
Z. Physik B 24, 53-63 (1976) Zeitschri f t  
Physik  B 

© by Springer-Verlag 1976 

Electron Spin Resonance in Superconducting Materials 

K. Baberschke 

Institut ffir Atom- und Festk6rperphysik, Freie Universit~it Berlin 

Received November 17, 1975 

The ESR of Gd in the superconducting phase of the type II superconductors CeRuz and 
LaOs 2 shows a shift for the field for resonance and inhomogeneous broadening of the 
lineshape. Both effects strongly depend on the three different microwave frequencies 
(resp. magnetic fields). The broadening of max. 800 G is attributed to a non resolved fine- 
structure splitting. The local field distribution in vortex state of these type II supercon- 
ductors is less than 100 G and is the main contribution for shift of the field for resonance. In 
addition ESR results of Gd and Eu doped into La are discussed for T > T~. The comparison 
of depression of the superconducting transition temperature and exchange spin-flip 
scattering rate determined from ESR shows a perfect agreement. 

1. Introduction 

The effect of paramagnetic impurities on supercon- 
ductivity has been investigated by many experimental 
techniques over many years. 25 years ago Buckel and 
Hilsch discovered the depression of the superconduct- 
ing transition temperature in the presence of a magnetic 
impurity [1]. There are many bulk measurements of 
superconductors doped with many impurities [21; 
there are only few direct spectroscopic measurements 
of the impurity states. One of the techniques which 
can be used to that purpose is Electron Spin Resonance 
(ESR). In 1973 two experiments were reported which 
show the linewidth and the field for resonance as a 
function of temperature for Gd impurities in the super- 
conducting phase of the intermetallic compounds 
LaRu 2 [3] and CeRu 2 [4] (type II superconductors). 
Electron paramagnetic resonance of a localized mo- 
ment in a metal measures the static and dynamic 
transverse susceptibility. The shift of the field for 
resonance in a metallic environment as compared to 
that in a nonmetallic host matrix (e.g. CaF 2, CaO) is 
usually expressed as a shift of the g-factor Ag= 
gmetal--gion' This shift is caused by the polarization 
of the conduction electrons at the site of the paramag- 
netic impurity ion (local static susceptibility). The 
relaxation of the impurity spin between the different 
Zeeman levels produces a spin flip for the conduction 

electrons. Only those conduction electrons at the Fermi 
surface which can scatter into an empty state (c~ kB T) 
can contribute to the linewidth. Therefore the line- 
width yields information on the dynamic susceptibility 
averaged over the Fermi surface. Both quantities, the 
g-shift and the impurity spin conduction electron relax- 
ation rate, measured in superconducting materials, can 
be compared with superconducting properties. The 
relaxation rate is related to the initial depression of 
the superconducting transition temperature (To) pro- 
duced by the impurity magnetic moment A T~/Ac for 
T~ ~ T~o. (T~o = transition temperature of the pure host 
matrix, c = impurity concentration) [-5, 6]. For a long- 
lived local moment this depression was calculated in 
1960 by Abrikosov and Gorkov [71. In contrast to 
other methods (NMR, ME ...) from which the relax- 
ation rate also can be extracted, the ESR measures 
(in case of a bottleneck system) the spin flip scattering 
rate directly. The bare experimental results can then 
be compared directly with the experimental depression 
of the transition temperature-  even without using the 
density of states for the conduction electrons from 
other experiments. 
For the determination of the relaxation rate ( T >  T~), 
in principle all superconducting materials can be in- 
vestigated, but as most of the experiments are per- 
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formed in polycrystalline samples, the cubic metals 
and intermetallic compounds are favoured. Here we 
focus on La metal (fcc phase) and LaA12 . The resonance 
of Eu and Gd doped into La (fcc) has most recently 
been detected [8]. This and the LaA12 [5, 9] are 
bottlenecked, which makes a correlation to super- 
conductivity especially interesting. 
To detect the ESR signal in the superconducting phase 
(T< T~), type II superconductors with an upper critical 
field H~2 > Ho =3 to 12 kG are needed. These are the 
A 15 (V3X) and the C 15 (CeRu2, LaRu2, LaOs2) com- 
pounds. Most of the other high field superconductors 
have a more complicated lattice structure and many 
of them are nonstoichiometric compounds. The A 15 
are metallurgically much more difficult to prepare. 
Therefore all of the published ESR experiments-for  
T<  T~-reported up to now use the C15 compounds 
as a host metal. 

generally of the order of 1011-1013 S -1. The only 
interaction in an undoped metal (e.g. pure Au) which 
makes those processes possible is the spin orbit inter- 
action of the conduction electrons: The spin flip scat- 
tering rate 6~r causes the linewidth at low temperature 
in a conduction electron spin resonance experiment 
CESR. For g~ ~ 2 a linewidth of H = 300 G corresponds 
to ~eL=209S-1; therefore if (~eL is some orders of 
magnitude larger, the CESR cannot be detected. Fur- 
thermore in doped metals the static susceptibility of 
the impurities X~ is large compared to the spin sus- 
ceptibility Ze of the conduction electrons. Then in 
solving the two coupled resonance systems the reso- 
nance for the conduction electrons can safely be ne- 
glected. 
The interaction Hamiltonian ~int between the impurity 
spin system and the conduction electron system is 
written in the form 

2. ESR in Metals 

The theory of ESR in metals has been reviewed thor- 
oughly [10]. Here only the most important results 
will be repeated to facilitate the reading of the experi- 
mental section. The Hamiltonian of very dilute local- 
ized moments in a metallic host (e.g. 100 ppm Gd in 
La) in an applied field can be written 

~ = ~ o n + ~ + ~ n t .  
~ion, the Hamiltonian of the ion in an ionic host 
matrix, is given by 

J~ion= --gion #B H0 Sz + ~t#C.E.F. +~/1.  

