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The EPR linewidth in the paramagnetic phase (T > T,) of AgMn, and AgMn,Sb, contains a
term which increases near T, as a power law in (7' —T,)/T,. The magnitude of the power-law con-
tribution varies linearly with y. These results are interpreted in terms of exchange narrowing of an
anisotropic, Dyaloshinski-Moriya interaction. Both width and shift depend strongly on frequency
between 1 and 9.6 GHz. The shift behaves neither as a pure g-value shift nor as a frequency-
independent internal field. Results are compared with the microscopic theory of Levy, Morgan-
Pond, and Raghavan, and with a phenomenological approach.

I. INTRODUCTION

For the study of spin-glasses, EPR is becoming an in-
creasingly important tool. Much current interest focusses
on the complex behavior well below the susceptibility cusp
temperature T,, where the field for resonance varies with
magnetic history of the sample. The experiments of
Monod and Berthier! and of Schultz and co-workers? in
the archetypal spin-glass Cu-Mn have inspired much
theoretical work. When the sample is cooled in zero
external field, the resonant field is determined principally
by the anisotropy field. On the basis of magnetic hys-
teresis measurements,® Fert and Levy* have proposed a
microscopic model for the origin of this peculiar spin-
glass anisotropy, in which spin-orbit scattering plays a vi-
tal role. Indeed, the influence of spin-orbit scattering on
the resonance shift below T, was noted as long ago as
1969.5 Anisotropy effects in spin-glasses have been re-
viewed by Levy, Morgan-Pond, and Fert.5

Corresponding experimental efforts in the paramagnetic
regime T > T, have followed upon Salamon and Herman’s
suggestion that the divergent width in that temperature
range is due to exchange narrowing of an anisotropic in-
teraction, taken by them to be dipolar.7’8 In Cu-Mn the
linewidth was found to obey a power law in reduced tem-
perature. The model implies that the shift in the reso-
nance position is a g-value shift, that is, proportional to
frequency, but the frequency dependence in Cu-Mn was
not measured. The recent demonstration that in at least
one spin-glass system® the shift for 7'> T, is better
characterized as a frequency-independent internal field
emphasizes the importance of frequency-dependent mea-
surements,'® a point which has previously been made with
regard to the linewidth.!!

In this paper we report EPR measurements in the
paramagnetic phase of Ag-Mn at spectrometer frequencies
between 1 and 2 GHz and at 9.6 GHz for several Mn con-
centrations. For one Mn concentration a series of alloys
with a third element, the nonmagnetic spin-orbit scatterer
Sb, was examined. For all samples we observe a diver-
gence of the linewidth as a power law in reduced tempera-

29

ture. By varying the Sb concentration, we show that the
predominant contribution to the linewidth involves an an-
isotropic spin-orbit-scattering process (as opposed to dipo-
lar interaction) and that this same anisotropy is respon-
sible for the low-temperature shift. The line shift for
T > T, between 1 and 2 GHz is a g-value shift but fails at
X band to exhibit the proportionality to frequency. In
fact, over some range of temperature, the shift is smaller
at X band than at lower frequencies. The shift and width
are closely correlated, and therefore arise from the same
mechanism. Our preliminary measurements in Cu-Mn
and Cu-Mn-Pt have revealed no qualitative differences be-
tween the Cu-Mn and Ag-Mn systems.

After a description of experimental techniques in Sec.
II, we present our results for width in Sec. III and for
shift in Sec. IV. Section V is divided into three parts.
First we examine the microscopic theory of Levy et al.,'?
which comes close to predicting the shape of the linewidth
divergence. Next we compare the analysis in terms of ex-
change narrowing to phenomenology derived from
Saslow!® and Becker.!* The values of anisotropy field ex-
tracted in this way are similar to values obtained from
measurements below T,. Although neither theoretical ap-
proach is entirely satisfactory, they are suggestive of the
directions in which progress is likely to be made. Finally
we briefly consider possible causes of the failure of the
power-law behavior at the temperatures nearest 7.

II. EXPERIMENTAL METHOD

The Ag-Mn spin-glass system was chosen for this inves-
tigation because it is relatively easy to produce Ag-Mn
samples with minimal inhomogeneous distribution of Mn,
and therefore minimal spatial variation of the magnetiza-
tion cusp temperature Ty, as evidenced by the relatively
weak effect of metallurgical history on the sharpness of
the cusp.!* Furthermore, the temperature of the cusp ob-
tained from ac susceptibility shows very little dependence
on measuring frequency.!! Most experiments were per-
formed with Mn concentration 2.6 at. %, near which the
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high temperature (300—700 K) Weiss constant goes
through zero,'¢ indicating that the net spin-spin interac-
tion is neither ferromagnetic nor antiferromagnetic.

