2 zM, are negligible.

2. Results from direct g shift measurements

A considerable amount of data on EPR of magnetic ions is now available, as can
be seen in Table 1. Most of this work is concerned with the S-state ions Mn*+, Eutt
and Gd*+++. Ert++ is the only example of an non S-state ion observed in dilute solu-
tion. Careful additional work will be helpful to decide whether these observations
correspond truly to Er in metallic solution and whether no formation of an insulating
Er compound takes place on the sample surface.

We have grouped the results into solutions in simple metals, and in metallic
alloys and compounds. Finally some results of resonance of magnetic ions in magne-
tically ordered samples are cited since they give valuable insight in the magnetic
behaviour of non S ions.

Results are most abundant for the Gd+++ ion. In Gd metai, the g value is 1.94
for paramagnetic resonance and 2.00 for ferromagnetic resonance, as seen from the
careful work of Rodbell. |

A consistent explanation of these data does not appear to be possible in terms if
the constant J model. Harris, Poplewell and Tebble have made measurements of
various solutions of Gd in Lu and Y and have found that the anomalously low g of
Gd disappears with increasing dilution. We expect the constant J model to apply
mostly in dilute magnetic alloys.

The measurements of Gd in Pd predict a negative conduction electron polariza-
tion. In these alloys, GRANGLE [23] finds a saturation magnetization less than 7 Bohr
magnetons expected from p,,, = g/ with g = 2.00. Reasonably large g shifts are
found mostly in metals with large, presumably exchange enhanced, susceptibilities.
A remarkable case is the (R.E.) Ru, cited in Table 1. They are all superconducting
and the electrons responsible for superconductivity should therefore not be exchange
enhanced [24]. It is possible that in these cases the g shifts are due to the 4 electrons
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Table I
Divect g-shifts
Host g-value T[°K] a) b) emu J [eV] Ret:
AH [gauss] y host [ cm? ]
x 10-5
Gd3+* ion (in insulating crystal g o~ 1.992)

Simple metal: ,
Agy,Gd, 1.995 + 0.007 20° 0.3* - ref. [ 5]
Gd metal 1.94 4+ 0.02 301° - - ref. [20]
Lag,Gd,4 1.995 + 0.010 0.9*% (77°) - c)
Lugy,Gdg 2.010 + 0.010 0.1 (77°) +0.07 c)
Pd,,Gd, 1.887 + 0.007 20° 750 9% —0.009 ref. [ 5]
Rhy,Gd, 1.989 + 0.010 47° 760 1* - ref. [ 5]
ScgeGdy, 1.995 4 0.010 1.5% (77°) - c)
YoeGd, 1.998 + 0.010 0.7* (77°) - c)
Alloy:
Ag,.Cd,;,Gd, 2.010 4 0.007 20° - ref. [ 5]
PdaAg,,Gd, 1.995 + 0.010 20° 0 - ref. [ 5]
Pd,;Ag,Tby,Gd, 1.995 4 0.010 20° - - ref. [ 5]
Pd,,Gd, with

H/Pd = 0.6 2.00 4 0.01 0 - d)
Intermetallic compound
GdAl, 1.982 + 0.003 260° 500 0.3 (est.) —0.03 ref. [16]

ref. [ 5]
LaAl,+1 to 5% Gd  1.99 0.2 (300%) - e)
Lalr,+1to59% Gd  1.97 0.02 (300°) - e)
LaPt,+1 to 5% Gd  2.00 diamagnetic — e)
LaRh,+1 to 5%, Gd 1.98 0.2 (300°) - e)
CeRu,+1 to 59 Gd 1.96 - - e)
LaRu,+19% Gd 1.85 4 0.01 20° 1200 1.3 —0.05 1)
ThRu,+ 1%, Gd 1.96 -+ 0.01 20° - —0.05 1)
ScRu,+1 to 5% Gd 1.94 1.1 (300°) —0.03 c)
YRu,+1 to 5% Gd  1.93 1.3 (300°) —0.03 e)
ZrRuy+1 to 59, Gd  1.97 -0.01 €)
UPd;+ 2% Gd 211 4+ 0.01 4° 2000 48 +0.002 ref. [6]
UPd,;+ 29%, Gd 2.07 +0.01 40° 700 28 +0.002 ref. [6]
GdCuy 2.009 4 0.007 68° 875 - - ref. [6]
YCuy+59% Gd 2.000 4+ 0.007 20° 350 - - ref. [6]
Thlr;+59% Gd 1.973 + 0.007 20° 640 - - ref. [6]
GdNi, 1.942 £ 0.007 78° 905 -~ - ref, [6]
LaNiz+ 59, Gd 1.877 + 0.007 20° 550 - - ref. [6]
UNi;+ 5% Gd 1.953 4+ 0.007 20° 470 - - ref. [6]
ThNi;+ 5% Gd 1.913 -+ 0.007 20° 525 - - ref. [6]
YNi;+59% Gd 1.900 4- 0.007 20° 525 - - ref. [6]
LaPt,+ 59 Gd 2.022 4 0.010 20° 860 - - ref. [6]
Mn2+* ion (in insulating crystal g ~ 2.00)