Here we use S instead of J because most of the experi- 
ments are performed with S-state ions (Gd 3 +, Eu2+). 
The g-factor in ionic hosts like in CaF 2 equals for 
Gd gi = 1.992(1). For S > 1/2 the paramagnetic impurity 
interacts also with the crystalline electric field (C.E.F.). 
The experiments discussed in the present paper (S= 
7/2, 7 lines) show mostly a single line spectrum because 
all the fine structure lines are collapsed. Therefore we 
neglect for a moment JfC.E.F.. 
The third term is the interaction between the ion and 
the lattice (phonons). This leads to a relaxation rate 
du~105s  -1, which is small compared to all other 
rates we shall discuss. 
For the Hamiltonian of the conduction electrons (C.E.) 
we get 

J~e = ~kin-- ge #B H0 O Z + ~ l .  

. ~  is the Hamiltonian describing the conduction elec- 
tron phonon interaction; the relaxation rate for tran- 
sitions between the spin levels (Oz)=  +½ is 6~L and 

~iint = - J S ~ .  

This is an oversimplification assuming that the ex- 
change interaction is isotropic, c%function like, con- 
taining only one contribution, etc. To explain experi- 
ments like specific heat data, resistivity results in 
Kondo systems, or depression of superconducting 
transition temperature, this very simple form of the 
exchange interaction is used. Also in this paper we 
will simplify the exchange coupling between the con- 
duction electrons and the localized moment, but in 
contrast to other experimental techniques the ESR 
on a localized spin in a metallic matrix independently 
measures in two ways the exchange interaction: 
1) to determine the field for resonance or the cor- 
responding g-factor we use the Hamiltonian 

~ e f f  = - -  (gi #B Ho S~ + J Str) 

Ho, the applied field, determines the z-axis. The reso- 
nance frequency is then given by 

[h e~[ = gl #B Ho S~ + J Sz ( a z)  . 

The exchange interaction J times the magnetization 
of the conduction electron (Oz) produces an internal 
field at the impurity site. This is expressed in terms 
of a g-shift 

A g = J .  N(Ep), JX0 ;  AgX0. (1) 

Here a free electron gas was assumed yielding 
ge#B(tyz)/Ho=N(EF ) #2. This g-shift is temperature 
and concentration independent. At higher concentra- 
tions (~ 1 ~)  and low temperature, internal field con- 
tribution by a RKKY interaction between magnetic 
impurities may occur. This can be avoided by diluting 
the system. 
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Fig. 1. Different relaxation paths between the coupled resonance 
system (paramagnetic impurity and conduction electron) and to 
the thermal bath. 6;1 = ~el/(~Ci,np 

2) The relaxation rate (spin-flip) from the localized 
moment to the conduction electron 6i~ and vice versa 
6~ are in a first Born approximation proportional to 
the exchange interaction squared. Only the conduction 
electrons at the Fermi surface can participate in those 
spin flip processes. Therefore the relaxation in an ESR 
experiment determines (JZ(k, k'))v.s., k/k' are the in/ 
out wave vectors of the conduction electrons. Ikl= 
Ik'l =kF. 

t rcN2(EF) (J2(k, k')) k T  Coo<kT (Korringa) 
h(~ie = S 

(~  N 2 (ev) ( j z  (k, k')) ~ COo COo > k T. (2) 

In the low temperature limit the rate is temperature 
independent but proportional to the microwave fre- 
quency co 0 (10 GHz~0.5 K). 
The scattering in the reversed direction is given by 

h (~ei=;rcN(EF) ( J 2 ( k ,  k ' ) )  2 S ( S +  1) - Cim p. (3) 

Both quantities are well known from NMR. (~ie cor- 
responds to the "Korringa-rate" and 5~ to the "Over- 
hauser-rate'. They are related in the "detailed balance" 
condition to the susceptibility of the two subsystems 
[11, 123. 

Z,/Z~=6~,/~. (4) 

Figure i shows schematicly the different relaxation 
rates. Assuming (RE impurities) J ~ 0.1 eV and N(EF) 
1/eV spin, we get at T = I K  6~=10 9 s -~ and for a 
concentration of the localized moments of Clmp~ 
10 ppm: 5~i= 10 9 S -a. This rate is approximately two 
orders of magnitude smaller than 5eL (=10 n to 
10 ~3 s-a). Under those conditions the subsystem of 
the conduction electrons is in thermal equilibrium 
with the lattice (Fig. 1). 

Case 1. Isothermal ( ~  ~ 6eL) 

The thermal broadening of the linewidth DH yields 

g #B DHtherm = h b~e ; A gexp = A gmax = JN(EF). (5) 

Experimentally one observes in addition a residual 
linewidth characterized by a constant "a". 

DHe:,p=a+b T; b= d ( DH) -  hS~e (6) 
dT gPn T" 

Case 2. Bottleneck (Sei > 5eL) 

For higher impurity concentration (e.g. Cimp~ 1%) 
5ei may be of the same order of magnitude as 6~L. 
Then the subsystem of the conduction electrons is no 
longer in thermal equilibrium with the lattice. The 
effective relaxation rate 6ie is reduced. This was first 
calculated by Hasegawa and has been proven by many 
experiments. 
Assuming gi ,~ ge, the theory yields [11] 

DH = 5~z/(g)~ + (~eL) OHtherm (7) 

( eL 
Ag= ~ei +(~eL )2Agmax . (8) 

Here we neglect the "dynamic term". This bottleneck 
behaviour complicates the experiments because the 
dilute alloy has to be measured as a function of 
temperature and as a function of impurity concentra- 
tion. Decreasing concentration of the paramagnetic 
impurity reduces the spin flip scattering rate of the 
conduction electron to the paramagnetic impurity. 
Therefore it breaks the bottleneck and brings the 
system into the isothermal case. But not only decreas- 
ing concentration of the paramagnetic spin breaks the 
bottleneck, also an increasing spin flip scattering rate 
of the conduction electrons to the lattice (~eL can break 
the bottleneck. This can be realized by doping "dirt" 
into the host matrix [13]. Fitting the concentration 
dependence of the linewidth and the g-shift enable 
us to determine both relaxation rates 6e~, 5eL. This is 
a fundamental difference compared to the hyperfine 
coupling of a nuclear spin to the conduction electrons. 
Because of the weakness of the hyperfine coupling 
the conduction electrons are always in thermal equi- 
librium with the lattice. 