Samples were prepared by arc-melting the constituent
elements under an argon atmosphere. The alloys were an-
nealed for 8 to 13 h at 835°C, rolled into foils about 150
um thick, and reannealed following a procedure described
elsewhere.!” Nominal concentrations are quoted in atomic
percent. A superconducting quantum interference device
(SQUID) was used to measure the cusp temperature in
low field (9 Oe) and to obtain the dc magnetization in
H ~500 Oe.

EPR at 9.6 GHz (X band) was performed with a Varian
Associates E101 bridge and a TEq;, cylindrical cavity. In
the range 1—2 GHz, a low-frequency spectrometer'® was
used with either stripline'® or split ring!® resonators. The
samples were cooled in flowing helium vapor, and the
temperature of the copper sample holder was measured
with a Au-Fe/copper thermocouple which was calibrated
in situ against a calibrated silicon diode. To extract the
resonance field and linewidth, the experimental derivative
line shapes were fit by computer to a mixture of real and
imaginary parts X’ and X" of the dynamic susceptibility.
The best ratio of X’ and X" (or equivalently, the best 4 /B
ratio®®) was also determined by the fit. Because of the
broad lines, the fitting procedure for the low-frequency
spectra included the negative frequency contribution to
the dynamic susceptibility. Excellent fits to the assumed
Lorentzian shape were ordinarily obtained at all tempera-
tures down to 1.17,. The only exceptions were for the
AgMn,Sb, samples with the largest Sb concentrations,
which at the X band showed small departures from
Lorentzian for T < 1.4T,. Except for the largest Mn con-
centrations, the A /B ratios fell between 2.25 and 2.75.

In large magnetic fields, the sample’s demagnetizing
field significantly shifts the resonance.?’ A demagnetiza-
tion correction was obtained for the X-band resonance
fields by taking spectra with the applied field both perpen-
dicular and parallel to the plane of the foil and defining
H™=(H"+2H]")/3. At lower frequencies the differ-
ence between H'™ and H® was too small to be determined
reliably. Therefore the spectra were measured in the per-
pendicular orientation only and the X-band correction was
used after scaling down by the ratio of the frequencies.
This correction agreed within experimental error with that
obtained from SQUID magnetization measurements in
H =500 Oe. In principle, spatial variation of the demag-
netizing field contributes to the observed linewidth.*?
However, the demagnetization distribution has been calcu-
lated for the foil geometry and Mn concentrations used in
these experiments and contributes no more than 5 G to
the width.

III. LINEWIDTH RESULTS

The EPR linewidth in dilute magnetic alloys increases
linearly with temperature.??> The width may be written
W =a +bT, where a is called the residual width and b is
called the thermal broadening. Departures from the linear
temperature dependence are observed in more concentrat-
ed systems which undergo magnetic ordering.”> In spin-
glasses the linewidth in the paramagnetic phase (T'> T)
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FIG. 1. Temperature dependence of the linewidth for three
samples of AgMn, Sb,. Spectrometer frequency was 1.9 GHz.

increases as T, is approached from above, causing the
overall temperature dependence to exhibit a broad
minimum in the vicinity of 27,. Such behavior has previ-
ously been observed in crystalline’®!! and amorphous'®**
metallic spin-glasses. A similar linewidth increase is ob-
served in insulating spin-glasses.?>26

We have measured EPR linewidth in AgMn,Sb, with
various Mn and Sb concentrations. All samples exhibit
the typical behavior just described. Low-frequency (1 to 2
GHz) widths for three representative samples are shown
in Fig. 1 as a function of temperature. At high tempera-
ture, the widths approach asymptotes a + b7, where a and
b depend on concentrations x and y. As T decreases, the
width departs from the linear behavior and goes through a
minimum around 27, below which the low-frequency
width appears to diverge as T, is approached. The width
can conveniently be expressed in the form
W =a +bT + W*, which assumes an additive combina-
tion of the high-temperature Korringa behavior plus an
“excess” contribution associated with the spin-glass transi-
tion. W for AgMng ¢y is plotted in Fig. 2 against re-
duced temperature ¢t =(T —T,)/T, for two spectrometer
frequencies, 1.0 and 9.6 GHz. The high- and low-
frequency W have the same shape above 1.67,, but
below this temperature the high-frequency width becomes
progressively smaller than that for low frequency. In-
creasing either x or y increases W** for both frequencies at
all reduced temperatures, while the temperature below
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FIG. 2. Temperature dependence of the linewidth after sub-
traction of the high-temperature a +bT contribution. Measure-
ments at 1.0 and 9.6 GHz are compared.

which the high- and low-frequency widths differ becomes
closer to T, as x is increased.

