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Electron spin resonance on the localized magnetic moments of Er in La in the normal and 
superconducting state is investigated. A strong narrowing of the resonance line following the 
superconducting transition is observed. We separate the contribution made to the ESR lines by the 
inhomogeneous distribution of the magnetic field H in a sample whose state is mixed at H,, 5 H H,,. The 
results are interpreted on the basis of the premise that the conditions for the "electron bottleneck" in 
indirect exchange interactions become enhanced on going to the superconducting state. 

PACS numbers: 74.30.Gn, 74.70.Gj, 76.30.Kg 

INTRODUCTION method, however, there is always the danger of the ap- 

The influence of paramagnetic impurities on the prop- 
ert ies of superconductors is one of the timely and in- 
tensively investigated problems of superconductivity 
physics. Observation of electron spin resonance ab- 
sorption in type-11 ~ u ~ e r c o n d u c t o r s ~ ' ~  has added the ESR 
method to the number of physical methods used to study 
this problem. Being a direct detector of the formation 
of an electronic localized magnetic state, this method 
yields information on a number of important properties 
of a superconductor doped with a magnetic impurity. 
All the possible applications of ESR to superconductors 
have not yet been clarified completely, but the following 
can already be noted a t  present. 

The ESR method makes it possible to measure direct- 
ly the exchange interaction of conduction electrons and 
the localized states, to obtain detailed information on 
the spin scattering of the conduction electrons individu- 
ally for a given sort  of impurity, to investigate the col- 
lective spin-density oscillations produced at sufficiently 
high concentrations of the paramagnetic impurity (the 
"electron bottleneck" effectLz1). Finally, and apparently 
most significantly, ESR makes it possible to investigate 
directly in the superconducting phase the character and 
the strength of the interactions between the electronic 
localized states (in particular, the indirect exchange in- 
teraction via the conduction electrons, of the Ruderman- 
Kittel-Kasuya-Yosida type), and consequently to investi- 
gate the problem of the coexistence of magnetic order 
and superconductivity. The latter is also of great prac- 
tical interest when it comes to the development of new 
superconducting materials with high critical fields, in- 
asmuch a s  introduction of a magnetic impurity can lead 
under certain conditionscs1 to an increase of the para- 
magnetic limit of the superconductor. 

Both in the first  and in the subsequent foreign 
paper'61 on ESR in superconductors, the investigations 
were carried out on intermetallic compounds with small 
admixtures of gadolinium. The choice of intermetallic 
compounds for the investigations in["4-61 was dictated 
by the need for obtaining relatively high critical param- 
eters for the samples doped with paramagnetic impuri- 
ties. In the investigations of such samples by the ESR 

pearance of parasitic signals, which mask the true ef- 
fect. This may be caused either by the increased chem- 
ical activity of these compounds, o r  by the difficulty of 
attaining the necessary homogeneity and stoichiometry. 
It is therefore of interest to carry  out the ESR investi- 
gations on paramagnetic impurities in a "pure" metallic 
type-II superconductor. In this respect, metallic lan- 
thanum is very attractive, in view of the good solubili- 
t ies of rare-earth metals in it. The study of lanthanum 
is undoubtedly also of great fundamental interest, since 
the question of the nature of i ts  superconductivity still 
remains open (see, e. g., Although the critical pa- 
rameters  of pure single-component superconductors a re  
usually lower than the corresponding values for com- 
pounds, this difficulty can be circumvented by choosing 
a paramagnetic impurity with a large g factor, for ex- 
ample erbium, which in addition suppresses the super- 
conductivity of the lanthanum much less  than gadolini- 
um.[" Thus, the measurements can be performed up 
to high concentrations of the paramagnetic impurities, 
when the interaction between them becomes substantial. 
It is  known that metallic lanthanum crystallizes in the 
form of a mixture of two modifications with hexagonal 
(a-La) and face-centered cubic (P-La) lattices. How- 
ever, the choice of erbium a s  the paramagnetic impurity 
makes it possible to disregard the presence of the hex- 
agonal phase of the lanthanum, since the strong anisot- 
ropy of the g factor of the ~ r ~ '  ion in a hexagonal crys- 
tal makes the ESR signal unobservable in the a phase in 
a polycrystalline sample. 

We present here the results of investigations of ESR 
on the localized moments of erbium in metallic lantha- 
num with relatively high concentrations of the magnetic 
impurity (up to 6 at. %), and discuss some possibilities 
and singularities of ESR in superconductors. Prelimi- 
nary results were published incg*'O1. 