3. Determination of the Spin Flip Scattering Rates 

These rates are the controlling parameter for pair 
breaking or -weakening in the superconducting state. 
The local moments in metals can be classified [14] 
by their lifetime zsf compared to the thermal fluctuation 
lifetimes "Cth=h/kBr. 1. ~sf>~Tth(rc) and d > 0  (e.g. 
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(LaGd)A12, L___aaGd); 2. z~f>>rth(T~) but J < 0  (e.g. 
(LaaCe)A12 , LaCe); 3. Tsf ~ Tth(Tc) (e.g. ThU, T_hhCe). 
For T h_hU the local moment fluctuation corresponds 
to a temperature of the order of 100 K (~> T~,~ 1.4 K). 
This is several orders of magnitude too fast to be 
detected by ESR. Therefore we discuss only Case 1 
and Case 2. As shown in the previous chapter for 
the interpretation of ESR experiments one has to 
distinguish between the bottleneck and nonbottleneck 
systems. 

3.1. Bottleneck System 

Case 1. The admixture of the conduction electrons 
into the localized impurity states is small. The lifetime 
of an electron in the localized impurity state remains 
infinite. The dominating contribution to the exchange 
interaction between the impurity states and the con- 
duction electrons is the Heisenberg contribution J a t m  

[2, 15], which is positive (ferromagnetic), Jatm>0- The 
theory by AG [-7] describes very well the lowering of 
the superconducting transition temperature T~(cimp): 

In (T~/T~o) = ~(1 /2) -  ~ ( 1 / 2 + 0 . 1 4 ~  T~°]. 
~cr Tcl 

The pair breaking parameter ~, and its critical value 
~¢r, where superconductivity is completely destroyed, 
are given by the theory in the first Born approximation 

4h ~¢~=k B T~o/7 

4 h c~ = Cimp N(EF) j2 S (S + 1). (9) 

This pair breaking parameter is within this approxi- 
mation identical to 5ei, the spin flip scattering rate 
of the conduction electron at the localized moment. 
This scattering destroys the superconductivity because 
the presence of a localized moment breaks the time 
reversal symmetry. As shown in the previous chapter, 
the rate (~ei c a n  be measured in case of a bottleneck 
system without any assumption of the density of states 
or other quantities. 

dT~ 3 h n  dbei (10) 
- 16 k B dcim p ' 

At present there are only two superconducting 
systems known with bottleneck behaviour: Gd or Eu 
doped into LaAI: [5, 9] and La [8, 16]. Figure2 
shows the experimental g-value as a function of recip- 
rocal Gd concentration (lower scale and full dots). 
This and the fit of the linewidth (Equation (7)) as a 
function of the reciprocal Gd concentration deter- 
mines the two parameters (~ei and 6e0L . The best fit (b) 
y i e l d s  5ei =9 " 1011 s - l /1% and be LO = 7. 1011 s -1. Using 
(10) we calculate from these data a depression of T~: 
dT~/dc(ESR)=4.1K/%. The experimental value of 
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Fig. 2. The full dots show the shift of the resonance field for Gd in 
pure La as a function of reciprocal Gd concentration. The open 
triangles show the shift for a fixed Gd concentration (0.65 %) as a 
function of the additional Th concentration. The full lines are 
calculated by using Equation(8), 50L=7.1011S -I (a) 6e~=ll. 
1013 S 1. C (b) 5.1=9" 1013 S -1" c and (c) 6~i =7.1013 s -1. c 

our samples equals 4.0 K/% (Table 1). Adding non- 
magnetic impurities like Th into the host material, 
one increases o , The bottleneck can (~eL = (~eL Jr- t~eL • Cdi r t .  

be broken by the additional s.o. scattering. Again 
Figure2 shows for a fixed Gd concentration of 
6,500 ppm the change of the experimental g-factor by 
adding Th into the host (open triangles and upper 
scale)• The perfect agreement of both experiments 
with the Hasegawa equations (7) and (8) speaks for 
itself. The additional spin orbit scattering rate of Th 
was determined to be 24.1011 s 1/~o. The measured 
depression of T~ caused by alloying Th into La only 
yields 0.2 K/%.  This very nicely demonstrates that 
s.o. scattering does not destroy superconductivity (the 
corresponding number using Equation(10) and 24- 
1011 s-1/% would be ~ 10 K/%). This spin orbit spin 
flip rate is of interest; it was calculated by Yafet [17] 
using the nonmagnetic virtual bound state param- 
eters. 