Salamon and Herman have attributed the excess
linewidth in Cu-Mn to exchange-narrowed dipolar interac-
tion.”® For an unspecified anisotropic interaction with
variance ((8w,,;)?) exchange narrowing gives, for the
width (in units of magnetic field),

8 anis)?
Wex=i <( wams> > , (1)
427} W,

where w, =1/7, is the reciprocal of the exchange correla-
tion time, g is the g value, pg is the Bohr magneton, and #
is Planck’s constant. As the temperature is lowered, the
spin fluctuations slow down and the narrowing becomes
less effective. This same picture is applicable to antifer-
romagnetic insulators,?’ in many of which W** follows a
power law in reduced temperature, describable by taking
w,=wot?. We have searched for such behavior in the
Ag-Mn spin-glass system and have indeed found that
W™ t~" represents the low-frequency data well over
more than a decade in reduced temperature, as demon-
strated in the log-log plot of Fig. 3. The X-band width
follows the same power law over a more limited range of
t. The frequency-dependent departure from the power-law
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FIG. 3. Double-logarithmic plot of excess width vs reduced
temperature illustrating the power-law dependence. Slope of the
solid line is —1.45.

behavior at temperatures near T, is also reminiscent of
EPR in antiferromagnets.?

To systematize the presentation of the width data,
least-squares fits were made to the form

W =a+bT 4ct 7 (2)

where a, b, ¢, and y are adjustable. The values of these
parameters giving the best fit for the low-frequency data
are collected in Table I. Different exponents y give best
fit for different samples, although the observed variation
is limited to 1.5+0.3. Because of systematic errors during
any experimental run, the best fit is not necessarily fixed
by the least-squares criterion of minimum rms deviation.
To reduce systematic errors, values of a, b, and ¢ were
found by the least-squares criterion for various fixed y.
The best ¥ was then selected by two methods, which gave
consistent results within experimental error. In the first,
the deviations between fit and experiment were plotted
against T for various ¥, and y was selected to minimize

TABLE 1. Parameters of the linewidth fit, Eq. (2), for AgMn,Sb,. T, is the temperature of the dc
magnetization cusp, a is the residual width, b is the thermal broadening, c is the strength of the

linewidth divergence, and y is the power-law exponent.

x (at. %) y (%) T, (K) a (G) b (G/K) ¢ (G) Y
2.6 0 10.18 —8 2.48 21 1.4
2.6 0.06 9.98 -7 2.75 24 1.3
2.6 0.17 9.79 3 3.15 24 1.6
2.6 0.22 9.65 4 3.29 30 1.5
2.6 0.46 9.10 16 4.35 43 1.8
2.6 0.57 8.67 32 4.60 48 1.8
5.8 0 19.28 —43 2.53 34 1.2
7.8 0 24.56 —170 2.67 37 1.4
10.3 0 31.43 —105 2.68 40 1.4
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systematic deviations from zero. In the second method,
the least-squares fit was performed for only those data
points taken at temperatures greater than some tempera-
ture T which we shall designate as Tp;,. When the as-
sumed functional form (including the assumed y) is a
reasonable representation of the data, then all parameters
of the fit, and also the rms deviation o, are insensitive to
Tmin- On the other hand, if the form is unsatisfactory, the
parameters continually readjust themselves as T, is re-
duced.

It should be stressed that in this parametrization
t =(T —T,)/T,, where T, was determined from the low-
field dc magnetization. Hence the linewidth can be
analyzed consistently in the above manner with a T,
which is independent of measuring frequency.

The strength ¢ of the linewidth divergence is plotted in
Fig. 4 against Sb and Mn concentrations. For the 2.6
at.% Mn samples, ¢ increases linearly at the rate 46
G/at. % Sb from an intercept of 21 G for zero Sb. The
strong Sb dependence rules out dipole-dipole interactions
as the major source of line breadth near T,; any dipole-
dipole broadening will be unaffected by the presence of
Sb. We attribute W to exchange narrowing of a
Dzaloshinski-Moriya anisotropic interaction. Fert and
Levy* have described a mechanism by which spin-orbit
scatterers introduce into the Mn-Mn interaction a skew-
symmetric Dzaloshinski-Moriya term of significant mag-
nitude. Using Eq. (1) with® {(8w,pn;,)*) =A4x2+ Bxy, and
the assumption that wg« T,, which goes roughly as x, one
finds W™ «<Ax +By. The linear dependence on y is ob-
served. That the x dependence is weaker than linear at
Mn concentrations of several percent should not be too
surprising. The same effects which cause 7, to increase
as x*8 rather than linearly in x may also weaken!? the x
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FIG. 4. Concentration dependences of the strength of the
power-law term in the width (a) vs Sb concentration in
AgMng 56Sby, and (b} w3 Mn concentration in AgMn,. Solid
line has slope 46 G/at. % Sb. Dashed line is a guide for the eye.
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FIG. 5. Antimony concentration dependence of the power-
law exponent ¥ in AgMng 5Sb,,.

dependence of ((8wgyis)?). Furthermore, metallurgical
problems such as Mn clustering may have an effect at the
larger Mn concentrations.

