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ESR has been measured in the spin-glass (La;_,Gd,)Al,, 1 <x < 15 at. % for 1, 3, 9, and
35 GHz, corresponding to different applied magnetic fields and in the temperature range of
100 mK to 30 K. The comparison of data for different frequencies shows that the linewidth
depends very much on the frequency and/or field and therefore the temperature T, of the
linewidth minimum is not an intrinsic parameter and the shift of the resonance position is
almost independent of frequency. The former effect is analyzed and theoretically explained
in terms of the temperature dependence of the measured susceptibility at the field for reso-
nance instead of a Curie-Weiss susceptibility. When the resonance position does shift, close
to the glass temperature, this is identified to be an internal-field, rather than a g-factor, ef-
fect. The temperature dependence of this internal field differs from that of the bulk mag-

netization.

I. INTRODUCTION

Recently, electron spin resonance (ESR) in spin-
glasses has attracted increased interest. Experiments
and theory can be crudely divided into two groups:
First, experiments for which the temperature
T <« T,, the glass temperature. Here interest is in
the position of the resonance signal which is dis-
cussed as a function of field history and for dif-
ferent frequencies, etc. The prototype for these ex-
periments is the CuMn work by Monod et al.! and
the detection of a second resonance mode w™ by
Schultz et al.? and last but not least the pioneer
work of all ESR in metals by Owens et al.> In this
regime ESR probes the resonant magnetization and
its anisotropy as suggested by Fert et al.%; the latter
probably arises from a second-order effect of ex-
change and spin-orbit interactions producing a
Dzyaloshinsky-Moriya interaction (DM).

The second group of experiments (our present
work) is related to the temperature range where
T>Tc or T~Tc. Coming from the paramagnetic
regime (T >>T¢) the change of the linewidth and
shift of the resonance signal seems to carry impor-
tant information. Motivation for such work in-
cludes the proposal of Salamon et al.’ that the re-
laxation rate should exhibit critical power-law
behavior near Tc. Among the many and varied
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studies are CuMn,>® AgMn,”® 4uMn,’ and AuFe,'°
along with a host of rare-earth spin-glasses; to name
only a few: amorphous 4IGd,'! (LaGd)Al,,'* and
(YGd)AL.B

What has been accomplished to date demonstrates
that ESR can provide valuable information about
spin-glass properties. However, many uncertainties
remain in the interpretation of the experiments per-
formed on our regime of interest, T'> T¢c. The ori-
gin of the dramatical change in the field for reso-
nance and linewidth while decreasing the tempera-
ture is unclear. Is there a “field shift” or a “g
shift”!? and what is the meaning of the additional
linewidth? It might be that for interacting systems a
distribution of internal anisotropic magnetizations
simply smears out of the resonance condition'® and
therefore the observed linewidth may have nothing
to do with dynamic properties and in particularly
with critical phenomena.>® Furthermore, in our
temperature regime 10~! < T /T <2 it remains an
open question whether we observe a single-ion
“paramagnetic” resonance or some kind of g=0
spin wave arising from strongly coupled moments.

The present investigation tries to shed some light
in this area by performing the same ESR experiment
on the same sample at different frequencies. We
have available 1, 3, 9, and 35 GHz to which the cor-
responding field for g=2 is approximately 350 G,
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1000 G, 3300 G, and 12.5 kG.

In ESR one has to change simultaneously the ap-
plied field, which influences many spin-glasses, but
also the frequency, that is, the time window. This is
important since the definition of static and dynamic
depends on whether the spin-fluctuation rates 7, '
are fast or slow compared to the Lamor frequency
oy and also since for our system it has been claimed
that there should be a relatively strong frequency
dependence of the glass phenomena.'*

Specifically the system (LaGd)Al, was chosen be-
cause it has been extensively studied and since it is
suitable for the present ESR work. Ldhneysen et al.
measured the magnetic properties,!> their frequen-
cy,14 and time dependence.16 In addition, ESR of
the dilute limit is well known, the exchange cou-
pling!”!® has been measured, and it is known that
the single-ion crystal-field splitting!? is small.

In the following we first describe (after experi-
mental details) the high-temperature behavior
(T>>T¢) of the linewidth (Sec. III) and field for
resonance (Sec. IV) with explanations for an ob-
served negative residual linewidth'® and a negative g
shift.?! Section V presents the results for T > Tc.
The principal thrust of this work is to show undou-
btedly for the first time that the shift of the reso-
nance signal is essentially a field effect and not a g
shift; it is almost independent of v, and only a func-
tion of T. In contrast, the linewidth depends very
much on vy; we find that T;,, the temperature for
minimum linewidth, has no intrinsic meaning. We
are able to theoretically analyze the line broadening
for T > T by introducing the experimental suscepti-
bility into the Bloch-Hasegawa equations. The
spin-glass phenomena in the ESR linewidth is
shown to enter via the susceptibility.?? In Sec. VI
we will present some low-temperature results for the
6-at. % sample for 100 mK <T <4 K. The ESR
does not show a second mode or any field cooling or
time effects. Section VII contains a discussion of
our results.

II. EXPERIMENTAL DETAILS

The resonance spectrometer is of conventional
type in the reflection mode using the most common
microwave frequencies of 9 and 36 GHz (Varian), 1
and 3 GHz (Bruker). Note the enormous influence
of the applied field on the X,. measurements (Fig. 4
in Ref. 15). For different ranges in temperature we
used He-gas-flow systems, a liquid-He cryostat, and
for very low temperatures (T < 1 K), a *He-*He dilu-
tion refrigerator®® (see Sec. VI).

