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Narrowing effects in the ESR spectra of Gd in metals: Application to LaSb:Gd~
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The ESR spectra of Gd in metallic single crystals of LaSb exhibit appreciable variation in the ESR
line shape upon changing the temperature from 1.7 to 300 K. At low temperatures, a completely
resolved fine-structure splitting appropriate to Gd in a cubic crystalline field is observed. The
fourth-order cubic-crystalline-field parameter is b4 ——+ 32+ 2 Oe. The increase of the temperature
leads to significant narrowing effects with the result of a single anisotropic line at room temperature. A

Korringa relaxation rate of AH K/T = 0,19 + 0.03 Oe/K was extracted from the thermal broadening of
the collaosed spectrum. The thermal broadening of the —1/2 ~ +1/2 fine-structure transition is

considerably enhanced, however, with respect to this Korringa thermal broadening. All these features

are in complete agreement with the predictions of the theory for exchange narrowing of the fine

structure in metals. The ESR line shape was calculated using this theory. Comparison of the theoretical

line shape with the one observed experimentally indicates the presence of an additional narrowing

mechanism, This narrowing is due to Gd spin-spin interaction in LaSb. The line shape analysis yields

an exchange-interaction parameter of 0.03 eV between the spin of Gd and that of the conduction

electron. The same value for the exchange parameter is derived, independently, from the experimental

Korringa thermal broadening.

I. iNTRODUCTION

%'e report electron-spin-resonance investiga-
tions of Gd in LaSb metallic single crystals in a
wide temperature range between 1.7 and 300 K.
In the low-temperature region, completely re-
solved fine structure of Gd in a cubic crystalline
field was observed, in agreement with previous
publications about Qd in metallic lanthanum pnic-
tides. ' As the temperature is increased, ex-
change-narrowing effects in the ESR spectra begin
to play a role. These narrowing effects manifest
themselves by a complete collapse of the fine
structure into a single anisotropic line at high

temperatures. To the best of our knowledge, no

report exists so far about "single-ion" narrowing
effects in any intermetallic compound. In dilute

alloys, it has been observed in Pd: Qd, ' however,
over a very limited temperature range. The tem-
perature dependence of the ESR spectra can be in-
terpreted in terms of the Plefka-Barnes theory. "
This theory predicts a "single-ion" narrowing of
the fine structure as a result of the exchange inter-
action between the spin of the Gd and that of the
conduction electrons. The observation of narrow-
ing effects over a wide temperature range enables
us to check the theory for the nonbottleneck region
in a critical manner.

One of the most interesting features of the
Plefka-Barnes theory is associated with the large
enhancement of the thermal broadening of the in-
dividual fine-structure transition with respect to
the Korringa linewidth. It originates from "scat-
tering-out" relaxation of the individual fine-
structure line into neighboring fine-structure tran-

sitions. This effect was observed experimentally
in the present work and for the first time in metals.
We found the thermal broadening of the —

~ ~+ —,
'

fine-structure line to be by one order of magnitude
larger than that of the collapsed spectrum. Such
an observation in LaSb: Gd is possible because of
the very wide temperature range over which nar-
rowing effects occur. This is due to the very
small Korringa rate (and thus, the scattering-
out" relaxation) with respect to the fine-structure
splitting in this system.

In Sec. II of this paper, we shall describe the
experimental results. Section III exhibits a line-
shape analysis using the theory of Plefka-Barnes.
We demonstrate that the calculated line shape
deviates from the one observed experimentally,
indicating an additional narrowing mechanism to
exist in LaSb: Gd. The Gd spin-spin interaction
is introduced phenomenologically into the theory
(Sec. IV) to account for the above-mentioned de-
viation. Finally, a discussion is given in Sec. P.
W'e mainly emphasize the properties which make
LaSb: Gd most promising for a study of "single-
ion" narrowing effects.

II. EXPERIMENTAL RESULTS AND ANALYSIS

The ESR experiments were performed mainly at
8-mm wavelength using a Varian spectrometer.
Two single crystals of LaSb: Gd were used with Qd
concentrations of 2000 and 250 ppm. The experi-
mental results can be summarized as follows:

(i) Upon increasing the temperature, an ap-
preciable narrowing occurs in the ESR spectra.
Figure 1 shows the spectra in the [ill] direction
as measured for various temperatures. It is
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clearly seen that a complete collapse of the spec-
trum into a single line has taken place at 300 K.

(ii) The low-temperature results (T-4 K) are
very similar to those reported previously. ~ A
completely resolved fine-structure spectrum was
observed [Fig. 1(a)]. The angular var iation of the
individual lines is shown in Fig. 2 for a magnetic
field rotating in the (110)plane. The solid lines
in the same figure represent a theoretical fit using
the spin Hamiltonian7

3C = p,s Hg S+ g~) b4(04+ 504),

where b4 is the fourth-order crystalline-field
parameter for Gd. 04 and 04 are spin operators
of fourth degree, p~ is the Bohr magneton, and g
is the Gdg value. The best fit in Fig. 2 yields the
parameters

g = 1.990+ 0.003, b =+ 32 + 2 Oe .
The sign of b4 was determined from the relative
intensities of the different transitions of the re-
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FIG. 2. Angular variations of the resonance fields of

the seven LVI =1 transitions for Gd in LaSb. Solid lines
represent the calculated angular dependence using the
parameters b4 = 32 Oe, g= l. 990, and a frequency v
=34. 7 GHz. Circles indicate experimental vat. ues.
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solved spectrum in Fig. 1(a).
(iii) At room temperature, a single line was ob-

served for all orientations with, however, a sig-
nificant angular variation in the linewidth (Fig. 3).
The solid line in Fig. 3 can be fitted by the formu-
la