The exponent y is independent of Mn concentration but
increases noticeably with Sb doping (Fig. 5). Assuming
that the trend is not due to some undetected systematic er-
ror, the variation of ¥ could be associated with a range
dependence of the exchange coupling, with consequent al-
teration of the spin-glass dynamics over the observed tem-
perature range. Possible evidence for a range dependence
of the exchange may also be found in the depression of T,
with Sb doping (Fig. 6), which occurs at rate —2.5
deg/at. % Sb for x =2.6 at. % Mn. No quantitative esti-
mates of this effect are known to us. Furthermore, we

1 1
0 0.2 0.4 0.6
y (at. % Sb)

FIG. 6. Variation of the cusp temperature T, with Sb con-
centration in AgMng 026Sb,,. T, is depressed 2.5 K/at. % Sb.
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find that T, is increased with Pt doping, indicating that
the introduction of spin-orbit impurities may have a more
complicated effect on T, than simply a reduction of the
range of the interactions.

For the 2.6 at. % Mn samples, the thermal broadening b
is linear in y with slope 3.9 G/degat. % Sb. This behavior
is a well-known consequence of the opening of the mag-
netic resonance bottleneck with addition of spin-orbit
scatterers.”> The slope of b vs y is determined by the Sb
spin-flip scattering rate 9(1/7s;)/dy. Following the
analysis of Davidov ef al?® and neglecting exchange
enhancement of the conduction-electron susceptibility
[UX(0)=0], we extract 9d(1/Tg )/dy=6.3Xx10’
sec”!/ppm Sb, corresponding to a spin-flip crossection
0s,=7.7X10~'8 cm? These values are only one-quarter
as large as those of Ref. 29; however, their values of b for
samples without Sb are also much different from expecta-
tions derived from Ref. 30, perhaps due to spin-glass or-
dering effects. The bottleneck theory also explains the
thermal-broadening rate’s independence of x for x > 1%,
where T5;! is dominated by a term proportional to x. By
comparing this x-independent rate with db /3y, we deduce
O'Mn=0.26(75b.

The residual width a depends linearly on both x and y,
increasing at rate 65 G/at % Sb and decreasing at —13
G/at. % Mn, passing through zero for approximately 2
at.% Mn. A significantly negative residual width has
been explained by Stewart,>!® who argued from the
Hasegawa equations that a is related to a “true” residual
width ag via @ =ay—b®, where ® is the Weiss tempera-
ture. Thus a positive ® can force the value of @ deduced
at high temperature to be negative. High-temperature sus-
ceptibility data from AgMn, shows that ® increases
through zero near x=2 at. % to 30 K for x=10 at. %,'¢
explaining the sign of a and also a significant fraction of
its magnitude. This argument has recently been made to
explain the negative residual widths in La;_,Gd,Al,.’

The b©® term arises physically because the term propor-
tional to T in Eq. (2) should more precisely be written as
b'’/M, where M is the temperature-dependent
magnetization.3!®® If M obeys a Curie-Weiss law, a posi-
tive ® causes an apparent negative residual width, as just
noted. If M departs from a Curie-Weiss law, the tempera-
ture dependence of W will be modified. For the magnet-
ic fields applied in the (1—2)-GHz experiments, departure
from a Curie-Weiss law occurs!” only for 7<1.2 in
AgMny gy¢ (and at even lower ¢ for larger x). The values
of ¢ and y in Table I were obtained from larger ¢ and are

unaffected.
Preliminary measurements have been made in

AgMng g6Pt, and in CuMng ¢1oPt,, with results qualita-
tively in agreement with those of the AgMn, ¢Sb, series.

To conclude this section, the region nearest T, will be
considered. The excess linewidth departs from the ¢~7
behavior below some reduced temperature t*, which de-
pends on frequency @ and on Mn concentration x. The Sb
concentration has no measurable effect on t*. As x is in-
creased from 2.6 to 10.3 at. %, t* for the X-band width
decreases from 0.6 to 0.3. At the lowest Mn concentra-
tion, for which the effect of frequency is most conspicu-
ous, t* for the (1—2)-GHz width is approximately 0.3.
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Thus the range over which the power-law dependence of
We* is obeyed increases as either the frequency (i.e.,
resonant field) is reduced or the Mn concentration is in-
creased. It should be noted that the departure from
power-law behavior near T, is not a consequence of our
using the simple form bT in Eq. (2), for use of the more
precise form b’ /M would increase that departure.

1V. LINE-SHIFT RESULTS

At high temperature, T >>T,, all samples exhibit a
resonant field corresponding to g~2, in agreement with
previous investigations.”® As T approaches 7, from
above, the resonance shifts towards lower field. The na-
ture of the shift for the 2.6 at. % Mn sample with no Sb
doping is illustrated in Fig. 7 for several spectrometer fre-
quencies. The shift is plotted as a g value obeying
ho=gBH™. Clearly the shift can be properly described
neither as a pure g-value shift nor as a simple, frequency-
independent internal field. Within the narrow range 1—2
GHz, the shift is adequately representable as a g-value
shift; at higher frequency and below t* it may be
described as a frequency-dependent internal field. The
magnitude of the low-frequency shift at any given reduced
temperature is rather insensitive to Mn concentration but
increases with Sb doping. These behaviors are shown in
Figs. 8 and 9.