AggMn, 2.010 -+ 0.005 20° 120 0.3 - ref. [13]
AuggMn, 2.005 + 0.005 20° 725 0.5* - ref. [13]
Cugg.¢Mn, .4 2.01 + 0.01 77° 310 0.3% - ref. [2]
Mggyq.5Mny., 202 4 0.01 4° 230 0.3% +0.03 ref, [2]
PdggMn, 2.09 + 0.01 20° 1500 0% +0.007 ref. [13]
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Table I (continuation)

Host g-value TTPK] a) b) [ emu ] I [eV] Ref.
AH [gauss] y host | cm3
' x10-%
Eu?* ion (in insulating crystal g o~ 1.99)
Eu metal 1.985 4 0.015  120°to 1300 - ot g)
300°
EuAl, 1.994 4 0.003 - - ref. [16]
Er®t ion (in insulating crystal g ~ 6.78)
AggrErg 4 6.73 -+ 0.10 2.55 70 0.3% - h)
Ferromagnetic vesonance
Co metal 2.20 4+ 0.03 RT - - i)
Fe metal 2.094 -+ 0.003 RT = - )
Gd single crystal 2.00 -+ 0.02 < 273° 200 min. - - ref. [20]
Ni single crystal 2.22 4 0.03 130° 50 min - - k)
t0630°
Pdy,Fe, ~2.2 4° 700 - - ref. [0]
m)
Pdy Fe, with
H/Pd = 0.7 ~2.2 4° 700 - - m)
Rave earth metal (Eu and Gd excepted)
Ce metal - - - - —0.06 n)
Dy, Er, Tb - - - _ _ p)

*) corrected value, see not b)

a) AH is the half-power half-width

b) #host is the spin susceptibility of the host matrix. In order to obtain this value the diamagnetic
and orbital contributions were substracted from the total susceptibility in certain cases (noted
by a*)) when these contributions could be estimated. One must be cautious with the non-cor-
rected values, particularly if they are small.

¢) A. M. Harris, J. PorPLEWELL, and R. S. TEBBLE, Proc. Phys. Soc. 88, 679 (1960).

d) D. SuavrTierL, J. Appl. Phys. 34, 1190 (1963).

e) D. SnartieL, J. H. WERNICK, and V, JaccariNo, J. Appl. Phys. 35, 978 (1964).

f) D. SHALTIEL, A. C. GossarD and J. H. WERNIcK, Phys. Rev. 7137, A 1027 (1965).

g) M. PeETEr and B. T. MaTtHIAS, Phys. Rev. Letters 4, 449 (1960).

h) D. GrirriTas and B. R. CoLEs, Phys. Rev. Letters 76, 1093 (1966).

i) G. AsH, Thesis, Strasbourg (1960).

i) A.J.P. MEYER and G. AsH, J. Appl. Phys. 32, 330 S (1961).

k) D. S. RopBELL, Physics 7, 279 (1965).
J.
R.

ot

m) J. Dupraz, to be published.
n) R. G. GoopricH and G. E. EVEReTT, Phys. Rev. 747, 541 (1966).
p) D. M. S. BAGGULEY and J. L1ESEGANG, Phys. Letters 77, 96 (1965).

while the superconductivity is due to the s band. The fact that at T, the g factors
and the NMR Knight shifts do not change is consistent with this hypothesis. It
appears that nearly full 4 bands lead to negative shifts for the Gd*** ion g value. The
same ion has a large positive g shift in UPd; where the magnetic ions presumably
belong to a 5 f band. A positive g shift is also observed for Mn in Pd, where the g shift
of Gd is negative. Mn shows also slight positive shifts in the noble metal, as well in
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Mg. The alloy Ag,Pd,;Tb,Gd, was measured in order to show that the absence of a
g shift in this alloy is not due to the equality of g factors (ref. [5], p. 1400). The study
of the EPR of Gd in hydrogenated Pd confirmed the presence of two phases. With the
possible exception of Er in Ag, no ion with orbital angular momentum has been
observed in EPR in metallic solution. On the other hand, several measurements of
magnetic 1ons in magnetic ordered states have been carried out. Some of them are
indicated at the end of Table I.

