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Electron spin resonance of Gd in Gd„La, „Pd, intermetallic compounds annealed at 740 and 840'C exhibit a

dependence of linewidths and g shifts on the annealing temperature. The linewidths and g shifts were

measured as functions of temperature and concentration of Gd. Samples with high Gd concentration (1 at. %
or more) were found to have bottleneck effects. All samples annealed at 740'C were found to exhibit

Korringa-like thermal broadening between 20 and 40'K and those annealed at 840 C were found to be

Korringa-like between 6 and 35'K. Below 20'K, samples annealed at 740'C were found to exhibit

ordering effects whereas samples annealed at 840'C did not show such effects even at 6'K. These

differences are indicative of the difference in the structural composition of the lattice due to annealing. We

have deduced the average values for the exchange integral J to be 0.16 + 0.03 eV and 0.15 ~ 0.03 eV for the

samples annealed at 740 and 840'C, respectively. We have obtained also the magnitudes of two contributions

to the conduction-electron relaxation rates to the lattice (i) due to undisturbed host lattice and (ii) by spin-flip

scattering due to Gd.

INTRODUCTION

Electron- spin- resonance (ESR) technique has
been successfully used in the study of spin dynam-
ics' ' of the conduction electrons and paramag-
netic impurities in the intermetallic systems.
The exchange interaction between the spins of the
conduction electrons and those of the paramag-
netic impurities can be expressed by the following
Ham iltonian

X=JS; 'Se, (1)

where S,. and S, are the spins of the paramagnetic
ions and the conduction electrons, respectively,
and J is the exchange interaction integral between
the two spin systems. This exchange interaction
gives rise to two important effects. Firstly, the
electron-spin-resonance frequency of the im-
purity, which determines the g values of the ion,
shifts from its free-ion resonance frequency to
lower or higher values depending on the sign of
the exchange integral.

The second effect provides a strong relaxation
mechanism for the impurity ions in which the mi-
crowave energy absorbed by the resonating spins
of the ions is transferred to the spin system of
the conduction electrons, which in turn transfers
it to the lattice. As a result of this relaxation
process the ESR linewidth of the ions is broadened.
This is known as the Korringa-like thermal broad-
ening' of the ESR line. However, it has been shown
thai the relaxation rate of the conduction electron
to the lattice in some systems is not infinitely fast
because of the finite capacity of the lattice thermal
reservoir.

In addition, the conduction electrons take part in
the resonance because of the proximity of the

resonance frequencies of two spin systems (having
the same g value =2 for conduction electrons and
impurities). As a result, the conduction electrons
transfer back to the impurity ions part of the
microwave energy they absorb. This relaxation
rate, 5„has been shown to be comparable to, or
even larger than the conduction-electron relaxa-
tion rate to the lattice, 5„.

It has been shown that the so called "bottleneck
effect" where 5„»5„ is present, will modify the

g shift and the thermal broadening of the ions re-
sulting from the exchange interaction. Further-
more, some systems may exhibit the temperature-
dependent g shift, the so-called dynamic effect,
as a result of the simultaneous excitation of the
resonance of both the spin systems with the con-
dition that the paramagnetic susceptibility of the
ions be large at lower temperatures.

We have studied the electron-spin resonance of
Gd„La, „Pd, intermetallic compounds annealed at
740 and 840 C which exhibit a dependence of line-
widths and g shifts on the annealing temperature.
The linewidths and g shifts were measured as
functions of temperature and concentration of Gd.
Samples with high Gd concentration (l at. /g or more)
were found to have bottleneck effects. All samples
annealed at 740'C were found to exhibit Kor-
ringa- like thermal broadening between 20 and
40'K and those annealed at 840'C were found to
be Korringa-like between 6 and 35'K. Below 20'K,
samples annealed at 740'C were found to exhibit
minimum linewidth around 20'C, whereas samples
annealed at 840'C did not show many values even
at O'K. We have deduced the average values for
the exchange integral J for the samples annealed
at 740 and 840 C, respectively. We have obtained
also the magnitudes of two contributions to the
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conduction-electron relaxation rates to the lattice
due 'to undisturbed host lattice and by spin-flip
scattering due to Gd.

we have

4H 3i}k 6ei (6)

II. THEORY

Such a system of two coupled resonators with

equal g values was first treated by Hasegawa'

by means of two coupled Bloch equations of mo-
tion. Assuming that the direct relaxation rate of
the impurity ions to the lattice is negligible and
the Pauli spin susceptibility X, of the conduction
electrons is small compared to the paramagnetic
susceptibility of the impurity ions X„Hasegawa s,
Davidovet al.'s, ' and Schmidt's' results for the

g shift ~, and the linewidth 4H can be expressed
by the following formulas':

In Eq. (6) for x « I due to the large bottleneck
effect in higher Gd" concentration samples we

put Q(x, y) = 1. It is obvious from Eq. (6) that the
linewidths are inversely concentration (C,) depen-
dent in the presence of bottleneck.