The samples were prepared by induction and arc
melting. All the performed checks concerning the
structural homogeneity of the samples, i.e., the x-ray
width of superconducting transition temperature

(for very low concentrations) show a homogeneous
structure of the cubic C15 Laves phase and a ran-
dom distribution of Gd on the La sites. Also from
physical reasons, i.e., the resemblance of atomic ra-
dii, valence, and chemical potential, this substitution
should proceed without any problem. This is not
guaranteed in all cases for spin-glasses where 3d ions
are diluted in a Cu, Ag, or Au matrix. Recent ex-
tended x-ray-absorption fine-structure (EXAFS)
studies for (LaGd)Os, (Ref. 24) and small-angle x-
ray scattering in AuFe (Ref. 25) confirm these state-
ments. We will come back to this point in Sec. VIL
Different sample shapes were used (cylinders for the
refrigerator experiments and some buttons), but
mostly we measured the samples in powder form.

This brings up the question of demagnetization ef-
fects, a very basic effect and carefully discussed in
early papers on ESR.? Since this effect can produce
shifts and line broadening, we present the details in
Appendix A. In short, (i) for powder grains as for
spheres we assume that H,,.=H,,, the external
field. (i) We do see resonance shifts for cylindric
samples with respect to the value obtained in the
powder experiment. This shift agrees with the cal-
culated demagnetization field for the given
geometry. The experimental data in Sec. VI are
corrected for this field. (iii) Nevertheless, in powder
we do have different shapes and demagnetization
factors for different grains. The random distribu-
tion of different grains deforms the line shape and
broadens (inhomogeneously) the linewidth.?’

In Fig. 1 we show magnetization measurements
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FIG. 1. Magnetization of (Lag ¢4Gdy 06)Al,. (a) Shows
the behavior in high fields; the dashed line is a Brillouin
function with g =2.1. (b) Shows the behavior in the field
regime which is used in resonance experiments.
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for the 6-at. % sample. Figure 1(a) demonstrates the
deviations from a Brillouin-type (dashed line)
behavior and the Matho-Larkin?®?° contribution in
agreement with previous experiments.’> Figure 1(b)
shows the magnetization for different temperatures
and in the relevant field range for the L, S, and X,
bands. This becomes important in Sec. V where we
demonstrate that in the Bloch-Hasegawa equations
the static susceptibility of the system enters. Since
there exists no complete calculation of M(H,T) for
arbitrary H, and T in a spin-glass, we use

XexptzM(Hext’ T)/Hext
and the differential susceptibility

OM(H,,,T)
oH

from the experiment for each sample. This is one
important mechanism by which the spin-glass prop-
erty enters into the dynamics of the ESR (Secs. V
and VII).

Typical ESR spectra with almost perfect Dysoni-
an line shape®® and a large deviation from it are
shown in Fig. 2. The principal parameters with
which we want to describe the spectra are the
linewidth full width at half maximum (FWHM) AH
and the resonance shift 8H ;. To show the results
for different frequencies in one diagram we plotted

8H s =H oy —H(g=1.993) 0

the shift with respect to the Gd resonance in insula-
tors.

As one can see from Fig. 2 the experimental line
shape in some cases does not coincide with a
Dysonian. This enlarges the error bar for H . and
AH. We justify our analysis in the following way:
(i) We found that line shapes for the 1- and 3-GHz
experiments are more Dysonian than at 9 and 35
GHz; for the latter we found systematic deviations,
namely less intensity in the high- and low-field
wings. Because of this error source we give for the
X band as a maximal absolute error +10% for AH
and +15% for 6H . The relative error is smaller
by approximately a factor of 3. It is worthwhile to
mention in connection with the skin-depth problem
that we did not vary the admixture of X’ and X".
All data were fitted with a fixed ratio 4 /B =2.53.
For our samples we are in the limit of mean free
path of the conduction electrons (CE) << skin depth
<< sample size. This condition forces a pure
paramagnetic resonance to a perfect Dysonian line
shape with a fixed ratio 4/B=2.53.3 This has
been recently experimentally proven by low-
frequency ESR.>! One is therefore forced to explain
line-shape effects in other terms than skin-depth ef-
fects.
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FIG. 2. Experimental resonance curves of
(La;_,Gd,)Al,, x =0.03. Dashed lines are calculated
Dysonian line shapes.

Fortunately, the two main results of the present
investigation, that is, the field shift in the resonance
field and the field- (frequency-) dependent broaden-
ing of the linewidth, are 1 order of magnitude larger
than changes due to the modified shape.