I. MAGNETIC AND SUPERCONDUCTING 
PROPERTIES OF SAMPLES 

1 )  Preparation and analysis of the samples. The 
samples were prepared from the initial components 
(lanthanum and erbium purities 99.88 and 99.5 wt. O/o, 
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FIG. 1. Dependence of the upper 
critical field on the temperature 
for samples with different erbium 
contents: 0 -0.5 at. 76, A-1. 5at. % 
at. %, -2 at. %. 

respectively) using an induction furnace in tantalum 
and niobium crucibles in an atmosphere of pure helium, 
followed by quenching in a stream of cold helium. The 
samples for the measurements were cut in the form of 
plates measuring 15X4xO. 5 mm. An x-ray analysis 
has shown that they consist predominantly of the 8 phase 
of lanthanum with a lattice parameter a = 5.3 b; . Data 
on the phase composition of certain samples, together 
with the results of measurements of the resistance, 
a r e  presented below (c, ,  is the concentration of the er-  
bium in the sample): 

cEr ,a t .%:  0. 5 1.0 1. 5 1.75 
Amount of 8-phase: 95 60 95 80 
P300 K / ~ 6  K : 16.5 11.5 .. . 8.5 
Pe K ,  ~1a-cm:  3.6 4.4 -.. 6.6 

2) Measurements of the critical temperature T, and 
of the upper fields Hc2 . The measurements of T, in a 
zero field were carried out by the induction method. 
The character of the transition curves for samples con- 
taining noticeable amounts of the a! phase (more than 
10%) made it possible to estimate the ratio of the phase. 
The volume of the phase in the samples agreed with the 
results obtained from the x-ray analysis. The decrease 
of the critical temperature from i ts  value in pure lan- 
thanum for the 8 phase (in our case, T,= 5.9 * 0.1 K) for 
1% of erbium impurity was AT,= 0.4 K. 

For a number of samples, we have measured also the 
upper critical field Hc2 by determining the change of the 
dc resistance. The results a r e  shown in Fig. 1 (H, 
was measured by determining the start  of the transition 
to the normal state3'). As seen from the figure, Hc2 de- 
pends weakly and nonmonotonically on the impurity con- 
centration. It can be assumed that this dependence is 
determined by the competing influences of the orbital 
and spin contributions of the magnetic impurity. An 

. . 

H, Oe 

FIG. 2. Magnetization curve (solid line) and resistance tran- 
sition from the superconducting to the normal state (dashed) 
for a sample containing 0.5 at. % Er: T =4.2 K. 

i. 70-y G/wB 

FIG. 3. Temperature 
dependence of the sus- 

20 /' ceptibility La+0.5 at. of % a Er. sample 

actual calculation, however, carried out using our data 
on the resistance and the dependence of T, on the erbi- 
um concentration does not agree quantitatively with this 
assumption. Furthermore, the plot of H ,  against tem- 
perature shows clearly a break that is obviously due to 
the fact that the sample has two phases. Extrapolation 
of the curves makes it possible to divide the obtained 
diagrams into two parts corresponding to the a! and 8 
phases. (It is known that the p phase has  a higher value 
of T, .[lll) The relatively large values of H, for the a! 
phase may be due to the fact that this phase is finely dis- 
persed and to the strong mechanical s t r e s ses  in this 
phase. 

3) Magnetization of samples in the superconducting 
state. From the phase diagram (Fig. 1 )  i t  is seen that 
correct measurements of the magnetization of the 8 
phase can be carried out only a t  temperatures above T, 
of the a! phase. The results, shown in Fig. 2, of the 
measurements at T = 4.2 K of the magnetization of a 
superconducting sample containing 0. 5 at.% E r  make it 
possible to determine the Ginzburg-Landau coefficients 
for this sample: k l = ~ , 2 / f l ~ c 1 =  3.2 and k2= 3.45 (k2 is 
calculated from the values of ( d ~ / d ~ ) , , ) .  

4 )  Susceptibility of samples in the normal state. The 
magnetic moments were measured with a strong mag- 
netometerU2' in the temperature range 4.5-300 K in 
magnetic fields up to 80 kOe, on samples containing 0.5 
and 1.5 at.% ~ r , @  These samples were practically pure 
(95%) 8 phase. At low temperatures, the susceptibility 
(Fig. 3) deviates from the Curie law. These deviations 
make it possible to determine the Stark splitting of the 
levels of the ~ r ~ '  in the cubic field of the lanthanum. 
The appropriate calculation procedure is given in Ap- 
pendix I. In all cases when the calculation results could 
be reconciled with the susceptibility measurements, the 
ground state turned out to be the doublet l?, , and the 
distances between the ground and nearest excited levels 
ranged from 13 to 22 K (see Table II in Appendix I). 