Case 2. Here the admixture of the conduction elec- 
trons into the localized impurity states is moderately 
strong• Watson et al. [18, 15] showed that a second 
contribution to the exchange interaction a "covalent 
mix ing"  Jcm, becomes comparable to Jatm. According 
to Schrieffer and Wolff [19], this contribution can be 
calculated using the parameters of the Friedel- 
Anderson model [-20]: 

( vkt> u 
IJcml--E,(E, + U), Jcm <0  

Jeff=Jatm q- Jera. ( 1 1 )  
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Table 1. Relaxation rates and depression of T~. The numbers in parenthesis are the error bars of the last digit. 
dTe/dc (ESR) is calculated from Equation (10). The numbers of L_aaEu are extracted only from the change of the 
g-shift (Eq. (8)) no good data of the thermal broadening are available 

dr, 6°L 
dr exp 

1011S -1 1011S-1/~o 10 9 S -1 1011S-1/~ K/}/o K / ~  

L aGd" 7 (2) (1) 1.3 (2) 9 (2) 4.1 4.0 (2) 
L aEu b 7 (2) -- -- (9) (4.1) 2.1 (2) 
La 1- xThxGd b 7 (2) 24 - - - 0.2(1) 
La 1 _ ~Ce~Gd b 7 (2) 10 - - - 1.47 (3) 

LaA12Gd c 5(2) - 1.1(1) 9(2) 4.1 4.0(2) 
LaAI.zEu e 5(2) - 0.5(1) 6(2) 2.7 2.5(1) 

a Ref. 8 b Ref. 16 and to be published c Ref. 5, 9 d Ref. 5, 16 

E~ and Vkl denote the local l (d or f )  state energy 
relative to E v and the mixing matrix element with the 
itinerant states. U is the intra-atomic Coulomb re- 
pulsion of the spin-up and spin-down states. JCm can 
be neglected for Gd because here E I is approximately 
8 eV below the Fermi level, but for 4 f  1 or 4 f  13 con- 
figuration (Ce or Yb) the 4 f  level is only several meV 
below the Fermi level. Here IJoml is in the same order 
of magnitude or larger than Jatm, then Jeff becomes 
negative. This was shown for AuYb. ESR experiments 
show that the g-shift was negative, A g < 0  [21]. After 
getting this result a Kondo  anomaly in the resistivity 
was found [22]. 
We focus on L___aaCe and (LaCe)A1 z . In both systems Ce 
still has a well localized moment.  But the effective ex- 
change interaction Jeff=Jatm@Jcm is negative. In a 
cubic crystal field Ce splits into a F7 and Fs. Here F7 is 
the ground state and F s the excited one. In principle it 
should be possible to detect both resonances even in 
polycrystalline samples. As a matter of fact several 
groups tried to detect them without success. The 
reason is still unclear, especially because we show in 
the following that the effective relaxation rate is of 
the same order of magnitude as Gd. 
In the absence of the expected resonance signal one 
can add the Ce impurities into the host and detect the 
change of the Gd resonance, similar to the nonmagnetic 
Th. This has been shown previously by D. Davidov 
et al. [23] for Gd(LaCe)A12. Here we give the cor- 
responding data for (LaCe)Gd. The experimentally 
detected spin flip relaxation rate is in a first approxi- 
mation the sum of (1) the spin orbit spin flip rate due 
to the admixture of the CE with nonmagnetic core 
states of the Ce plus (2) the exchange spin flip scat- 
tering of the conduction electrons with the magnetic 
" p a r t "  of the Ce. This latter effect also depresses T c. 
However, for J < 0  the pair breaking parameter  must 
be calculated beyond the second order of J. According 

to Miil ler-Hartmann and Zittartz [24] this leads to a 
temperature dependence of c(eor. The ESR experi- 
ment measures only scattering rates for Cimp---+0. 
Cornut  and Coqblin [-25] calculated this relaxation 
rate taking into account the scattering rate due to the 
proximity of the 4 f  level to the Fermi level and the 
crystalline field effect. In a low temperature limit their 
calculation yields 

h 1~ = 2 cimp N(Ev) Jgo Ao o (12) 

dT~ ~2 
k~ ~ = y N(EF) Jgo - -  

2 2 - 1  

(2j+ 1) 
(13) 

J00 is the exchange integral corresponding to the 
ground state (here FT) , Aoo is the constant (tabulated 
in Reference 25) depending on 2o the degeneracy of 
the ground state and j=5 /2 .  In Table 1 the effective 
relaxation rate 6'e~ =6eL(s.o.)+CSeL(exchange) is given. 
Comparison with the experiment yields 6eL(s.o.)= 
6-1011 s-1/~o and 6eL(exchange)=4- 1011 S - 1 / ~ o  . Very 
recently detailed measurements have been performed 
for the (La, Th)Ce system [26]. Ce undergoes a mag- 
netic-nonmagnetic transition in changing the host 
matrix from La to Th. Approximately at Lao.ssTho.15 
the system shows a re-entrant behaviour in super- 
conductivity. The scattering rates given in Table 1 
(rows 3 and 4) give supplementary information only 
for a La host with a small concentration (1 to 2 ~ )  of 
Th or Ce. ESR experiments on a solid solution like 
Lao.ssTho.ls are very sensitive to crystalline field 
effects, in such a solution the local symmetry of a Gd 
or Ce ion is no longer cubic. 
In this chapter we showed how the different relaxation 
rates determined by ESR can be related to the depres- 
sion of the superconducting transition temperature. 
Several effects were neglected, but all of them give 
minor  contributions. 
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Table 2. Thermal broadening b and depression of T~ of Gd in the high-field superconductors. 
dT~/dc (ESR) was calculated using Equation (4). For comparison the data for LaA12 and La are 
listed again. See also Ref. 27 

Gd in LaOs2 a CeRuz b LaRu2 c LaA1 z La(fcc) 

b G/K 7.5(1.0) 10(2) 25(3) 65(5) 75(5) 

d~  ESR K / ~  0.20 0.5 1.3 4.0 4.0 

d~ 
dc  exp K / ~  0.16(10) +0  0.3 4.1 4.1 

a Ref. 28 b Ref. 4, 29, 30 c Ref. 3, 29, 30 

1) Depending on Ho and DH for Ce there will be a 
small but finite contribution of the relaxation spectrum 
at the resonance frequency CO~d. These Ce ions are in 
resonance condition and modify the effective 6~. 
2) On the other hand Gd not only acts as a resonance 
ion; there is also a dissipative contribution to the 
relaxation 6'~L'CGd. Davidov et al. [23] have deter- 
mined this ~,CO for (LaGd)A12 Our own experiments 

t . ' e Z  _ _  • 

give an upper limit of 6e(LCO)_--< 1 • 1011 S-1/~o for both 
systems L__aaGd and L(_L__aGd)A12. This would modify 
(~e O and 6~i slightly, but only within the error bars of the 
given numbers. 