III. EXPERIMENTAL RESULTS
AND THEORETICAL ANALYSIS
FOR T >>T¢

In Fig. 3 we show an overview of the ESR
linewidth versus the temperature in the concentra-
tion range of 1—15 at. %. In this section we will
analyze the results for high temperature, that is, the
regime of linear thermal broadening. Figure 3
shows clearly that for 1 at.% (up to 5 at. %, see
Table I) the system is in the intermediate bottleneck
regime: With increasing concentration of Gd, the
thermal broadening b decreases. In contrast to
CuMn, where the linewidth versus temperature ap-
proaches almost a horizontal line, b <2 G/K, for
(LaGd)Al,, b=8 G/K becomes constant for ¢ >6
at. %. This is associated with the finite spin-orbit
scattering of the CE at the Gd** impurities. Since
the spin-orbit interaction is a possible source for an-
isotropy energy (DM and pseudodipolar®) in spin-
glasses, and since ESR provides an excellent tool to
measure the spin-orbit scattering we will briefly re-
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FIG. 3. Linewidth vs temperature for (Gd,La,_,)Al,, with x =1 at. % (®), 5 at. % (@), 10 at. % (@), and 15 at. %

(0) at 9 GHz. Solid lines at low T are guide for the eyes.

call how it enters in the theoretical description of
ESR: In metals the observed signal corresponds to
the common resonance of two distinct
subsystems—the CE and the local moments. In the
isothermal case the relaxation of the CE spins is
dominated by the spin-orbit coupling to the lattice.
In the opposite limit where exchange scattering
overcomes the spin-orbit scattering the CE and local
moments form a dynamically strong coupled reso-
nance system, the so-called bottleneck. As for
strongly coupled pendulums, the eigenfrequencies
are effected. The degree of bottleneck’? is character-
ized by 8, /(8,; +8,, ) which is 1 for the isothermal
limit and O in the extreme bottleneck.>* We have

8eL =6(e)L + S;inmp » )

the sum of an inherent contribution from the host
(imperfections of the host) and a term proportional

to the Gd concentration (Gd acts as an imperfection
on a La site). In contrast, §, (the so-called
Overhauser rate) depends only on xg4. In view of
our spin-glass properties the former rate, §,;, is
more important. It is exact the parameter which
enters into the calculation by Fert and Levy.* We
will return to this point (Sec. VII) and focus in this
section on the analysis of the data.

The bottleneck parameter 8,; /(8,; +8,;) becomes
independent of the Gd concentration x when
89 <8, x where 80, =6 10'! sec~! is the intrinsic
spin-orbit scattering of the pure host matrix, LaAl,,
and 8, is the additional rate per Gd concentration.
This yields 8,; >1x 10! sec=!/1 at. % Gd. These
results agree with previous experiments.>* As can
be seen from the last two columns of Table I, in-
cluding the 8, considerably alters the predicted
thermal broadening; the agreement with the experi-
mental data of column 3 is good. In Figs. 4—7 we

TABLE 1. Various experimental values and theoretical results. Columns 2 and 3 show the experimental values for the
thermal broadening b (for high T up to 60 K) and the residual linewidth a according to Eq. (3). T, is defined by the tem-
perature where the minimum in the observed linewidth occurs. ®p is the paramagnetic Curie temperature, taken from
Ref. 36. Column 8 shows the calculated values for a according to Eq. (12). b (columns 9 and 10) is determined by the usu-
al bottleneck formula b =8§,;/(8,;+8,;)bg. For ay, bk, and 8% we took the values of the dilute limit (17a): a,=150 G,
by =60 G/K, and 83 =6x10"" sec™".

x a b Tpin (K) 0, K) b =8./(84+8,)bx with
(at.%) (G (G/K) 1GHz 3GHz 9 GHz (Ref. 36) a=ao—b®, 8,=8)=const y=08%+5,
1 80+20 2442 <2 443 35470 24 26.2
3 77420 19+2 3.7 44 5211 542 34440 10.9 16.3
5 35420 10.5+1 13 £15 7.542 71420 7.1 11.8
6 45+20 89+1 6.9 90 12.5+15 942 70420 6.0 10.9
8 0+20 7.7+1 10 13 16.5+2 1242 57420 4.6 10.5
10 —40+20  9.0+1 19.5+2 1442 24120 3.8 9.1
15  —240+20 8.6%1 33 39 +3 2643 —74+30 2.8 8.0
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FIG. 4. Linewidth AH and the deviation of resonance
field (see Sec. II) for (Gdy o;Lag 97)Al,. Frequencies are 1
GHz (0O), 3.3 GHz (A), 9.3 GHz (0), and 34 GHz (X).
Arrow shows T¢ (16 Hz) (see Sec. VII). Solid lines at low
T are guide for the eyes.

show the detailed results for AH and 8H . for vari-
ous concentrations. In the high-temperature regime
the field for resonance H . is almost independent of
temperature and corresponds to a g value of approx-
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FIG. 5. Linewidth and deviation of resonance field for
(Gdg.o6Lao.04)Al,. For symbols see Fig. 4. For detailed re-
sults below 2.5 K see Fig. 11.
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FIG. 6. Linewidth and deviation of resonance field for
(Gdg.0sLag.92)Al,. For symbols see Fig. 4.

imately 1.993. For comparison with experiments for
different microwave frequencies we plot
8H, =HZM —HES"%> At high temperatures
where 6H . approaches a temperature-independent
limit small but systematic differences can be seen.
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FIG. 7. AH and 8H, for (Gdy sLagss)Al,; for sym-
bols see Fig. 4. For this sample the line shape deviates
strongly from Fig. 2. Possibly this is due to the onset of
long-range interactions.
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The data for higher frequencies (O,A) lie always
above that for the low frequency (O0). This is indi-
cative of a g shift with g values smaller than
2'°"¢=1.993. We will discuss this in Sec. IV.