II. ESR MEASUREMENTS. EXPERIMENTAL RESULTS 

The ESR measurements were performed with a 
BER218s modulation spectrometer in the 3-cm band 
and in the temperature interval 1.6-25 K. Besides the 
usual limit imposed on the real  sensitivity of the ESR 
spectrometer for a metal a s  a result of the presence of 
the skin layer in the superconducting state, i t  is nec- 
essary to take into account also the increased noise to 
the motion of the vortices and a strong dependence of 
the surface impedance of the superconductor on the 
strength of the constant magnetic field. The latter cir- 
cumstance is particularly significant near the transition 
temperature, where the ESR measurements a r e  very 
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FIG. 4. ESR signal of La+0.5 at. % E r  sample in the super- 
conducting state at T =2.1 K. The points were calculated with 
allowance for the vortex lattice with AH=35 Oe and H , - H ,  
=84 Oe. 

difficult. The minimum erbium concentration that could 
be observed in the superconducting state was 0.5 at.%. 
The maximum concentration was 6 at.%. 

1 )  Line shape. The ESR line shape in the normal 
state had the asymmetric form usually observed for the 
bulk metal and was well described by a superposition of 
Lorentzian dispersion and absorption curves. The line 
width AH and the g factor were determined in accord- 
ance with[lsl. 

Figure 4 shows a plot of the derivative of the reso- 
nant-absorption power of a sample in the superconduct- 
ing state. The line shape, especially for small erbium 
concentrations, differs substantially from a pure Lo- 
rentzian, principally a s  a result of the inhomogeneous 
distribution of the magnetic field inside the sample, 
caused by the appearance of the vortices. The shape of 
the resonance signal in the superconducting phase with 
allowance for the vortex lattice is given in Appendix 11. 
As seen from Fig. 4, the calculated curve describes 
well the experimental spectrum. By reconciling the the- 
oretical curves with the experimental data it is possible 
to obtain the true line width AH and the difference be- 
tween the maximum H, and the minimum H, fields in a 
sample that is in the mixed state at HC1 < H  s HC2. 

2 )  The g factor. In the normal state, the g factor 
was equal to 6.80 * 0.05. The proximity of the observed 
value of the g factor to the theoretical one for the dou- 
blet r, (for which g = 6.77 in a cubic field when account 
is taken of the intermediate coupling) is evidence that 
the ground state in our case is the doublet r,, a s  fol- 
lows also from the susceptibility. This is an unequivo- 
cal confirmation of the fact that the resonance signal is 
due to the cubic phase of the lanthanum. 

zoo ; 
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,pq/ 
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FIG. 5. Temperature dependence of the line width AH for the 
following samples: 0-La +O. 5 at. % Er; A-La + 1 at. % Er; 
a-La+2 at. % Er. 

FIG. 6. Dependence of the line width and of the difference of 
the limiting values of the magnetic field in the vortex lattice 
for the sample La+0.5 at.% Er: a-AH; 0-Hu-H,. 

For the superconducting phase, when calculating the 
line shape by the scheme described in Appendix II, it 
was assumed that the magnetic field a t  the center of the 
vortex i s  equal to the external magnetic field. Actually, 
a s  shown, for example, by measurements of NMR on 
single-crystal niobium samples of high quality, this 
field can noticeably exceed the external field.['*' There- 
fore the values of the g factors, calculated from the 
spectrum distorted by the vortex lattice, may differ 
from the true values. For this reason, we do not ana- 
lyze in this paper the g factors in the superconducting 
region. 

3 )  Temperature and concentration dependence of the 
line width. Figure 5 shows the dependence of AH on T 
for several samples in the investigated temperature 
range, while Fig. 6 shows in greater detail the low- 
temperature of this dependence for one of the samples. 
For the superconducting region, the difference between 
the limiting values of the magnetic fields in the sample 
is indicated. 

These figures show the following: a )  at temperatures 
below 14 K in the normal state, the line width depends 
linearly on the temperature and can be described by the 
functional relation AH=a +bT;  b) above 14 K, the tem- + 

perature dependence of AH is no longer linear; C)  the 
coefficients a and b depend on the concentration (Table 
I l ists  the values of these coefficients for four samples 
that cover the entire range of investigated concentra- 
tions); d) on going to the superconducting state, the line 
width decreases sharply, and the jump is proportional 
to the erbium concentration; e )  AH is constant in the 
superconducting ~ t a t e . ~ '  

Figure 7 shows the concentration dependence of AH 
in the normal and superconducting states for al l  the in- 
vestigated samples. 