3.2. Nonbottlenecked Systems 

In the previous chapter we described the only two 
superconducting host materials which show a bottle- 
neck behaviour in our resonance experiment. Most of 
the other superconductors are nonbottlenecked. In 
some cases 6eL is large compared to (~ei because the 
host is "dir ty" or non-s-like conduction electrons relax 
faster with the lattice. On the other hand 6el can be 
very small because of a small density of states at the 
Fermi energy or small exchange interaction. In all 
these cases 6~i can be determined by using the detailed 
balance condition ~)ei=(Ze/Xi)"~)ie" In principle Ze/Zi 
are known and 6~e can be measured. Unfortunately in 
practice the knowledge of both of these quantities is 
very poor. Xi is only known from macroscopic measure- 
ments and Ze is also very difficult to extract from an 
experiment because of spin, orbit and Van-Vleck-like 
contributions to the susceptibility. Using (2) only the 
density of states has to be known to calculate (3). In 
absence of better information in some publications 
N(EF) from specific heat experiments was used, but in 
the presence of electron-electron enhancement this 
also leads to incorrect numbers. 
Nevertheless the comparison in Table 2 of the thermal 
broadening b (6) and the experimental dTddc shows a 
systematic effect: the smaller the thermal broadening, 
the weaker the depression of the superconducting 

transition temperature. LaRu 2 shows a clear decrease 
of T~, but for LaOs 2 and CeRu2 dTddc is zero within 
the error bars. For very small depression of the super- 
conducting transition temperature, quantitative com- 
parison is impossible because "nonmagnetic" effects 
also change T~. In the case CeRu a the change of the 
valency (Gd 3+ on a Ce 4+ place) might increase T~ and 
outweigh the depression by the exchange interaction. 
The experimental depression of the transition tem- 
perature in Table 2 might differ slightly from numbers 
in the literature. Our numbers were determined from 
the same samples which were used for the ESR experi- 
ment. The selection between cristallographic good and 
bad samples was given by the sharpness of the transi- 
tion width. Only those samples which showed a 
superconducting transition width of 6T~ < 0.02-0.03 K 
were used for the ESR experiments. For these samples 
the numbers given in Table 2 are valid. 
Finally the numbers given in Tables 1 and 2 can be 
used to determine the spin orbit mean free path l~.o.. 
This is especially interesting for the high field super- 
conductors described in the following chapter. These 
are nonbottlenecked systems which give a lower limit 
for 6°L>1014s -1. Using EF~7eV and an effective 
mass of M '~(2  to 4) Me we get 1 .... <70A.  

4. Gd-Resonance in the Superconducting Phase 

Previous experiments show in the superconducting 
phase a temperature dependent shift of the field for 
resonance, a narrowing of the linewidth and a devia- 
tion from the Lorentzian line shape. Most of these ex- 
periments were performed only at one microwave 
frequency and with one host material. In this paper 
we present these experiments completely, showing 
measurements on LaOs 2 and CeRu 2 at three micro- 
wave frequencies (9 GHz (X), 24 GHz (K) and 35 GHz 
(Q)). This enables us to distinguish between a field de- 
pendent shift of the field for resonance and a change 
of the conduction electron spin susceptibility in the 
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Table& Superconducting properties of the high critical field C-15 
compounds. In the dirty limit ¢g=qS0/2nHc2(0 ). For simplicity 
we do not distinguish between the different x's of the GLAG theory, 
The upper critical field of CeRu 2 given in the Table is the value 
for our samples, it is smaller than given in literature 

CeRu z LaOs 2 LaRu z 

Too K 6.28 9 4.5 
He2(0 ) kG 50(5) 30(3) a 24(3) 
4o ~ 70 100 110 
He(0 ) kG 1.2 1,6 0.8 
~:5 28 13 21 
2 A 2,200 1,300 2,300 

3.3 kG -0.02 -0.05 
Agfield J 8.5 k G  -0.006 -0.014 
for 

t12.5 kG - 0.003 - 0.008 

a Ref. 28 

supe rconduc t ing  phase.  F u r t h e r m o r e  we show dif- 
ferent behav iou r  in the line shape for different micro-  
wave frequencies.  
In Tab le  3 some supe rconduc t ing  p roper t i e s  are listed. 
The  numbers  for LaRu2 are given for compar i son .  
Because this system undergoes  a phase  t rans i t ion  for 
T < 30 K into a t e t r agona l  phase  1-31] the ESR is much  
more  difficult to interpret .  F u r t h e r m o r e  the upper  
cr i t ical  field is only  24 kG.  F o r  the same reason we 
omi t  T h R u  2. Here  also the upper  cri t ical  field is very 
low [33]. 