We now turn to the linewidth for the high-
temperature limit. In this section we will analyze
the linewidth in the commonly accepted way, name-
ly in terms of the formula

AH=a+bT . (3)

No frequency or field dependence is observed and
the thermal broadening is linear in 7. In Table I we
summarize the a and b parameters. The residual
linewidth a contains two contributions: (i) For low
concentrations it is constant,'” @ =ay=150 G. This
is attributed to a residual linewidth (not relaxation)
due to crystal-field effects and local imperfection
through the DM mechanism. It will be included in
the Bloch-Hasegawa equation as a local moment to
lattice-relaxation rate §;; [read in the other notation
as 1/T,; (Ref. 33)]. That this is justified for what is
essentially an inhomogeneous field distribution is
shown in Appendix B. (i) A concentration-
dependent term which becomes important for larger
Curie-Weiss constants. This will be explained in the
following.

ESR in alloys such as ours for high temperatures
T>>Tc is usually understood in terms of the
Bloch-Hasegawa equations. However, despite the
frequent application of this theory to a variety of
systems there still exist some subtleties which have
not really surfaced in the experimental literature.
One such subtlety is the dependence of the residual
width upon the Curie-Weiss constant ®.

The Bloch-Hasegawa equations are

dM; .. L
—dt_zgi#B[MiX(Hext+)‘Me+aMi)]

— (8¢ +8i )Sﬁi + ?8&' 81—\*'Ie ) 4)
dM, L _
-dt =ge,u'B[Me><(Hext+}"Mi)]

(B8 M+ 8, 8M (9

X X;
Sor [MF —Xohyg+AM) =8, | =M+ —AX———M+ X |+5,,

Xi+X. Xi+Xe, Xi+X.

where the fact that in the numerator X, is replaced
by X2 in the last line is of central importance. This
follows from Eq. (9). Thus the electron lattice-
relaxation rate §,; contributes an amount

where

8M; =[M; —X(H,,+AM, +aM,)] (6)
and

8M, =[M, —X°(H, +AM,)] . )

For high temperatures the susceptibility is of Curie-
Weiss form and is given by the following
molecular-field equations:

X =X) 142X, +aX;) ®)
and

X =X21+AX;), )
and where

X0= %(g,-yg YL(S+1)/kT]
and
X2=73(geptp)p(Ep)

are the susceptibilities per site for a concentration c.
Introduction of the constant a gives independent
Curic  C=(142AX)(X?T) and Curie-Weiss
O=AN? +a)(X?T) constants.>

When linearized, Eqgs. (4) and (5) reduce to a qua-
dratic equation. However, in certain limits one can
follow a more direct and physical approach. For
zero lattice relaxation 8, =8;; =0, the bottleneck
limit, one has that the total transverse magnetization
M* =M, +M;" precesses with the rf field. It fol-
lows that

M,'+=[X,'/(X,‘ +Xe)]M+

and
M =[X./X;+X)IMT

are the zeroth-order eigenvector. The first-order
correction is obtained by substituting this eigenvec-
tor in the equation for M+ [obtained by adding Egs.
(4) and (5)] but with §,; and §;; not zero. Of partic-
ular interest is the term

0
e

MY —(X;+X.)hg] ,
(10)

[
X2 X2 X2
——— =8, — =08 —(T—
LXi+X. Oer X, “*c (T-6)

to the relaxation rate of the total magnetization.

)
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Passing to the right, first the approximation
X, <<X; has been used, then the Curie-Weiss form
X;=C/(T—0) has been substituted. The total ef-
fective relaxation rate for the bottleneck mode is

[ X8 +X28L
Xi+X,
=8, XX +8,X2CNT-0), (11a)
#5/gup=AH =a +bT , (11b)
where
a="#d; gup=a,—b0® (12)
and
b=8,, X2C ™ '#/gup =8, /8.bx . (13)

Generally, b is the experimentally determined
broadening (G/K) and bk the unbottlenecked Kor-
ringa rate.

In the preceding paragraph we have assumed a
full bottleneck. Nevertheless, Eq. (12) also holds for
the isothermal limit. The formula for the constant a
demonstrates its dependence upon ®. Clearly there
is the possibility that a may be negative as is found
for some of our samples. We find qualitative agree-
ment between columns 2 and 8 in Table I. A more
quantitative agreement depends on the knowledge of
®. We used the paramagnetic ®, (Ref. 36).

IV. NEGATIVE g SHIFT AND POSITIVE J;,

Before we turn to the analysis of the low-
temperature data we want to complete the analysis
for T>>T¢. H, for the 8-at. % sample and tem-
peratures T >25 K yields a g value of ge,,=1.97.
This is a clear g-shift effect as can be seen in Fig. 6;
for large resonance frequencies (O,A) the line shifts
more than for the low frequency (O). This is in
qualitative agreement with numerous publications
on the ESR of GdALl,.2®37 The conventional way of
analyzing this figure is to compare it with
Zionic =1.993 and to attribute the negative shift to a
negative exchange interaction or within a two-band
model to one contribution of it.® Very recently
Zipper proposed an alternative explanation®’ which
works for bottleneck systems like GdAl,. Many of
the highly concentrated alloys (see Table 3 in Ref.
38) are bottlenecked. She pointed out that the form-
er interpretation is faced with the contradiction of
negative Jir but larger saturation magnetization
than for free ions M > 71 3/Gd atom (see Fig. 1 and
Ref. 15). We will briefly recall her?’ arguments be-
cause of their importance in understanding the ESR
completely and they bring into play again the spin-
orbit coupling.*

Band-structure calculations®® show that the elec-
tron states at Ep do have large d-band character
from the La site. It is natural, therefore, to treat the
Zeeman effect for the conduction band as