It has been shown by Moriya and othersio
that there can exist electron-electron Coulomb
interactions amongst the conduction electrons
which may result in the enhancement of the
susceptibility X,. In the presence of such inter-
actions, Eq. (2) (3c} remain the same, but the
various parameters are redefined in the following

way

ng=f(x, y) &.

(1+x)'+ y'

y&H= 4(»y)6ei —'
~

Xg

(2)

(3a)
and

(o)
X

(o)
Xg

1 —Ux(0) 1 —n

J(0)ri J(0)i}
1- Ux(0) 1 —n '

g (o)(e) K(o) ( i K(n)
ei ei 1 & ~ ie ie (I o)2

(7a}

(7b)

(7c)

where the bottle neck factor

x = 6.i/6„, ng = ~x,/'N g.)i,',
where N is the number of lattice sites per unit
volume, p, ~ is the Bohr magneton, and y

yX,.X/H„6, where y is the gyromagnetic ratio of
the ion and H is the external magnetic field, while
X = 8/2gii'aN is the molecular-field constant.

In the above expressions we have made use of the
detailed balance condition that

(7d)n = Ux(0)
J(0)

N

where U is the electron-electron Coulomb inter-
action. The parameters 5,",' and 5,",' are the un-
enhanced values, a and K(n} are the enhancement
factors as defined in Ref. 9-11.

Furthermore, J and X, are q dependent IJ(q) and

X,(q)]. Assuming no q dependence of J, one may
write the modified J in the following form":

X, &.&
= X]~;,

where 5,, is the relaxation rate of the ions to the
conduction- electron system. We may rewrite
Eq. (3a.) as

J'„,(0) = J(0)/(1 —a) .

III. EXPERIMENT

A. Sample preparation

(8)

6H 6ei 6.H„ (3c)

(4)

(5)

where yhH„stands for 5,,
And 5,, is given by the relation'

6,, = (v/ti)q'J'kT,

where g is the conduction-electron density of
states, k is Boltzmann's constant, and T is the
absolute temperature. Whereas the relaxation
rate 5„of the conduction-electron spins to the
impurity spins is given by Qverhauser'

6„=(2v/3li)ri O'Si(S;+ 1)C;,
where C, is the concentration of magnetic im-
purities. Combining the Eqs. (3c), (4), and (5)

The series of samples of Gd„La, „Pd, were pre-
pared in an argon arc furnace. They were violently
contracted by sudden cooling below their melting
point.

The purities of the starting metals used are
Gd(99.9%), La(99.99%), Th(99. 9%), and Pd(99. 99%).
Samples with the lower concentration of Gd were
then prepared from the master samples by suc-
cessive dilution. This ensures homogeneous dis-
persion of the impurities in the host lattice.

In general, as the annealing temperatures range
from & to 3 of themeltingpointofanintermetallic
in Kelvin unit, we prepared two sets of samples,
one set annealed at 740'C and the other annealed
at 840'C. The melting point of LaPd, intermetallic
is around 1600'C. The structure of ordered LaPd,
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is AuCu, -type cubic. " The x-ray analysis of these
samples showed that they were single phase.
Samples were ground to fine granular powders
and dispersed in pure quartz powders to reduce the
skin-effect problem one encounters when a micro-
wave field is applied to a conductor. Quartz
powders have been tested for extraneous parama-p ramag-
netic impurities and centers, and were found to be
free from such unwanted impurity resonances in

the temperature range beginning at 300'K down to
4 2oK. Samples were sealed in evacuated 3-mm
diameter (i.d. ) quartz tubes which fit easily into
the microwave cavity. The ESR measurements
were carried out by the standard Varian X-band
(V-4500-1QA) model spectrometer. For low-tern
perature studies we have used a liquid-helium
flow-cryostat similar to the one used by Haupt. "
Temperature was varied from 60 to 6'K and could
be maintained steady to within 5%, during the en-
tire length of each magnetic field scan of the reso-
nance, which is about 2.5 min.
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B. Experimental procedure