Ill. DISCUSSION OF RESULTS 

1) Normal state.  That part of the ESR line width 
which depends linearly on the temperature i s  due to 
thermal fluctuations of the exchange interaction of the 
localized f electrons with the conduction electrons (the 

TABLE I. 
I I I, I I 
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three se ts  of crystal-field parameters obtained in the 
calculation of the susceptibility make the same contri- 
bution to the relaxation. 

pendence of the line width: 
0-T=4.2  K; 0-Tz2 .O  K. 

Korringa mechanism). If we introduce for the lower 
doublet r, an effective spin S = 1/2, then the Hamilto- 
nian of the exchange interaction can be written in the 
form g(g, - l ) ~ S s / g ,  ( s  is the spin of the conduction 
electrons), and the exchange integral J is determined 
from the temperature slope of the line widthc1s1 

where p, is the Bohr magneton, k, is the Boltzmann 
constant, g, is the Lande factor, and N is the density 
of states of the conduction electrons with given spin ori- 
entation on the Fermi surface. As seen from expres- 
sion (I), the measured quantity is the product of the ex- 
change integral by the density of states. If we use for 
the state density the value* N = 2 ev-'atom-'spin-' known 
from measurements of the heat capacity,[16' then in the 
case of the sample with the smallest erbium concentra- 
tion, when the effect due to the collective oscillations 
of the spin density of the localized moments and conduc- 
tion electrons a re  each significant, we obtain from (1) 
the value J =  0.13 eV. 

It is of interest to compare this quantity with the data 
obtained from the dependence of T, on the concentration 
of the paramagnetic impurity. The presented ESR and 
susceptibility results show that a t  temperatures -T, we 
can neglect the scattering of the electrons by the excited 
levels of erbium. To obtain J in the presence of the 
crystal-field effects we can therefore use the formula 
of Abrikosov and ~ o r ' k o v , ~ ~ '  which we express in terms 
of the effective spin: 

nz 
AT, = - - cNJ2S (S+ 1) , 

8ks 

where AT, is the change of T, due to the introduction of 
the magnetic impurity. This yields a value J= 0.04 eV, 
which differs noticeably from the corresponding value 
obtained from ESR. The observed discrepancy can be 
connected with the fact that in lanthanum the conduction 
electrons belong mainly to the s and d bands, and the 
contributions from these bands to the spin relaxation 
rate (the Korringa and Overhauser relaxations) and to 
the heat capacity may not be fully equivalent. 

The proximity of the excited level to the ground level 
causes the temperature dependence of the line width to 
deviate from linearity at temperatures - 14 K, a s  a re- 
sult of the relaxation process of the Orbach-Aminov 
type.c18' Allowance for this mechanism leads to the 
temperature dependences of the line width, shown by the 
solid lines in Fig. 6. It is interesting to note that all 

The principal part  of the ESR line width, which does 
not depend on temperature, can be ascribed to magnetic 
dipole-dipole interactions. A contribution to the line 
width can also be made by the distortion of the spatial 
distribution of the charge density of the conduction elec- 
trons, due to lattice defects. They lead to the appear- 
ance of a low-symmetry contribution to the crystal field 
and cause the g factor to be shifted a s  a result of mixing 
of excited states with the wave functions of the doublet 
I', . It is important to emphasize here that whereas the 
scatter of the g factor is due to the mutual influence of 
the paramagnetic impurities, the line width will increase 
with increasing concentration, just a s  in the dipole-di- 
pole broadening mechanism. On the other hand, the 
mutual distortion of the spin density of the conduction 
electrons by paramagnetic impurities leads to the known 
indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) ex- 
change, which suppresses the indicated two-particle 
mechanisms of ESR line broadening. 