T +geo)H+ 3 ET-7, (14)

including the spin-orbit interaction. One might
think of a tight-binding La d band constructed out
of orbitals very similar to those for 3d ions in insu-
lators. Under certain assumptions and for the
lowest-lying cubic crystalline electric field T,
second-order perturbation theory yields an effective
g factor for d-band electrons. We have

84 =8 (1—EAZ)~gs(1—E/Ae) , (15)

where g, =2 is the g value of the free-electron gas,
(€), & is the (mean) spin-orbit coupling, and A€ is
the value of the d-level splitting under the influence
of the crystalline electric field, roughly the order of
the bandwidth. It is reasonable to assume that £ for
the 5d band does not differ too much from its atom-
ic  value. Moreover, for the compound
(La,_,Gd,)Al, the 5d atoms La and Gd start with
the same electronic configuration Xe 5d'6s?; for Gd
we need only to add 4f.7 Zipper assumes £=0.256
eV for Gd and Ae~3 eV and estimates

g451.833 .

Again, we treat the 5d-band electrons for g-value
calculations similar to the ionic case (e.g., 3d ions*).
It is obvious that for 5d™ and n < 5 one gets g <2.%!

It is the beauty of the bottleneck effect in the ESR
of dilute alloys that for strong bottlenecks the com-
bined resonance of the two subsystems (Gd’* and
CE) does have the “fingerprint” of the CE as well.
We have

A'geXi

i

1+

2
8i Xe
~g. 4+ (g —g; ) —— (16)
8eff~8i + 84 —8i P X,'

If we use as the g value of the conduction band
g4=1.833 and g;=1.993, the Pauli susceptibility
X.=2X10"* emu/mol, and for X; the experimental
susceptibility (see Sec. V), we get

geff=l.96 .

This is very close to the experimental result. Similar
estimates have been made for other systems.”’

It is the authors’ opinion that this latter interpre-
tation due to spin-orbit effect in the conduction
band is more plausible than an interpretation via dif-
ferent exchange interactions. Note that this inter-
pretation of g <g; is only valid for the bottleneck
case; in the isothermal limit one has
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8ett ~8i(1+AX,)
independent of g,.

V. RESULTS AND ANALYSIS FOR T < T,

In this section we want to analyze the linewidth
data for T <T,,;,. As one can see, Tpy,, introduced
in the ESR spin-glass literature, is not a unique
quantity for our system; it depends on applied mag-
netic field and/or on the microwave frequency (Figs.
4—7 and column 4 in Table I). To discriminate be-
tween different theoretical explanations for the
minimum in the linewidth we have measured the
magnetization of the 3-, 6-, 8-at. % samples and
determined the differential susceptibility X at
the applied field for each ESR experiment (Fig.
8). In the following paragraphs we show how the
observed width depends on X ~'(H expt)-

In Sec. III with the use of molecular-field equa-
tions, and thereby implicitly assuming a Curie-Weiss
susceptibility, we arrived at Egs. (11) for the effec-
tive relaxation rate of the bottleneck mode. In this
section we wish to use a similar formula for the
analysis of data near T where the susceptibility is
not a Curie-Weiss form; we reexamine the validity
of the formula for T'> T, but outside any true criti-
cal region.

It is clear that with an external field and ap-
proaching T, the molecular-field assumptions will
break down for spin-spin interactions but they
should remain valid for spin-CE interactions. We
follow the ideas of Blandin** and assume that the
principal effect in a spin-glass above T is the for-
mation of regions of correlated spins. This has the
effect of renormalizing out the larger local-
moment—local-moment interactions and might as a
first approximation be incorporated in the theory
through a temperature- and field-dependent coeffi-
cient a(T,H ),

X =X 1+AX, +a(T,H)X;)
and
X, =X1+2;) .

Following the same line of reasoning as in Sec. III,

X7 Xe
S8y —- 48, —= 17
iL Xl’ + e. X,' ( a)
or
x°
AH="2 _ (g 4bT)2E . (17b)
(3 Xi

Thus the linewidth depends on X;~ !, where X; is the
susceptibility of the spin-glass. Since the external
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FIG. 8. Plot of the inverse differential susceptibilities
X of (Gd,La;_,)Al, for (a) x =3 at. %, (b) x =6 at. %,
and (c) x =8 at. %. Data were taken at 400 G (O), 1200
G (A), and 3400 G (0), corresponding to 1-, 3-, and 9-
GHz resonance fields.

field H, is quite large it is important to decide
whether X; is the true X;=(M/H) or the differen-
tial X =0M /dH susceptibility. We argue that since
what is important is the response of the system to an
additional small field h in a system in which clus-
ters begin to form and freeze, so it is the differential
susceptibility which best represents the spins which
are free to respond to the rf field.” Accordingly we
shall compare the inverse differential susceptibility
X! with the thermal broadening of our samples in
the region T=T.