The ESR signals of Gd" in Gd„La, ,Pd, samples
annealed at 740 and 840 C were measured in
the concentration range from 0.12- to 3.0-at.%

Gd, with respect to La. The measurements were
taken in the temperature range from 40 to 6'K.
Our ESR signals show the asymmetric line shapes
typical of metallic samples. These signals are
fitted to the Lorentzian line shape and were
analyzed for AH and ~ using the procedure out-
lined by Peter et al." The linewidth AP in Figs.
1 and 2 is half-power halfwidth of the absorption
part of the resonance line. The g shifts
~ ~

)

in Figs. 3 and 4 were measured with respect to
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G06- ~ X ~ 0.0012
0 &0.0027
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FIG. 2. ESR linewidths && of Gd„La& „Pd3 (annealing
temperature at 840'C) as a function of temperature for
various Gd concentrations. (No ordering effects were
observed down to 6'K. )
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FIG. l. ESR linewidths && of Gd in Gd L Pd
(annealing temperature at 740 C) as a function of tem-
perature for various Gd concentrations ~ (Bel 20'
thee lmewidths increase with the decreasing temperature
due to ordering effects. )

FIG. 3. g shift of Gd in Gd„La& „Pd3 annealedat740 C
as a function of temperature. (Below 20 oK g shifts
increase with the decreasing temperature due t do or erI.ng
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TABLE I. ESR linewidth of Gd in Gd La& Pds as a
function of Gd concentrations. Results in the last two
columns are calculated by solving for the coefficients of
Eq. (3) using the values for the samples containing 0.12-
and 0.27-at. % Gd.

Conc. (at.%) ~/4T (expt. ) ~I~T (calc. ) x (6~g/'i5~))

(a) Samples (annealing temperature 740 'C)
0.06-
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4
X
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a 0.04-

~ X -" O.OOI2

Q * 0.002?
= 0.0083

0 = 0.01

0.12
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1.0
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5.2
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1.0
3.0

7
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3.0
1.3

7
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1.2

(b) Samples (annealing temperature 840 C)

4
1.78
0.57
0.48
0.16

I

IO 20
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the g value of pure Gd ion (Gd") 1.993. The values
on 4H and ~ in Figs. 1 and 3 were obtained from
the set of samples annealed at 740'C and those in
Figs. 2 and 4 were obtained from the set of sam-
ples annealed at 840'C. The minimum values of
4H and ~ appear around 20 K for the set of sam-
ples annealed at 740'C.

IV. INTERPRETATION OF THE RESULTS

A. Thermal broadening, ~
All the samples have shown Korringa-like ther-

mal broadening of the line, exhibiting linear tem-
perature dependence of the line width &H. Plots
of linewidth versus temperature are presented in
Figs. 1 and 2. To calculate the bottleneck factor
x we have taken into account only the linewidths
above 20'K. The function P(x, y) in Eq. (3a) con-
tains the parameter y which is temperature depen-
dent and may become dominant at low tempera-
tures. Therefore, we can ignore y at high tem-
peratures such as 20 K. With that approximation
we have estimated the bottleneck factor x for the
two sets of samples. We have presented 4H/n. T
values for each concentration of Gd" in the two
sets of samples in Table I. In the first set of
samples we have observed ordering effects set-in
in the low-temperature region. Therefore, theline-

FIG. 4. g shift of Gd in Gd„La( „Pd3 annealed at
840 C as a function of temperature (there are no ordering
effects) ~

y4H= )(6;,= (v/h))(q'J'knT. (9)

Using Eq. (9) and the nH/nT values from Figs. 1
and 2 we have calculated as follows:

J=+ 0.16 + 0.03 for samples annealed at $40'C,

J=+ 0.15 + 0.03 for samples annealed at 840'C.

(10)

J was positive because of the positive g shifts.

widths in Fig. 1 have started to increase in the low-
temperature region (T below 20'K), deviating from
the Korringa-like behavior. We have not taken into
account the low-temperature results on hH in our
calculations. The linewidth in Fig. 2, however,
did not show such a deviation even at 6'K. The
results in the last two columns of Table I are
calculated by solving for the coefficients of Eq. (3)
using the values for the samples containing 0.12-
and 0.27-at. % Gd. The parameter x was found to
be 3.66, and &H, /&T=6. 6 for the sample with
0.12-at. 1o Gds' annealed at 740'C. Likewise the x
was found to be 4 and Mf, /&T = 8.V for the sam-
ple of the same concentration as above but annealed
at840'C. Theminimumvalueof hH/&T is 1.3G'K
for the samples with 3.0-at. 'lo Gd in both tem-
peratures. The results presented in Figs. 1 and
2 indicated the presence of bottleneck in high im-
purity samples, as seen from Eq. (6). The
straight-line plots of Figs. 1 and 2, when extra-
polated to 0 'K exhibit residual linewidths in
each and every sample which may be interpreted
as being due to the dipolar broadening and the
unresolved hyperfine structure.