4.1. Shift of the Field for Resonance and Change 
in the Line Shape 

The  recorde r  trace in the middle  of  F igure  3 at T = 
7.4 K is a signal in the n o r m a l  conduc t ing  phase.  The  
crosses show the ca lcu la ted  signal of a supe rpos i t ion  
of  abso rp t ion  and d ispers ion  from a Loren tz i an  line 
shape (Dyson ian  line shape). The agreement  between 
exper iment  and ca lcula t ion  is good.  The  upper  and 
lower  recorder  t race are detected in the supercon-  
duc t ing  state. The resonance  deviates  from the n o r m a l  
conduc t ing  line shape (see also F igure  4). A deter-  
m i n a t i o n  of  the line Width and the field for resonance  
becomes  uncerta in ,  bu t  the centra l  pa r t  of  the reso- 
nance  signal still looks  like a n a r r o w  Loren tz i an  line. 
As  men t ioned  in Chap t e r  1 a S = 7/2 resonance  con- 
ta ins  seven lines. If we assume for the fol lowing tha t  
this n a r r o w  central  line is the 1 / 2 . - * -  1/2 t ransi t ion,  
we are able to de te rmine  an effective g-value:  h co-- 
g#~H. This " g - v a l u e "  might  not  be the " t r u e "  one, 
because  the local  field in the vor tex  state of a type II 
supe rconduc to r  is no t  equal  to the external  1-32, 353. 
F igures  5 and 6 show the so -de te rmined  g-values for 
LaOs  2 and CeRu  2. The  large e r ror  bars  include all 
sys temat ic  er rors ;  the smal ler  ones, the s ta t is t ical  
error .  

5 0 0 p p m  Gd : Ce Ru 2 

J × 

v = 346A0 OHz / 

T= 7.4K / 
p 

DH = 105(3)G , /  

-400 ' -2'00 ' × 

v = 34.640 GHz 

T = 1 2 K  

DH = 26 (2)G 

g = 1.960(2) 

_~ 100 H-H~s[G] 
x I xX 

I , 2 ? 0  , 490 
- r e s  ] 

50 100 150 
I 

x x ×1× x x 2 I _ s 

H H~ [G] 
-150 -100 -50  

v=8942  OHz 

T= 1 7K 

D H : 31 (3) G 

g - 1933 [3) 

Fig. 3. The Gd resonance signal in CeRu 2. Experiments with 
different concentrations (%in~80ppm) show no significant differ- 
ence. The broadening of the lineshape at K-band is smaller than 
is Q- but bigger than at X-band. The crosses are a calculated 
Dysouian line 

700ppm LaOs 2 Gd 

v = 34781GHz ~I T:  135K 

DH=50G 
g : 1927 (10) 

H [kG] 
2.9 13,.1 13,.3 

- -  . . x x x x ~ ~ ^ 1 i 5  . . . . .  l j i '7  t x * x * ~_,.. L , ' ' ~ ' ~  

v = 9 393 GHz 
T=3.18K 
DH= 115G 

I g = 190 (1 } 

~----~//+ ~ l 3 7  4.1 H [kG] 

~ . . . .  313 2.9 . . . .  ' ' x . . . .  

Fig. 4. The Gd resonance signal in LaOs z. The lowest detected 
concentration was 120 ppm 

N M R  exper iments  in V a n a d i u m  and o ther  meta ls  
[32] d e m o n s t r a t e  very well this field d i s t r ibu t ion  in a 
vor tex  state. There  exist three character is t ic  fields, the 
m a x i m u m  field at the vortex center  Hv, the m i n i m u m  
field Hm~ n at the center  of  gravi ty  in the tr iangles,  and  
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1.96- 

1.95 - 

g - value 

c% 

o 

Gd ' Ce Ru 2 

• X - Band 

o Q - Band 

a K - Band 

t.94- ' 

4 
I I l I I D.  

0 :2 /* 6 ~, 1~) 12 1/* 16 1; 20 T I K  

Fig. 5. Change of the field for resonance. In the normal conducting 
phase there is a temperature independent g-value of g ' =  1.952(5). 
The experiments were performed on different Gd concentrations 
between 80 and 2,000 ppm. T x'Q denotes the appropriate transition 
temperature for the different applied fields 

the most probable field at the saddle point Hs. Abri- 
kosov calculated the field distribution to be 

Hv-H . ~H~2(T)-Ho 
m,.~ 2~c 2 - 1  <Hcl (14) 

and 

Hs~ Hv-O.9(Hv- Hmin) 

and Lasher the distribution function p(H), which 
shows a logarythmic divergence at H s [32]. We assume 
that the majority of the Gd "see" this saddle point 
field (statistical distribution). Using the numbers of 
Table 3, Equation (14) yields for CeRu 2 a field shift 
Hn . . . .  l - H s  of approximately 20 G-30 G (Q-band to 
X-band). The corresponding change in the g-factor is 
given in the last row of Table 3. The corresponding 
field shift for LaOs 2 is 50-75 G. 

1.94 

],93 

1.92 

1,91 

1, 90 

l. 89 

1.88 

1.87 

£ - Factor 

X 
X 

X 

D 

D m 0 D 

" 1' 1 I I I I I I I I I I 

l 2 3 ~ 5 6 7 8 9 ]O 

Gd; La Os 2 

a 400 ppm 

a 630 ppm 

o 800 ppm 

• 800 ppm 

x 800 ppm 

In these experiments mainly we were not interested in 
verifying this internal field distribution but in looking 
for the change of the spin susceptibility in the super- 
conducting phase. Anderson [34] calculated this in 
the presence of strong spin orbit scattering: 

~ ;  1 .... <40 (15a) 
Ag"-AgS(0) Z " - Z s ( 0 )  

A g" 2:" n go; 
6/~.o Z .... > 4 0 - ( 1 5 b )  