There is one further complication which we wish
to add to the analysis. The lattice rate §;; which
enters (17) is the motionally narrowed internal (an-
isotropy) field distribution. Any component of this
or any other field distribution which fluctuates on a
length greater than the characteristic spin-diffusion
length I of the system will not suffer motional nar-
rowing. One might view each piece of the sample
with a size /; as a separate system. It is clear that
sufficiently long-range fluctuations in the field, such
as, for example, those produced by demagnetization
fields, will not be narrowed and will simply broaden
the line by some amount a¢, and therefore*

AH=ay+(ay +bT X" . (18)
As we have discussed in Sec. I and Appendix A
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we know roughly the effect on line broadening due
to demagnetization. This has been subtracted from
the experimental data of the 6- and 8-at. % samples.
The result is shown as the solid line in Fig. 9. Ap-
plying the ideas developed in Sec. III and the
preceding paragraphs we used the experimental (dif-
ferential) susceptibility X; in formula (18). The only
fit parameters are ag, ay, and b. In Fig. 9 we used
the thermal broadening at high T (not shown in the
figures) from Table I. The main point which favors
this analysis is the fair agreement for the field
dependence of the minimum linewidth. For
T < Tpin no good agreement can be expected since
the assumption of Sec. III, which has been used in
this section too, may be valid only for T > Ty,.
Note there is no free parameter to shift the
minimum, and the experimental ESR results reflect
the properties of X ! (Fig. 8). The fits for 3 and 15
at. % yield qualitatively similar results. However,
the 3-at. % sample does not have such a strong
bottleneck and thee 15-at. % sample shows tenta-
tively long-range ferromagnetic properties.

We now turn to the field shift. It is suggestive
from the preceding paragraph that the internal mag-
netization of the Gd ions also play the dominant
role in the line shift. The frequency-independent
shift of the resonance (Figs. 4—7) supports this idea.
We discuss in detail the 6-at. % sample (Fig. 5).
There are differences in 8H ., for the four frequen-
cies; the highest frequency (X) shows the largest
shift. But this is a small effect (see next paragraph)
and far from a proportionality with respect to the
frequency. For 1 GHz (O) one has, at T=2.5 K, a
shift of 8H ., = — 130 G; for 3 GHz, ~ — 150 G; for
9 GHz, =~ —170 G; for 35 GHz, ~—210 G. One is
forced to conclude that an internal magnetization
with a field of 8H, parallel to H,,, reduces the ap-
plied field by roughly 130 to 210 G to satisfy the
resonance condition for g =2. Again we feel that
this is one main issue of the present investigation. It
seems that similar experiments are necessary for
other systems®%!"13 as well. There are no experi-
mental points at lowest temperatures for the
squares. This is due to the fact that for
H . =H, ~400 G and a shift of 6H =—200 G
the applied field is very small, H,, ~200 G, but the
linewidth is large AH >200 G. This almost zero-
field resonance can be analyzed, but many assump-
tions are necessary; this reduces the utility of such
data.

The origin of the field shift can be investigated in
a more quantitative fashion. The small differences
in 8H .(v) mentioned above suggest one of two in-
terpretations: (1) a constant field shift superposed
by a g shift, or (2) a full field shift due to an internal
magnetization M;(H.,,,T). In Fig. 10 we compare
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FIG. 9. Calculated linewidth according to Eq. (18) for
(La;_xGd,)Al, and x =0.06 and 0.08. Solid line shows
the experimental behavior of AH (Figs. 5 and 6), but is
corrected for the described demagnetization effect. Sym-
bols (see Fig. 4) are now used for the calculated values of
the linewidth (Sec. V). Fit parameters according to Eq.
(18) and for 6 at.% (8 at.%) are b=8.9 (7.7) G/K,
a5 =70 (40) G, and @' =130 (140) G. Note that X7 is
Curie (not Curie-Weiss) susceptibility [Eq. (8)].
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the experimental magnetization M (H,T) (dashed
line) with 8H ., for three concentrations. The only
scaling for 3, 6, and 8 at. % and for both frequencies
3 and 9 GHz was to adjust the magnetization for 3
at. %, 1.3 K, and 9 GHz (solid circle, arrow). It is
interesting how well the whole scheme fits: (a) The
magnetization scales with 8H (1.3 K) for 3, 6, and
8 at. %, (b) M(3.4 kG) (upper line) and M(1.2 kG)
(lower line) at 1.3 K follow roughly (within a factor
of 2) the resonance shift 8H (9 GHz) and 8H,.
(3.2 GHz), however, (c) the temperature dependence
clearly indicates the 8H (T) is not associated with
the bulk magnetization M(T). S8H (T) decreases
much faster with increasing temperature, or (d)
coming from high temperatures the bulk magnetiza-
tion increases much slower than what is seen micro-
scopically in the resonance. This—possibly
critical—increase of 6H,., cannot be interpreted in
term of a g shift. There is not a factor of 3 differ-
ence between O and A.

VI. LOW-TEMPERATURE RESULTS T < T,

The low-temperature ESR experiments are rather
incomplete; we measured only the 6-at. % sample
down to 100 mK. As is explained in the Introduc-
tion, the T < T regime is not the focal point of the
present investigation. The results will have only ten-
tative character. In the next section we will discuss
more details of a frequency-dependent cusp tem-
perature Tc(v)." Here T will be taken as the
value of ~10 Hz, and for 6 at. % one gets Tc=1.6
K (Ref. 15) in agreement with our own X*° experi-
ments. Figure 11 shows the results. We were able
to follow the resonance continuously from 100 mK
up to 2—3 K under the same experimental condi-
tions (*He-*He dilution refrigerator®®). The line
shape, line position, and linewidth do not depend on
field cooling (FC) or zero-field cooling (ZFC).>*
The width AH and shift 6H,., become constant at
T <300 mK. No time-dependent effect can be ob-
served in our experiment. However, caution has to
be taken since we are not able to measure short-time
irreversibilities. For example a FC experiment is
performed in the following way: At 4 to 5 K a field
of 11 kG is applied, then the sample is cooled to 100
mK. Now the field is reduced to H,. very slowly
because AH /At heats the sample. It typically takes
10 to 15 min.