The value of the RKKY exchange integral can be easi- 
ly estimated in the free-electron approximation (see, 

['el e.g., ): 

9nZ2J2 sin x-x cos x 
J R )  > cp (XI = x' ' 

where Z is the number of conduction electrons per atom, 
E ,  is the Fermi energy, and k ,  is the corresponding 
wave vector. To this end it is necessary to calculate 
the value of the exchange integral Jo, using the density 
of states of the conduction electrons No= 0.33 ev-'atom-' 
spin-' calculated in the free-electron model for lantha- 
num. From the ESR data we obtain Jo= 0.08 eV, and 
from the dependence of T, on the erbium concentration 
we get Jo= 0.1 eV. The values of Jo a r e  in fair  agree- 
ment." The use of Jo=0.08 eV yields for the nearest 
neighbors in the lattice the value J,,,, = 2 K, which is 
much higher than the energy of the magnetic dipole-di- 
pole interaction (for which in our case the estimate 
yields - 0.05 K). This means that for an exchange nar- 
rowing of the ESR line takes place. 

Finally, we call attention to the existence of a weak 
concentration dependence of the temperature slope of 
the line width on Fig. 6. This dependence points to the 
possibility of realizing the conditions of the "electron 
bottleneck" in the normal phase, when the rate of es- 
tablishment of the equilibrium between the localized 
moments and the spin system of the electrons exceeds 
the ra te  of relaxation of the latter to other degrees of 
freedom. In this case, the width of the ESR line is de- 
termined by some effective relaxation time, and the 
Korringa mechanism does not manifest itself. Allow- 
ance for this circumstance causes the quantitative es- 
timates of Jo (and accordingly J,,,) from the observed 
ESR line to be actually somewhat undervalued. At the 
same time, the procedure itself for extracting the value 
of the exchange integral from the ESR data is justified 
because, a s  shown earlier,"0' the changes of the tem- 
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perature slope of the line width under the conditions of 
the "electron bottleneck" a r e  small in the case of spin 
systems with substantially different g factors. 

2) Superconducting state. On going to the supercon- 
ducting phase, an additional cause for the broadening of 
the ESR line appears, because of the inhomogeneous dis- 
tribution of the magnetic field in the sample at H c l <  H  
< H e .  The experimental observed deviation of the shape 
of the ESR line from Lorentzian in the phase transition 
agrees with the assumption that a regular vortex struc- 
ture is produced in our samples. The theoretical ESR 
line shape can be calculated by introducing the distribu- 
tion function of the magnetic field in the superconductor 
(see Appendix 11). The value H ,  - H e =  70 Oe obtained by 
this method for a sample containing 0.5 at.O/o E r  (see 
Fig. 4) can be compared with the result obtained from 
measurements of the magnetic moment M of the super- 
conductor. For a triangular vortex lattice we have 
H ,  - H,= - 1.46 - 4n M, [14' which in our case yields 75 
Oe, in good agreement with the value given above. 

The most interesting feature of the results  of the 
measurements in the superconducting phase is the sharp 
decrease of A H  immediately following the transition, 
in contrast to the usually observed increase of the relax- 
ation rate in strongly diluted systems. Let us consider 
the possible causes of this effect. As a result of the 
appearance of coherence effects in the scattering of the 
conduction electrons and of the increase of their state 
density in the superconductor, the rate of the Korringa 
relaxation increases sharply near T,. At the same 
time, according to ~ a k i ' ~ "  the rate of exchange scat- 
tering of the conduction electrons below T, (the Over- 
hauser relaxation) also increases, and the spin-orbit 
scattering (the spin-lattice relaxation of the conduction 
electrons) decreases sharply. This circumstance en- 
hances the conditions of the "electron bottleneck," and 
leads to a narrowing of the ESR line. This effect, how- 
ever, can explain only in part the observed narrowing 
of the line, since the change of A H  at  high impurity 
concentrations exceeds the contribution due to the Kor- 
ringa mechanism. 

The substantial dependence of the jump of the ESR 
line width on the impurity concentration in the phase 
transition points to the important role that can be played 
by two-particle interactions in this effect. If the spin- 
flip frequency due to the Korringa relaxation is in- 
creased so much that it exceeds the scatter of the reso- 
nance frequencies, then the paramagnetic ion "sees" al- 
ready the average local field due to the magnetic dipole 
interactions. In this case the corresponding contribu- 
tion to the line width decreases by a factor S / ( S , ) ,  
whereas the change in the Korringa relaxation does not 
appear in the ESR line width when the conditions of the 
"electron bottleneck" a r e  realized. 