Within the low-frequency limit @ <<, the shift corre-
sponding to Eq. (1) is

AHT™ = # w<(8wam's)2) , (3)
8lp @,

implying a g-value shift, as observed for w/2m <2 GHz,

and a power-law dependence AH™ «¢t~2", This power-

law prediction is difficult to test directly, partly because

the lines become broad, making determination of H™ im-
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FIG. 7. Temperature dependence of the line position in
AgMny oy for four spectrometer frequencies. Line position is
presented as an effective g value.
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FIG. 8. Line shift vs reduced temperature in AgMng 2¢Sb,
for three values of y at spectrometer frequency 1.9 GHz. Solid
lines are the respective predictions of Eq. (3) with parameters
chosen as described in the text.

precise, and partly because the shift data is useful for fit-
ting only over the very narrow temperature range
t* <t<0.5. At temperatures ¢ > 0.5, the shift is not mea-
sureably different from zero, and at t<t*, the low-
frequency limit no longer applies. For our best data set,
AgMnyg 026Sbg 0022 at 1.88 GHz, we obtain an exponent 3.0,
exactly twice the exponent which fits the corresponding
W% for other data sets, the exponents for the shifts
scatter widely.
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FIG. 9. Line shift vs reduced temperature in AgMn, for
three values of x at spectrometer frequency 1.0 GHz.

The ¢ 2" form for the shift can be tested indirectly in
the following way. The values {(8w,ys)?)!"2/2mr=1.6
GHz, wo/2m=29.2 GHz, and y=1.5 reproduce both
width and shift in AgMng 06Sbg 022 at low frequency.
The shifts for other Sb concentrations can then be predict-
ed from Eq. (3) by taking {(8w,p;)?) «c (consistent with
the width data) and «, independent of y. In Fig. 8 the re-
sulting predictions are compared to the measured shifts
for three Sb concentrations using values of ¢ and y from
Table I. The ¢~ behavior and the absolute magnitudes
are successfully predicted.

V. DISCUSSION

A. Microscopic theory

The first attempt to calculate microscopically the EPR
linewidth and shift in the paramagnetic phase of spin-
glasses was made by Salamon.® In essence he attributed
the excess linewidth to exchange-narrowed dipolar interac-
tion. The calculation was based on the Mori-Kawasaki
formalism, which has long been applied near ordinary
critical points.?’ In this case the spins were expanded in
the basis A of the isotropic Ruderman-Kittel-Kasuya-
Yosida (RKKY) exchange interaction’? instead of Fourier
components. The resulting four-spin correlation functions
were factored in the random-phase approximation, retain-
ing only the terms dlagonal in A. The resulting diver-
gences, as (T/Tg —1)"3 for the width and as
(T/Ty—1 )~ for the shift, were stronger than observed in
Cu-Mn by Salamon”® and in Ag-Mn and Cu-Mn in the
present work.

Levy, Morgan-Pond, and Raghavan'? have recently
presented a microscopic theory which differs from
Salamon’s in two important respects. Firstly, the dom-
inant anisotropy contributing to the exchange-narrowed
width is the Dzaloshinski-Moriya interaction, rather than
dipolar anisotropy. Secondly, while decoupling the four-
spin correlation functions, attention is focussed on the
off-diagonal (As£A’) contributions, compared to which the
diagonal terms are of order N ~!. Thus Salamon’s mtegral
over a single Kinzel-Fischer correlatlon function is re-
placed by a double integral over a product of two correla-
tion functions. The linewidth and line shift are given by
the real and imaginary parts of

2N(D?).S(S +1)
9#%A

where N is the density of spins S, (D?). is an average
over a distribution of Dzaloshinski-Moriya couplings, and
A is the relaxation parameter in a Langevin equation of
motion of the spin. In the zero-frequency limit,

A

(5)

where K and E are elliptic functions and a =(T?
+Tg2 )/(2TT,). At finite frequencies, I(w,T) can be cal-

N, T)=

I(w,T)=A4¢l (0,T), (4)

I(0,1)=

T

T T 1
T, T, K a
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AgMnyg g5 at two frequencies (symbols) with predictions of the
microscopic theory, Egs. (4) and (5), using 49=280 G. Dashed
line: w=0. Dotted line: w/2m=50 GHz. Solid line shows the

power-law fit with y =1.4.

culated numerically. Levy et al. estimate 4,=660 G for
AgMng o56. The linewidth prediction of Eq. (4) is qualita-
tively in agreement with our data (see Fig. 1 in Ref. 12)
with 45=312 G, but the predicted shift is much smaller
than observed.