VII. DISCUSSION

First we want to describe phenomenologically the
difference in the experimental results of (LaGd)Al,
with respect to the prototype CuMn: Previously
published ESR experiments in the high-temperature
regime (T >T¢) of CuMn have been performed
essentially at one frequency. In the present investi-

gation we showed that the minimum of the experi-
mental linewidth and the upturn at lower T depends
on many parameters (i.e., the actual susceptibility at
H .., demagnetizing effect, etc.), which have to be el-
iminated first before discussing critical behavior.
We also did show that no divergence appears for
CuMn in the 9-GHz ESR.>* However, for low-
field (-frequency) ESR (1, 3, and 4 GHz) in CuMn
cooling down from high temperatures the signal
disappears (enormous broadening and decreasing in-
tensity) at T~Tc/2.* This is clearly different in
(LaGd)Al,: We are able to follow the resonance
continuously down to 100 mK. In addition the sig-
nal for (LaGd)Al, does not depend on FC or ZFC
of the sample. Both facts can easily be explained by
the difference of the thermoremanent magnetization
(TRM) and isothermremanent magnetization (IRM)
for both systems: For CuMn at liquid-helium tem-
perature the TRM is always larger than the IRM for
fields of H < 10 kG; for (LaGd)Al,, on the contrary,
the TRM and IRM curves meet already at H ~700
G and T =80 mK. Since we worked T >>80 mK
and H >700 G, we did not expect variations in the
ESR signal for FC and ZFC conditions. For the
same reason, we did not observe time-dependent ef-
fects.

In the previous sections it has been emphasized
that the shift in the line position is principally due
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FIG. 11. Low-temperature data of linewidth and devi-
ation of resonance field for (Gdg ¢sLag ¢4)Al,. See Fig. 5.



to an internal field rather than a change in the g fac-
tor. As in other studies we associated this with an
anisotropy energy and the DM mechanism. We ob-
serve that the low-temperature T < T shift and
linewidth are correlated; the larger the shift the
larger the linewidth. This suggests to us that the
linewidth and shift both have as their origin the DM
anisotropy energy. By inference the same is prob-
ably true for T > T and in part justifies our as-
sumption that this is the case in Sec. III. It is also
implied that the onset of the shift and the broaden-
ing not associated with the (X?/X;) effect is caused
by short-range correlations of the type already dis-
cussed. Field-shifted spin-wave modes will develop
when correlation effects become sufficient; these
modes coupled to the rest of the system will lead to
a temperature-dependent shift and associated width
above T but within the critical region. In the ab-
sence of any suitable theory we simply observe that
our lowest-frequency data, and therefore that taken
in the lowest external field, imply a critical region
extending to some 3 times the freezing temperature.

At present, the connection between the micro-
scopic picture of anisotropy*®’ and the macroscopic
parameters K; and K, for unidirectional and uniaxi-
al effects is very vague. It is not the purpose of the
present investigation to resolve this problem for
(LaGd)Al,. However, we did show that the spin-
orbit interaction entered twice in our discussion:

(1) The spin-orbit scattering rate of essentially the
5d-band electrons for few percent Gd in LaAl, is in
the order of 10! sec™! (see Sec. III). The spin-flip
lifetime &,; is of some interest because it is related
to the virtual bound-state properties,*®

8er {Tre) =(1/3) 11 + DAGNimp(Ep) /A . (19)

From band-structure calculations®® it is concluded
that the electrons at Er have large La d components.
The density of the subband is roughly
Nimp(Ep)~0.3 state/eV. The width of the valence-
band state may be A~2—3 eV.*® (rr,) can be
determined from the Dingle temperature of de
Haas—van Alphen experiments. For high-quality
single crystals with a resistivity ratio of 10’ one gets
Tp~1 K,* and for few at. % Gd in polycrystalline
LaAl,, Tp~10—30 K are very likely. With those
numbers one is able to calculate the effective spin-
orbit-scattering parameter—the relevant quantity
for the DM mechanism—to be (in eV)

Aegr=0.29 .

(2) A cross check of these numbers is the effective
g value at higher temperature in our system. This
has been described in Sec. IV. The agreement for
the parameters used above is surprisingly good.
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The discussion so far is predicted upon the as-
sumption of a phase transition at Tc. What infer-
ences can be made if instead we follow Tholence'*
and analyze our data in terms of a Fucher law? In
this approach the observed temperature T depends
upon the observation frequency. Explicitly,

Tc=T Eo/k (20)
T v/
where according to Tholence, v,=10'3 sec™!, and

for LaAl,, Ty=0 when the above reduces to an Ar-
rhenius law. For our 6-at. % sample, and with the
use of the T at 16 Hz to determine (E, /k), we find
the values of T listed in Table II for our various
microwave frequencies. More than a 50% or almost
2.5-K increase in passing from the lowest to highest
frequencies is predicted. And while the T at 16 Hz
is 1.6 K the T at 1 GHz should be more than twice
as large. Except with the extreme identification of
T¢ with the first significant shift 8H ., neither the
line-shift nor the linewidth data are compatible with
such a strong frequency dependence of T.
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APPENDIX A: DEMAGNETIZATION EFFECTS
IN ESR EXPERIMENTS

Since in some of the recent papers this effect has
not been discussed, we reevaluate it again*® and give
numbers for our system. The local field H;,. acting
on an individual ion is given by the superposition of