Equation (3a) for small values of x, with Q(x, y)
=1 gives
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From the measurements of the magnetic sus-
ceptibility" and the specific heat" in LaPd,
systems as reported by Hutchens et al. there is
some evidence that the enhancement effects may
be present in these systems. Since the density of
states, @=0.71 states/eV atom spin, computed
from the magnetic susceptibility data" is larger
than g = 0.12, obtained from the specific-heat
data, "the enhancement factor a is 0.8 and E(a)
is 0.24." From Eq. (8), J,«(0) values are

J,«(0) = 0.8 eV for samples annealed at 740'C,

J„,(0) =0.75 eV for samples annealed at 840'C.

One must not put too much emphasis on the ac-
curacy of the enhanced values because those sam-
ples (LaPd, system) usually contain other
paramagnetic impurities.

B. g shifts, 4g

In Table II we have presented the g shifts as a
function of concentration of Gd" for the two sets
of samples. The results in the last columns are
calculated using Eq. (2) with y = 0, x=3.66 in Table
II(a), x = 4 in Table II(b), and fitting the values for
the samples containing 0.12-at.% Gd. Our mea-
surements of the g shifts of Gd as a function of
temperatue in the LaPd system annealed at 740
and 840'C are presented in Figs. 3 and 4. The
g shifts for the two samples (0.12- and 0.27-at. %
Gd") annealed at 740'C, are found to be dependent
on the concentration of Gd", whereas the sample
with 1.0-at. % Gd" exhibits very little g shifts from
that of the free ion around 30 K. From these
results in Fig. 3 we conclude that the latter sample
suffers from a bottleneck effect. Similar analysis

of the g shifts for the second set of samples
(annealed at 840'C) indicates that here again the
sample with high Gd" concentration (I.O-at. 'fo

Gd") suffers from the bottleneck effect (in Fig. 4).
The maximum g shift measured at 30'K was
found to be 0.046 for the sample with 0.12-at.%
Gd annealed at 740'C and 0.04 for the sample of
the same concentration annealed at 840'C.

So far only two systems, ' Gd" in LuAl, and Eu"
in Yb, were reported to have exhibited the dynamic
effect. Our samples with the high impurity con-
centrations do not have g shifts and no dynamic
effects are expected in them. Those with lower
impurity concentrations exhibiting the g shifts
such as samples with 0.12- and 0.27-at. % Gd"
are expected to show such dynamic effects, but

they did not. In these latter samples, g shifts
should have decreased with decreasing temperature
according to Eq. (2) if there exists a dynamic ef-
fect. Actually the g shifts observed have increased
with decreasing temperature below 20 'K. There-
fore, these g shifts cannot be attributed to the
dynamic effect. They are due to ordering effects.
Above 20'K, within the experimental error, the
samples were found to exhibit no change in g shift
as a function of temperature in Figs. 3 and 4.

C. . Conduction-electron relaxation rate

As explained earlier in the paper the 5„consist
of the relaxation rate 5„characteristic of the un-
disturbed host lattice and due to the spin-flip scat-
tering by the magnetic and nonmagnetic impurity.
The latter relaxation rate 5„, is dependent on the
concentration of the magnetic impurity Gd". We
then have

TABLE II. (a) g shift~ of Gd in Gd„La& ~Pd3 (annealing temperature at 740'C) as a function of
Gd concentrations. Results in the last column are calculated using Eq. (2) with y =0 and x=3.66,
and fitting the value for the sample containing 0.12-at.% Gd. (b) g shift of Gd in Gd„La&~Pd3
(annealing temperature at 840'C) as a function of Gd concentrations. Results in the last col-
umn are calculated using Eq. (2) with y =0 and x =4, and fitting the value for the sample con-
taining 0.12-at.% Gd.

Conc. (at.)