As a more stringent test of the theory, we have plotted
the temperature-dependent part of the width from Eq. (4)
as a dashed line on the log-log plot of Fig. 10. The slope
for t > 1 agrees well with the measurements, but the de-
tailed shape of the zero-frequency prediction falls below
the data on approaching T,. This discrepancy, which be-
gins at higher temperature than that at which the power-
law behavior (solid line) breaks down, is worsened when
the frequency dependence of I (w,T) is taken into account.
Adjustment of the residual width a and Korringa rate b
does not appreciably improve the agreement. Further-
more, the predicted frequency dependence is weaker than
that observed. For example, the dotted line shown with
the X-band data in Fig. 10 was calculated for /27 =50
GHz using A=kT, as in Ref. 12. It should be noted that
the theory also predicts a temperature-independent width
of magnitude 4,/2, which would appear as a large posi-
tive contribution to the residual width. The data in Table
I show no evidence for such a term.

Linear concentration dependences of 4y on x and y are
predicted by the theory within the same approximation
considered in Sec. III. As noted, the predicted y depen-
dence is observed, but the actual x dependence is weaker
than linear. The relative strengths of the x and y depen-
dences are difficult to estimate because N(D?), is uncer-
tain. In particular, N(D?), depends on Mn spin S as
(3 —5)? and should be adjusted rapidly downward if S is
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closer to % than supposed in Ref. 12. An alternate evalua-
tion3 using the zero-temperature anisotropy energy gives
a value of N(D?), which is smaller by a factor of 20. If
we should simultaneously reduce N(D?), and A by a fac-
tor of 5 from the values used for the comparison of Fig.
10, Ap would remain unchanged while agreement with the
frequency dependence of the width and the magnitude of
the shift would be improved. Although we have no
theoretical justification for this at present, adjustments to
mean-field theory may result in such a reduction.

To summarize, the theory of Levy, Morgan-Pond, and
Raghavan successfully predicts the power-law tempera-
ture dependence of W for T >2T,, and, with readjust-
ment of N(D?), and A, may fit the shift also. Thus the
agreement is potentially quantitative. The outstanding
theoretical question is why does the predicted W* for
=0 falls so much below the low-frequency data for
T <2Ty, or from a different perspective, why do we see a
better power-law behavior than that anticipated by the
theory?

B. Phenomenological theories

A number of phenomenological theories applicable to
EPR in the low-temperature spin-glass phase have been
developed in response to experimental work."? Schultz
and co-workers® presented a model free energy containing
both remanence and anisotropy which explained the slope
of their linear field-frequency relationship and which
predicted the existence of a second mode, which was ob-
served.? Their free energy was put on a firmer theoretical
basis by Henley, Sompolinsky, and Halperin** who calcu-
lated the field-frequency relationship for general orienta-
tion of H relative to the equilibrium remanent magnetiza-
tion. No damping was included in either calculation.
Saslow!® extended the work of Halperin and Saslow’ to
include damping and anisotropy in the macroscopic equa-
tions of motion. More recently, Becker!# has derived the
spin dynamics, including relaxation, using a projection
operator approach.

One may attempt to extend Saslow’s theory to T > T,
by assuming that the remanent magnetization becomes
zero in the paramagnetic phase while the anisotropy triad
(~N,P, Q) continues to persist. Any additional applied field
(such as the microwave H;) changes both the magnetiza-
tion and the local, metastable spin triad (#,p,7 ), but the
spin triad relaxes back towards (N, P,Q) at rate u (equal to
U~"). For narrow lines, the line shift is given by>¢

#

8lg

8hp
#

o—H™= (KZ/—X)(; R (6a)
W' +u

AH™=

and the increase of the width over the high temperature
a +bT behavior is, in field units,

8Hp
#

(K/X)u (6b)

Wer—= ,
w2+u2

with K the anisotropy constant and X the magnetic sus-
ceptibility. The theory of Becker!* gives the same forms
for these equations with the identification u=M,/
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(KkgT).

As pointed out by Becker'® these phenomenological
equations concur qualitatively with experiment in several
important respects. The shift is proportional to frequency
in the low-frequency limit, but for high frequency, o > u,
the shift becomes smaller. W is independent of frequen-
cy for low frequency but is reduced when w>u. That
these frequency dependences are observed in our data for
t<0.5 mdlcates that the order of magnitude of u is
27 10" sec™!. In the low-frequency limit, o <<u, AH™
and W™ are proportional to (K/X)u~% and (K/X)u~
respectively, which are identical in form to the expressions
of the exchange-narrowing model® if one arbitrarily identi-
fies u with w,=7,"!. In fact, Egs. (6) then have the more
general forms expected for line narrowing when the condi-
tion w <<, cannot be assumed.’’