AH=A+ Bp (9),
where for the 2000-ppm sample, the values of A
and I3 are equal to 95 and 130 Oe, respectively;
p(8) is given as

P(8)=1-5(sin'8--,'sin'8) . (4)

b) =--— Here, 8 is the angle between the external field and
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FIG. 1. ESR spectra of Gd (2000 ppm) in. a single crys-
tal, of LaSb for various temperatures at a frequency P

=34. 7 GHz. Spectra were measured for the magnetic
field along the till J direction. .
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FIG. 3. Angular variation of the linewidth of the col-
lapsed spectrum of LaSb: Gd (2000 ppm) at room tempera-
ture, Solid line represents a theoretical fit with relation
(3) assuming 4=95 Oe and I3=130 Oe.
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FIG. 4. Linewidth of Gd in LaSb as a function of tem-
perature. Squares and circles represent measurements
on the 2000- and 250-ppm samples, respectively. Mea-
surements in these cases were performed for magnetic-
field direction creating an angle of approximately 30
with respect to the [001] direction in the (110) plane of
rotation. Triangles represent the linewidth of the —2

+2 transition of the 2000-ppm sample. These mea-
surements were carried out for the magnetic field along
the f001] direction.

(5)

where q(Ez) is the conduction-electrons' density
of states for one spin direction at the Fermi level,
and (Z~(q)) is the average over the Fermi surface
of the wave-vector-dependent exchange parameter.
Using g(E~) =0.1 states/(eV spin atom), ~ a.s well

the [001] direction in the (110) plane of rotation. It
should be mentioned that the shift in the field for
resonance of the individual fine-structure line,
with respect to that of the ——,'~+-,' transition, is
proportional to p(8) in the first approximation.

(iv) The Korringa thermal broadening was mea-
sured when the external magnetic field creates an
angle of approximately 30' with the [001] direction
in the (110) plane of rotation. At this particular
orientation, a single ESR line with a minimal line-
width is observed in the temperature range between
1.7 and 300 K (see also Fig. 2). Figure 4 ex-
hibits the linewidth as a function of temperature.
For the two samples (with 250 and 2000 ppm of Gd)
at high temperatures, the same thermal broaden-
ing of 0.19a 0.03 Oe/K was observed. This in-
dicates the absence of a bottleneck effect in the re-
laxation mechanism. Thus, this thermal broaden-
ing is actually the Korringa thermal broadening
given by

To analyze our experimental data use was made
of Plefka's theory. According to this theory, the
transverse dynamic susceptibility is given, in the
nonbottleneck limit, by

X'(~)- I —ru g Pz(A ')s, z
M pM'

where M and M' are quantum numbers describing
the various Zeeman states (M, M'= —S, —S+1, . . . ,
S —1), P„are transition probabilities for transi-
tion from M to M+1 weighted by the Boltzmann
factors and given as

P C M Ikey /RT Q C g'h(y (AT (7)

CM, therefore, is given by Cs =S(S+1) -M(M+1).
The elements QM, M. of the transition matrix for
temperatures kT large compared to S~, are ex-
pressed by the formula

~M M' (@+/ZPB H +M)5M, M' ~+H 5M, &'

—s &AHr ~C'( 2~5,M' 5~,x+& 5~,~ y) ~-
where &u/27r is the microwave frequency, H the
variable external magnetic field, IIM the field for
resonance of the fine-structure line of the M M
+1 transition (Fig. 2), and hH„, the temperature-
independent residual linewidth of the various fine-
structure lines. The parameter ~H„, was intro-
duced into the theory phenomenologicaQy.

At this stage it is instructive to consider two

limiting cases:
(i) For a. completely resolved spectrum, the

theory of Plefka predicts a width for the individual
fine-structure line of the M M+1 transition to be

»(M «M + 1) Lings+ Cs AHg

The Korringa linewidth &H~ is proportional to the
temperature. Thus, the thermal broadening of the

as AH@/T=0. 19 Oe/K, we found (8 (q)) ~=0.03
eV. This exchange parameter corresponds, in the
absence of appreciable wave vector q dependence,
to a g shift of I 4g) =0.003. The experimental g
shift is 4g= -0.002+0. 003. The negative sign is
not understood yet.

(v) We have measured, also, the thermal broad-
ening of the --,' ~+-,' fine-structure line in the
temperature range up to 20 K. For this measure-
ment, the external magnetic field was parallel to
the [001] direction. In this orientation the splitting
is the largest, so that overlap and narrowing have
the smallest influence on the ——,

' ~+ —,
' transition.

A linear increase of the linewidth with temperature
of 2, 0 +0.5 Oe/K was observed. The linewidth of
the ——,'~+-,' fine-structure line as a function of
temperature is shown in Fig. 4.

III. THEORETICAL ANALYSIS
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above was made in a magnetic-field orientation in
such a way that the function P(B) exhibits a mini-
mum. In this particular orientation, our estimate
indicates that the third term in (10) can be ne-
glected above 20 K.

In conclusion, we have observed the narrowing
of the resolved fine structure at low temperatures
to a completely collapsed spectrum at room tem-
perature. This behavior is consistent with the

theoretical predictions for exchange interaction in
dilute magnetic alloys.
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