In the previous chapter we showed that I .... is in the 
same order of magnitude as the coherence length 4o. 
Under these conditions the reduction of the spin 
susceptibility is very small. Figure 7 shows how both 
effects, the reduction in spin susceptibility and the 
change of the local field with respect to the external 
one result in an effective "g-shift". The use of three 
different microwave frequencies shows clearly in 
Figures 5 and 6 that the socalled "g-shift" is strongly 
dependent on the applied field. Both effects work in 
the opposite direction and mostly the pseudoshift 
caused by the internal field distribution in the vortex 
states overcomes the reduction of the g-shift from 
Equation(15). On the other hand Figure 5 shows at 
Q-band a reduction of A gexp. This can only be caused 
by the change of the susceptibility. Therefore both 
effects are clearly present. In a quantitative analysis 
the uncertainties of the superconducting parameter 
(Table 3) and the difficulties of interpreting the central 
line as the 1/2~--~ 1/2 transition (see below) both enter. 
Nevertheless a rough approximation for both systems 
yields a spin susceptibility reduction of 13%. Using 
Equation(15) we get ls.o./~o~0.6 (15a) or ~o/l .... ~0.3 
(15b). Both results are in reasonable agreement with 
other estimations of this spin orbit scattering path. 

o o  o } 

Q-Band 

X-Band T < T c 

K -  Band 

l] 12 13 
I /K 

Fig. 6. Change of the field for 
resonance for LaOs2Gd. Because 
of the smaller Hc2(0), T~ Q and T~ x 
differ more than in Fig. 5 
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Fig. 7. Schematic diagram of the different effects which contribute 
to the experimentally determined g-value. If the local field is smaller 
than the external one a decrease (dashed line) would be observed. 
The bare reduction of the spin susceptibility is shown in the dashed- 
dotted line 

Because of incomplete experimental results the full 
lineshape (at Q-band several 100 G) was attributed in 
previous papers to a convolution of the field distri- 
bution and one homogeneous line. From the fore- 
going we see that the field distribution yields only 10 
(50) G for CeRu 2 (LaOs2). Therefore only the central 
line can be a convolution of a homogeneous line of 
few Gauss and the distribution function p(Hmi n -  gv). 
We will come back to this point. 
Another interesting question was to look for the 
change of the relaxation (homogeneous linewidth) in 
the superconducting phase. The ESR of a local moment 
seems to be a good tool to answer this question. In 
literature only few calculations exist on the spatial 
change of the order parameter in the vicinity of a local 
moment. Kiimmel [36] calculated from the Bogoliubov 
equations with a paramagnetic impurity that the pair 
potential A(r) decreases markably over the region of 
some atomic distances from the impurity. Unfortu- 
nately this spatial variation of the pair potential is 
seen by the spin flip scattering electron only in a 
higher order approximation. Schlottmann showed 
that in a first Born approximation only the bulk poten- 
tial is seen [43]: To create this local hole in the pair 
potential j2 is needed. To scatter from infinity into 
the excited states of the potential hole and out, again 
j2 is needed. The scattering on the local change of the 
pair potential therefore goes with j6 and can be 
neglected in these experiments. Because of these argu- 
ments we assume that the electronic spin moment 
relaxes in the same way as a nuclear moment. The 
BCS theory shows that the relaxation below T~ is 
reduced by a factor of exp(-A/kBT). This was ex- 
perimentally confirmed by many N M R  experiments 
[37]. For T =0.5 T~ the thermal broadening is reduced 
already by a factor of 10. This drastic reduction has 

the following consequence: In Chapter 2 we showed 
that the ESR spectrum of Gd with S=7/2 contains a 
7 linesspectra (7/2*--* 5/2, ..., - 7/2*--* - 5/2). The dy- 
namics of this fine structure splitting caused by the 
crystalline electric field was calculated by Plefka [38] 
and Barnes [39] in the presence of the exchange inter- 
action. A full resolved spectrum is only seen if the 
thermal broadening 5ie is small compared to the 
crystal field splitting. In the opposite limit the theory 
predicts a narrowing of the fine structure; if 5ie>> 
crystal field splitting all seven lines collapse into a 
single line spectrum (exchange narrowing). This has 
mostly been detected for Gd in metals. For LaSbGd. 
Urban et al. [40] have shown both extremes: at 4 K a 
completely resolved and at 300 K a totally collapsed 
spectrum. In our case we suggest that the nonlorentzian 
part of the lineshape in Figures 3 and 4 is caused by 
this fine structure splitting. For several cubic inter- 
metallic compounds it was possible to determine the 
crystal field parameters b4 to be of the order of 
20-60 G. This is of the same order of magnitude as the 
relaxation rate at T~. An exponential decrease of this 
rate would stop the exchange narrowing. The total 
splitting between the 7/2 ~-~ 5/2 to - 7/2 ~ - 5/2 tran- 
sition (H0/100) is roughly 500-1,000G. Going from 
X-band to Q-band the intensity of the outer line in- 
creases relatively by a factor of 3-5 because of the 
change of the Boltzmann factor for the different levels. 
Also this is observed in both systems CeRu 2 and 
LaOs 2. Unfortunately all experiments up to now have 
been performed in polycrystalline (bulk and powder) 
samples. Therefore one has to average the angular 
dependent spectrum 

P(O, (p) c~ 5/2 {cos 4 0 + sin 4 0 (sin 4 (p + cos 4 q))} - 3/2 

over the sphere. A simulation of a fine structure 
spectrum for powder samples shows a broadening at 
the low- and highfield part. It also shows an increase 
of the broadening on lowering the temperature, but 
the agreement with the experiments was not very good. 
A possible explanation are the bulk samples we used: 
these are not ideal powders. Also the exchange nar- 
rowing of the 5/2.--~3/2 and 3/2,-,1/2 transition may 
cause a difference between the measured and calcu- 
lated spectra. 

In summary the experimental facts are the following: 

1) The broadening of the resonance line in CeRu 2 
and LaOs 2 for T ~ T~ increases in changing the micro- 
wave frequency from X to K and Q-band. 

2) The broadening in LaOs 2 is bigger than in CeRu 2. 

3) An absolute amount of the broadening or splitting 
for LaOs 2 at v~,35 GHz and T = l . 3 5 K  is approxi- 
mately 800 G. 
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4) The central part of the spectrum still looks like a 
Dysonian line very similar to that in the normal con- 
ducting state. 