Equations (6) may be treated as phenomenological
forms in which the empirical behavior of the parameters
must be deduced. In this spirit, we compare the low-
frequency limits of Egs. (6) to Egs. (1) and (3), which have
already been fit to the low-frequency widths and shifts.
That comparison forces the identifications (K/X)
=(ﬁ/gu5)2<(8wams)2) and ¥ =w,. Thus we immediately
learn from the results of Sec. IV that u =uyt? with u, in-
dependent of y, that K /X is independent of temperature’®
and that K /X «c. It is interesting to note that the magni-
tudes of K obtained from these identifications are in fact
similar to those determined from EPR below 7. Recent
measurements within the low-temperature phase give,
for x=63 and 49 at.%, K (T,)=0.22K(0)=65
Oe’emu/g and 45 Oe’emu/g, respectxvely Assuming a
quadratlc dependence of D on x, one expects K(T,)=12
Oe? emu/g for x =2.6 at. %. With K /X «c, we obtam for
AgMng 6, K/X=2.3%x10° O¢€%, and using our experi-
mental static susceptibility at the cusp, K(T,)=28
Oe?emu/g, in disagreement by less than a factor of 3

According to Egs. (6) the power-law dependence of W
is obtained only for temperatures high enough that u >> .
Thus t* is the frequency-dependent temperature below
which the low-frequency limit begins to fail. As o in-
creases, t* also increases, reducing the range over which
W*®* obeys the power law. The experimental fact that ¢*
decreases with increasing Mn concentration can be ex-
plained if the additional Mn enhances uy. Furthermore,
the low-frequency shift is essentially independent of Mn
concentration, as shown in Fig. 9. Since K /X «c and ¢ in-
creases with x (Fig. 4), Eq. (6a) requires that u, increase
with x. This result seems natural if one keeps in mind the
identification between u and the reciprocal of the ex-
change correlation time.

Outside the low-frequency limit, the frequency depen-
dences contained in Eqs. (6) are too strong. Figure 11
shows W at two frequencies along with the predictions.
In the high-frequency limit, AH™ < o™}, predicting an
X-band shift which is much smaller than observed. If
Egs. (6) still apply at the X band, then both K /X and u,
must themselves depend on frequency. Unfortunately
there is too much scatter in the present shift data to allow
a confident point by point extraction of K /X and u at dif-
ferent temperatures. However, it should be noted that the
low-frequency data show no hint of frequency depen-
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FIG. 11. Comparison of experimental linewidths in

AgMny 026Sbo.0022 at two frequencies (symbols) with predictions
of Eq. (6b). Solid line: w/2mr=1.9 GHz. Dashed line:
©/2m=9.6 GHz. In these curves, K/X=3.1x10° Oe® and
uo/2m=29.2 GHz.

dences in the parameters. The existence of a g-value shift
and the frequency independence of W require that
(K/X)ug*and (K/X)ug ' be independent of w, in turn re-
quiring that K /X and u, be individually independent of
o, at least at small w.

We conclude that the phenomenological theories are
adequate to represent the low-frequency data to exactly
the same extent as Egs. (1) and (3) with the implications
that u =uyt” and that K/X is independent of tempera-
ture. These theories also describe one manner in which
the low-frequency limit begins to break down. However,
comparing the 9.6-GHz data to the (1—2)-GHz data, the
predictions give too strong frequency dependences for the
width and shift, implying that K /X and u, themselves de-
pend on frequency (or applied field. We have not yet
discovered the functional forms for such dependences.
Further experiments at frequencies between 2 and 9.5
GHz are in progress. In the next section we turn to a
more general discussion of the breakdown of the low-
frequency limit.

C. Behavior near T,

Throughout this paper we have ascribed the EPR
linewidth in the paramagnetic phase to exchange narrow-
ing of an anisotropic interaction, as expressed in Eq. (1).
The form w, «<t? predicts a power-law behavior for W**
which is observed only for ¢ >t*. The eventual failure of
the power law for each frequency at lower temperatures
admits two broad categories of explanation, which may be
termed intrinsic and extrinsic?’: Either the slowing down
of w, does not continue as a power law because of some
intrinsic behavior of spin-glasses in applied fields, or the
nature of the EPR probe precludes continuing observation
of that power law.
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The suggestion that spin-glass dynamics may be
changed by an applied magnetic field has been made by us
in an earlier Ag-Mn EPR investigation.!! As evidenced
by susceptibility and magnetization measurements,**!?
static spin-glass properties near and below T, depend
strongly on field. The strength of such dependences is
characterized by the ratio gugH /kT,, indicating that the
temperature regime over which field effects can be felt de-
creases with T,. Thus we expect ¢* to increase with ap-
plied field, decrease with Mn concentration, and remain
relatively insensitive to Sb concentration. These expecta-
tions agree with observation but are not in themselves suf-
ficient evidence for the intrinsic nature of the effect.

The alternate viewpoint, advanced by Salamon,® attri-
butes the failure of the power law at low ¢ to breakdown
of extreme motional narrowing.*! The simple formulas (1)
and (3) apply only so long as @, >>{(8w,)*). For
AgMng g6, ((8gipotar)?)'/?/2m~0.4 GHz from the
method of moments, while from Sec. IV,
((8wypis)*)?/27r~1.3 GHz. Because the predominant
anisotropy comes from the spin-orbit mechanism, the
failure of this usual narrowing condition requires that ¢*
depend on y as well as x, and not on , and therefore can
be ruled out immediately.