TABLE II. This table shows the calculated values of
Tc of (La,_,Gd,)Al, for various concentrations x and
frequencies according to Eq. (20). Low-frequency corre-
sponds to an ac-susceptibility experiment, and the three
high-frequency ones correspond to the L-, X-, and Q-band
microwave frequencies.

v Tc (K)
(sec™!) x=3at% x=6at% x=8 at.%
16 0.8 1.6 2.1
1x10° 2.0 4.6 6.1
1% 10 3.1 5.5 8.1
3.5 10'° 34 6.7 9.9
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the applied field H,,, and the field produced by the
magnetic moments

Hio=H—47NM +57M+ S Hx,  (Al)
K

where M is the magnetization of the sample, N is
the demagnetization factor, and Hy is the field pro-
duced by a moment on the lattice site K. Because of
the cubic symmetry and the statistical spread impur-
ities the last sum in Eq. (A1) vanishes and one gets

Hio=H e —(N —5)47M . (A2)

In all ESR experiments one is looking for the
“real” field for resonance H,, rather than H,,, as
the relevant field. For spheres (N=+) one has
H,,.=H.,; this on the average also holds for
powder samples (within the restriction that the
grains are “far away” from each other). Therefore,
we corrected only the field for resonance of our
cylinder sample used for the low-temperature experi-
ments according to the formula for N of finite

cylinders,>
2

lni
r

NEl

1—
2

R
d ) (A3)

where 2d is the length, R is the radius of the
cylinder, and the applied field is perpendicular to
the cylinder axis. Indeed experimentally we found
different resonance fields for the cylinder which
coincided with the one for powder after correction.

The effect of demagnetization on the linewidth
and line shape is discussed in detail elsewhere.?’
Here we give only a rough estimation for the
linewidth effect assuming that our powder consists
of randomly orientated ellipsoids. The actual local
field in a particular ellipsoid depends on the
geometry and orientation of this grain. If the length
of the half-axes of an “average grain” are a and b,
one has a distribution of local fields and therefore an
additional contribution AH' to the linewidth corre-
sponding to different orientations which is of the or-
der

AH’=Hloc|la_H]oc||b=(Na —Nb)477‘M . (A4)

Here N, and N, are the demagnetization factors
corresponding to the @ and b axes.

For our powder we assume an a /b ratio of the or-
der of 2 corresponding to AN =0.25.%! From this
one gets an extra contribution to the linewidth:

AH'=7M . (AS)

In Fig. 12 we show as an example the magnetization
curve of the 6-at. % sample at low temperatures
where the demagnetization effects are important.
From this one determines, that for the 1.5-K and
3.4-kG applied field (X band), the correction for the
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FIG. 12. Following Eqs. (A2) and (A4) we show M (T)
for the 6-at. % sample. Additional line broadening due to
demagnetization effects equals AH' ~4mM AN ~7M. Ex-
perimental linewidth (solid line) in Fig. 9 is corrected for
this. For symbols see Fig. 4.

field for resonance (cylinder versus powder) is ~353
G (R=1.9 mm, d =8.5 mm) and the additional
linewidth AH’ is on the order of 100 G.

APPENDIX B: LINE BROADENING
DUE TO INHOMOGENEOUS FIELD
DISTRIBUTION

The purpose here is to demonstrate that the
broadening due to an internal field distribution when
motionally narrowed by cross relaxation can be
correctly accounted for by a term (§;;) in the
Bloch-Hasegawa equations. For the present purpose
ignore the existence of correlated spins and assume,
as an example, a field distribution with only two
values +h,. The equations are identical to those for
hyperfine splitting. The linearized Bloch-Hasegawa
equations are

iMT: i[a)i(1+)»)(e)+m0]..5‘.e__1_ sMF
dt 27','
3y OM s BaSM (Bla)
27; 2 2, ° ¢
and
d . . . 1 N
—M73 = |i[w;(14+AX,)—awo] —8;e — — |6M3
dt 27"'
1 8e +
+_8M1+——8ei6Me ’ (Blb)
27; 2g;

where wo=g;ugho, where the total local-moment
magnetization M;" =M} + M7, and where
M 1) =[M ) — X h g +AMG +aM;)] .
(Blc)
Adding and subtracting give

£ MiF =i (1+2X,)— 5, 18M;*
+ :—iﬁeiSMj Fiwod (B2a)

e
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and

%A;‘ = iy (14X, )=, — Ti A +iodM; .

(B2b)

Assuming the relaxation between M, and
M,(1/7;) >>w, (and 8;, ), we can eliminate 4;",

A{*zimo'r,-ﬁM,* . (B3)
Hence

%M,.+=[m,-<1+Axe>—8,~e—s,-,18M.~+

+§—iaei8M:, (B4)

e

where
8u=wiri=7{(Aw;)?)T . (B5)

The important point relative to the factor of
(X?/x;) is the appearance of 8M;", rather than sim-
ply M{ in Egs. (B2b) and hence (B4). This stems
from the fact that the linearized torque term, e.g.,

Ml X (ﬁext+h02\+}"ﬁe +aﬁi) ’

becomes i[w;(14+AX,)+w]8MT and is also pro-
portional to the deviation from equilibrium and not
simply M7. It is not difficult to generalize the
above to a continuous distribution simply by replac-
ing w3 in (BS) by the second moment as is implied
by the extreme right-hand side of this equation.
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