Let us consider also the possible increase of the ex- 
change narrowing of the ESR line in the superconductor. 
If the effective RKKY radius in the normal metal is limit- 
ed to the spin-orbit scattering length, then the sharp in- 
crease of this length on going to the superconducting 
state can lead to the observed effect. In addition, the 

change of the RKKY exchange interaction on going to the 
superconducting state is determined by the correlations 
of the conduction electrons with opposite spin orienta- 
tions, a s  a result of which the average spin susceptibili- 
ty tends to zero. The local spin polarization of the elec- 
trons near the paramagnetic impurity is then cancelled 
out a s  a result of the indicated correlations over much 
larger distances, on the order of the coherence 
length.[221 The corresponding change of the exchange 
integral is 

where Rw= nk, T(2n + I), A is the order parameter in 
the superconductor, and v ,  is the electron velocity on 
the Fermi surface. 

An estimate of this contribution by the method of mo- 
ments shows that the change of the exchange narrowing 
of the ESR line is small, since the rate of reorientation 
of the localized spins depends on J;,,, . It must be 
noted, however, that the exchange field of spins of one 
orientation on a paramagnetic ion in a superconductor, 
at low impurity concentration, can greatly exceed, a s  a 
result of the long-range action, the corresponding value 
for the normal metal. 

We note in conclusion that none of the mechanisms 
discussed above can explain fully the observed discon- 
tinuity of the line width and the effect is apparently due 
to their joint action. 

APPENDIX I 

The Hamiltonian of a crystal field of cubic symmetry 
for the 4f ion can be expressed in terms of the equiva- 
lent operators in the form 

where 0,= 0!+ 50: and 0,= 0:- 210; a r e  the equivalent 
operators, B, and B, a r e  fourth- and sixth-order crys- 
tal-parameters, and F(4) and F(6) a r e  certain positive 
coefficients. 

If in analogy withCz3] we introduce two new quantities 
X and x :  

and include the Zeeman energy in the Hamiltonian, then 
we can write 

The average magnetic moment along the field direction 
is then 

B ( B i C , , x I ' M ) e x p ( - ~ , ~ k T )  
( J , )  = L 

2 exp ( - E , l k T )  ' 

Here g,  is the Lande factor, M is the component of the 
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TABLE 11. 

angular-momentum operator  in the field direction, En 
denotes the eigenvalues of cT, and C,, are the coeffi- 
c ients  of their  eigenfunctions. 

The diagonalization of the sixteenth-order mat r ix  and 
the calculation of (J,) were c a r r i e d  out with a computer. 
The cr i ter ion in the choice of the crystal-field parame- 
t e r  was  the quantity 

The calculations were  performed only f o r  measurements  
made in weak magnetic fields, s ince the samples  w e r e  
polycrystals,  and the Stark splitting of the multiplet j 
= 15/2 should contain quadruplets r,, which have an 
angular dependence. The optimal p a r a m e t e r s  obtained 
in the calculation, together with the dis tances 6 to the 
neares t  excited level, are given in Table 11. 

APPENDIX I I  

The distribution of the probabilities of encountering a 
given magnetic field i n  a t r iangular  vortex lattice can b e  
approximated by the analytic function["' 

Here x = ( H  - H,)/(H, - H,), H, and H, are the maximum 
and minimum fields  in the lattice, H, is the field at the 
saddle point of the unit cell of the vortex lattice. If the 
shape of the homogeneously broadened ESR line i n  the  
metal  is determined by the  Lorentz l ine 

where  AH is the half-width of the l ine at half-height and 
H is the magnetic field relat ive to the center ,  then the  
ESR l ine shape with allowance f o r  the broadening due to 
the  vortex lattice is determined by the convolution 

The calculated curve  shown in Fig. 4 corresponds to the  
derivat ive dl,,(H)/d~. 

"Institute of Physics Problems, USSR Academy of Sciences. 
" ~ a z a n '  State University. 
3 ' ~ t  must be noted that the values of Hcz determined from the 

curve of the surface impedance at  loi0 Hz are  noticeably 
smaller than the values obtained in dc measurements. 

4 ) ~ h e  measurements were performed at  the International Lab- 
oratory for Strong Magnetic Fields and Low Temperatures 
in Wroclaw. 

 his is in contrast to the published preliminary data,rg' 
where the figures showed the total line width, including also 
the contribution due to the inhomogeneous distribution of the 
magnetic field. 

6 ' ~ h e  estimate of N from dHc2/d~  and the residual resistance 
yields a value that is of the same order of magnitude. 

?'In connection with the already noted possible non-equivalence 
of the data on the heat capacity and ESR in the presence of 
two conduction bands in lanthanum, the values of Jo calcu- . 

lated within the framework of the free-electron model are  
also of interest in themselves. Together with the values of 
J previously obtained by using the experimental results on 
the heat capacity, they can be regarded a s  limiting values 
for the real exchange integral in the investigated system. 
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