5) In analysing this line we found a shift of the field 
for resonance (Figures 5 and 6). 

6) The width of that line decreases drastically below 
T~ (Reference 4). 

7) The smallest linewidth (T ~ 1.3 K) is approximately 
26 G (CeRu2) and 50 G (LaOs2). 

4.2. Supplementary Experiments 

Passing the phase transition we checked the intensity 
of the resonance signal. Within the experimental error 
we did not find any change. This leads to the con- 
clusion that in the superconducting phase the same 
number of Gd ions contribute to the resonance signal. 
This is in agreement with the skindepth (0.1 to 1 g) 
[41] and the penetration depth )~ (Table 3). Here the 
question rises: what is the number of vortices com- 
pared to the number of paramagnetic impurities? The 
upper and lower limit for the vortex distance dvo ~ is 
given by the penetration depth 2 and the coherence 
length ~o. If the vortex distance becomes comparable 
to (o, the cores overlap and the superconductivity 
breaks down. On the other hand if the vortex distance 
becomes bigger than the penetration depth 2 one gets 
into the Meissner effect region. Using the numbers 
given in Table 3, we get the following result.The small- 
est vortex distance in our experiments is 100 A, but 
most of the experiments are performed for vortex 
distances of 500-2,000 A. On the other hand in an AB 2 
lattice the distance dA_ A is given dAA=l~a/4.  If we 
assume a statistical distribution of the Gd ions we get 

70 A>d~d> 18 A (limits for 100 ppm and 1 ~o). 

Because of dvor~dad, the majority of the Gd ions 
cannot act as pinning centers. An additional proof of 
the assumption that the Gd ions are statistically 
distributed, were NMR experiments on la9La in 
LaOs 2 [42]. We found a Knight shift dependent on 
the external field. At 13 kG K n ~ K  s and at low field 
KS>> K", in agreement with the ESR results (Fig. 6). 
Different sample shape did not affect the resonance 
signal. Some of the experiments were performed with 
powder, others with bulk samples. Similar to NMR 
experiments we observed in the s.c. phase an increase 
of the (low frequency) noise. The effect was bigger the 
purer the samples; vortex motion might be an ex- 
planation. 
The position of the resonance signal was very carefully 
observed for different sweeps of the external field. We 
did not detect any irreversibilities, and sweeping the 

field up or down did not affect the resonance position 
(any possible change of H0 would be smaller than 1/10 
of the line width). 

5. Summary 

The ESR of Gd and Eu in the normal conducting state 
of La metal and LaA12 can be related to the initial 
depression of the superconducting transition tem- 
perature. The resonance of these four systems shows 
a bottleneck behaviour. This enables us to determine 
directly the exchange spin-flip scattering rate of the 
conduction electrons at the magnetic impurity. To our 
knowledge this is the only direct technique which 
determines the scattering rate on a microscopic scale. 
The experimental results (Figure 2 and Table 1) agree 
very well with those determined from a Tcmeasure- 
ment. A detailed analysis of the difference for Gd and 
Eu [16J will be published elsewhere. Doping an addi- 
tional impurity (Ce or Th) into a bottleneck system, 
the effective (exchange plus s.o.) spin-flip scattering 
can be determined. For LaJT_hhl_xCe, which is of 
current interest because of the reentrant behaviour 
and the demagnetisation of the Ce ion [26, 2J, the 
ESR at Gd yields the mean free path for s.o. (ls.o.) and 
exchange (lexcn) scattering. Alloying few percent Ce or 

Ce Th Th into Lanthanum, we get: 2. IsC~o.- lexch and 4. l .... - 
lZ. 
Concerning the resonance in the superconducting 
phase, we present in this paper experimental data for 
3 microwave frequencies and two hosts: LaOs 2 and 
CeRu2, the only two which make those experiments 
possible (high T~ and Hc2). The experiments were per- 
formed in polycrystalline samples. The following 
interpretation is in agreement with all experimental 
facts and seems to be the most probable one: 
We assume the bulk order parameter to be responsible 
for the relaxation rate 6ie. Lowering the temperature 
to T~/2 or more then would reduce the relaxation rate 
to 1/10 or more. This should stop the exchange nar- 
rowing. In a "single crystal" experiment a full resolved 
fine structure spectrum would be detectable (similar 
to LaSbGd, Reference40). In an experiment with 
powder samples the low and high field part of the 
resonance is broadened due to the averaging of the 
angular dependent fine structure lines. This broadening 
is of the order of several hundred Gauss assuming a 
crystalline field parameter b4~50G [44, 45], At 
T ~ 1.5 K and higher microwave frequencies the ther- 
mal population of the different Zeeman levels changes 
and the relative intensity of the central line decreases 
(the broadening increases). Consequently the central 
line in Figures 3 and 4 is interpreted to be a convolu- 
tion of the field distribution and the 1/2,,--,- 1/2 tran- 
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sitions. Again this is confirmed by the experiments. 
The smallest linewidth we were able to detect are 
50 G (LaOs2) and 26 G (CeRu2). From Equation (14) 
and Table 3 one gets roughly the same values for the 
field distribution. The different g-values determined 
for the central line (Figures 5 and 6) are within the 
experimental error in agreement with the numbers 
given in Table 3. One gets a reduction of the conduc- 
tion electron spin susceptibility of approx. 13 ~o. 
Final proof for this interpretation can be given only 
by a single crystal experiment. Unfortunately the high 
field superconductors are peritectic compounds and 
single crystals are very difficult to grow. If this inter- 
pretation holds the ESR of a localized moment in the 
superconducting phase would be a good tool (1) to 
stop the exchange narrowing and to determine the 
crystal field splitting; (2) to detect the resonance of 
those local moments, which show in normal con- 
ducting metals very strong relaxation rates (iron- 
group metals). 
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