0.12
0 ~ 27
1 ~ 0

Ag (expt. at 10 K)

0.049
0.034
0.025

(b)

0.028
0.020
0.005

bg (expt. at 30 K)

(a)

bg (calc. ai 30 K)

0.028
0.017
0.004

0.05
0.12
0.27
0.83
1.0

0.04
0.034
0.03
0.019
0.014

0.034
0.025
0.020
0.013
0.010

0 ~ 032
0.025
0.016
0.005
0.004

Experimental error in bg is + 0.005 ~
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FIG. 5. Thermal broadening &&/&T of Gd in

Gd„La& „Pd3 (annealing temperature at 740 C) as a
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From the values of intercept of the st;raight-line
plots in Figs. 5 and 6, we have estimated the
rel.axation rates of the conduction electrons to the
lattice due to the spin-flip scattering by Gd". In
the above calculation we have used g= 0.12 eV '
per atom and per spin direction for the density of
states. This value was computed using the elec-
tronic specific-heat data of Hutchens et al."

s(5 ) = 5.2 x 1.0" sec /at. %Gd,
s(C,.)

for the samples from the first set ('I40'C) .

a(5,)
s(C;)

= 3.9 & 10" sec '!at.% Gd,

for the samples from the second set (840 C). Also
we estimated from the slopes of the straight lines
in Figs. 5 and 6 that the relaxation rates of the
conduction electrons due to the undisturbed host
lattice are

—6 5)(]0el

for samples annealed at 740'C,
o 9.3y10" sec '
el

for samples annealed at 840 C.
The conduction-electron relaxation rate 6„ in-

creases in the presence of additional nonmagnetic
impurities. They produce additional spin- flip
scattering. Therefore, this will result in the in-
crease of x and may open up the bottleneck pre-
sent in high Gd" concentration samples. Thorium

FIG. 6. Thermal broadening 4&/b& of Gd in

Gd„La&, Pd& (annealing temperature at 840 C) as a func-
tion of 1/&;. {&;:Gdconcentration. )

is highly soluble in La and nonmagnetic. We
added 4- and 8- at. oj(- Th to 1.0- and 2.0-at. k Gd"
doped samples of LaPd, to form the intermetallic
Gd„Th, LaI ..Pd, . Samples with 1.0- and 2.0-at.%
Gd" concentration, which were bottlenecked in
the absence of Th, are found to exhibit g shifts and
an increase in their linewidths in the presence of
Th, thereby indicating the opening up of the bottle-
neck.

V. CONCLUSIONS

Although the experimental parameters such as
~H and ~ were found to be sensitive to the anneal-
ing temperature of the samples, the average J
values obtained for both of the sets are essentially
the same within the experimental error. The
different annealing temperatures (740 and 840'C)
seem to have a significant effect in the structural
composition of the lattice. This indeed can be seen
from the changes in 4H and . But with such
structural change, there seems to be a change in
x(= 5„/5„) also, which contains the electron-
electron lattice relaxation rate 5„. This may be
resulting in the same average J values for both
sets of samples. The J values calculated are
comparable to these obtained in Gd„La, „Al.,
and Gd„Lu, Ql, systems. We have not taken into
account the q dependence of J because of the un-
certainty involved in the purity of La and the re-
sulting discrepancy in the density of states g ob-
tained from the susceptibility and the specific-
heat measurements. The contribution by the host
lattice to the conduction-electron relaxation rates
5'„are 6.5 X 10" sec ' for the first set of samples
and 9.3 & 10" sec ' for the second set. This
clearly demonstrates the change in the lattice
structure due to annealing.
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The intermetallic systems of Lapd, doped with

Gd are found to exhibit no dynamic effects above
20'K. The temperature dependence of the g shift
observed in samples annealed at 740'C below 20 K
is very pronounced and in reverse direction to
the one expected from dynamic effects. This may
be due to the ordering effects that set in at low
temperature. The changes in linewidth with tem-
perature in the samples annealed at 740 C show
similar ordering effects. The linewidths of sam-
ples annealed at 840 C were found to exhibit
Korringa-like behavior down to 6'K. The g shift
of the second set as a function of temperature
below 20'K did not exhibit such a pronounced
change as these samples annealed at 740'C, and
within experimental error no dynamic effect can

be attributed to them in the range between 6 and
20'K. This indicates that the samples annealed
at 740'C may be structurally ordered to a lesser
extent than the ones annealed at 840'C. There-
fore, annealing temperature does play a signifi-
cant role in such studies. Studies are in progress
on the samples annealed at 940'C. In spite of such
changes, it is just a coincidence that we have ob-
tained the same average J values in both sets of
samples.
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