3. Results from indirvect g shift measurements

Table II contains first of all the indirect g shifts produced by small rare earth
concentration on the EPR of Gd in Pd. It was verified that these indirect shifts are
proportional to the susceptibility of the additional impurities, by varying this sus-

Table II
Indirect g-shifts

Impurity g Temp. [°K] AH [gauss] Jzp [eV] Ref.
concentration

g-value of 2% Gd in Pd with rare earth ions impurities

29, Ce 1.887 4+ 0.007 20° 650 ref. [6]
29% Pr 1.843 + 0.007 20° 620 —-0.33 ref. [6]
29, Nd 1.860 4 0.007 20° 340 -0.14 ref. [6]
2% Pm 1.899 + 0.007 20° 900 ref. [6]
29 Sm 1.899 - 0.007 20° 610 ref. [6]
29 Eu 20° 610 ref. [6]
none [Gd only] [1.887 ref.] 675 —0.009 ref. [6]
29 Tb 1.998 + 0.007 20° 1230 —-0.09 ref. [6]
2% Dy 1.908 4+ 0.007 20° 840 —0.06 ref. [6]
2% Ho 1.974 1 0.007 20° 350 —0.09 ref. [6]
2% Er 1.913 + 0.007 20° 790 —0.06 ref. [6]
29 Tm 1.956 4 0.007 20° 735 -0.21 ref. [6]
2% Yb ref. [6]
29 Lo 1.887 4 0.007 20° 520 ref. [6]
g-value of 29, Mn in Pd with rare-earth ions impurities
none 2.105 4° 680 ref. [13]
19% Pr 2.195 4° 1300 —-0.11 ref. [13]
0.2% Ho 2.055 4° 1200 —0.07 ref. [13]
0.59% Tb - 4° 2500 ref.[13]
g-value of 39 Gd in Pd with iron-group ions impurities
none 1.888 - 0.007 20° 650 ref. [6]
0.29, Ni 1.862 4 0.007 20° 840 ref. [6]
19, Ni 1.860 4+ 0.010 20° 1160 ref. [6]
1.59%, Ni 1.830 4- 0.010 20° 1400 ref. [6]
0.19, Fe 1.890 4 0.010 20° 1000 ref. [6]
0.2%, Fe 1.906 -+ 0.007 20° 950 ref. [6]
0.39, Fe 2.000 + 0.010 20° 2800 ref. [6]
0.19% Co 1.847 4 0.007 20° 600 ref. [6]
0.29, Co 1.890 + 0.010 20° 810 ref. [6]

0,39% Co 20° 2000 ref. [6]
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ceptibility both by changing temperature and concentration. The proportionality
thus verified gives some confidence in the interpretation of the indirect g shifts by
means of the constant / model in the case of the rare earths. In Table II and in Fig. 5
we see that the J values are all negative, that they show a behaviour not incomparable
with the considerations of section B.6.b. As Kasuya (private communication) has
pointed out, the deviation to the right of Gd from a simple parabolic behaviour could
be due to crystalline field splittings of different nature for ions with even or odd
numbers of f electrons (Kramers degeneracy).

Also given are in Figure 5 the results of the determination by NMR in (R.E.)Al,
[17]. For the Gd Al, we give a corrected J value determined in a more recent paper
[25].

04
2 o EPR of 2% Gd m Pd+RE.
- o « NMR in (RE)AL,
£ 03f
5 |
ntE K
g0t °
o
= B 6d x x
= K
=, 01F fux % » o X
5

G,

201 2 3 4 5 657 8 9 W0 2%

REF™Sla Ce Pr Nd Pm Sm _ Gd Tb Dy Ho Er Tm Lu
RE"*- “t Yo
Figure 5
Effective exchange in vave earths
Experimental J values plotted as a function of number » of f electrons.

The data on the J for R.E. using Mn*+ as a probe are in agreement with those
using Gd, ,, as a probe. This indicates that a constant | model is not unreasonable
also for interpreting the EPR results for Mn in Pd. Indirect g shifts were also in
YNi, [6], indicated large exchange enhancement also in this alloy.

In GdAl,, the broadening due to the other rare earths was observed, and values
of J, were derived from the broadenings observed. However this analysis, based on
the constant J hypothesis, will probably have to be modified, and exchange effects
will have to be duly taken in account.

Indirect g shifts due to Ni, Co, Fe in Pd are considerably more difficult to inter-
pret. Ni in concentrations below 1.59%, seems to increase the band susceptibility, as
suggested by the temperature dependence of this susceptibility. Correspondingly the
magnitude of the g shift of the Gd+++ resonance is increased. Co and Fe in Pd exhibit
“giant moments” in their susceptibility (both effective paramagnetic moment and
saturation ferromagnetic moment) corresponding to a polarization of the Pd atoms
in a region several lattice sites wide around the magnetic ions, as seen from neutron
diffraction [26] [27]. Hence we would expect to find large negative indirect g shifts
of the EPR of Gd, whereas, in the case of Fe, these shifts are positive (indicating
negative conduction electron polarization). However, recent work by CLOGSTON et al.
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[28] and Kim [29], indicates that the idea of simple conduction electron polarization
is not sufficient to explain the phenomena connected with giant moment. The possi-
bility of the formation of independent magnetic moments, on the Pd sites close to the
Fe sites is suggested.
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