The simple narrowing formula can, however, fail in
another sense. In the short-correlation-time limit defined
by the Kawasaki condition @, >>®, both secular and non-
secular terms contribute to the average ((8w,n)*), while
in the long-correlation-time limit, which contains the
rigid-lattice case, only the secular terms are involved.?”%’
Thus as the temperature is reduced while remaining en-
tirely within the extreme motional-narrowing regime, ex-
change might no longer sufficiently dominate the Larmor
frequency and the line might become narrower than other-
wise expected as the nonsecular terms drop out. In this
case t* should increase with w, decrease with x, and be in-
sensitive to y, as observed. Furthermore for AgMny o,
wotY=27(9.5 GHz) for t=~0.5, which is very nearly the
measured t*. As for the shift, when the Kawasaki condi-
tion has broken down, at least part of the system is tran-
siently “condensed” into a spin-glass state for times longer
than a Larmor period. This leads to the establishment of
an internal anisotropy field whose value depends on the
magnitude of the “cooling” field, or, in our case, the field
(and hence, frequency) for resonance.

At present there is insufficient evidence to distinguish
between the intrinsic and Kawasaki mechanisms for the
rounding near T, especially if both are operative simul-
taneously. From the standpoint of the phenomenological
theories, what seems to be required is a careful extraction
of K/X and u as functions of frequency. The necessary
experiments are underway. Once u is characterized in
greater detail, the question of the effect of magnetic field
on spin-glass dynamics may be readdressed.
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VI. CONCLUSION

The principal experimental conclusions of this investi-
gation are the following.

(1) The linewidth diverges as T—T, from above as a
power law in reduced temperature t =(7T —T,)/T,. This
divergence is interpreted in terms of exchange-narrowed
anisotropic interaction. The divergence ceases below a
frequency and Mn concentration-dependent temperature
t* due either to the effect of the applied field on spin-glass
dynamics or to failure of the Kawasaki condition.

(2) The strength of the linewidth divergence increases
linearly with Sb concentration, supporting the view that
spin-orbit scattering rather than dipolar interaction is re-
sponsible for the anisotropy. The line shift correlates with
the width as Sb concentration is changed, demonstrating
that width and shift arise from the same mechanism.

(3) The line shift is proportional to frequency at low
frequency, but this proportionality does not continue to
the X band. The shift can be properly described neither as
a simple g-value shift nor as a frequency-independent
internal field.

(4) Preliminary measurements in Cu-Mn and Cu-Mn-Pt
have revealed no qualitative differences between the Cu-
Mn and Ag-Mn systems.

Comparison with theory is, at present, inadequate. The
phenomenological theories'®!* fit the width and shift in
the low-frequency limit, where they have the same form
as the standard exchange-narrowing model. The fits im-
ply that K/X is independent of temperature and that
u =uot?. The deduced values of K agree with EPR and
other measurements within the low-temperature phase.
But the predicted frequency dependences are too strong.
If the forms of the phenomenological equations are to be
preserved, then K /X and u, must depend on frequency or
applied field.

The microscopic theory'? fits the magnitude of the
low-frequency width and, for T >2T,, its temperature
dependence. From the standpoint of this theory, it is par-
ticularly mystifying why we observe power-law behavior
over such a large range of temperature. The predicted
shift is entirely too small, unless perhaps if N(D?), and
A are changed in tandem. In any case, the temperature-
independent contribution to the width remains a problem.

ACKNOWLEDGMENTS

The SQUID measurements were made by R. V.
Chamberlin, and W. Wu assisted with data acquisition.
We gratefully acknowledge beneficial discussions with H.
Bouchiat, D. Huber, H. Hurdequint, C. M. Jackson, P. M.
Levy, P. Monod, M. B. Salamon, and W. M. Saslow. This
work was supported in part by the National Science Foun-
dation under Grant No. DMR-81-21394.

*Present address: Physics Building, University of Sussex,
Brighton BN1 9QH, U.K.

IP. Monod and Y. Berthier, J. Magn. Magn. Mater. 15-18, 149
(1980).

28. Schultz, E. M. Gullikson, D. R. Fredkin, and M. Tovar, J.
Appl. Phys. 52, 1776 (1981); Phys. Rev. Lett. 45, 1508

(1980).
3J. J. Prejean, M. Joliclerc, and P. Monod, J. Phys. (Paris) 41,



29 EXCHANGE-NARROWED ANISOTROPY CONTRIBUTION TO THE . .. 287

427 (1980).

4A. Fert and P. M. Levy, Phys. Rev. Lett. 44, 1438 (1980); P.
M. Levy and A. Fert, Phys. Rev. B 23, 4667 (1981).

5K. Okuda and M. Date, J. Phys. Soc. Jpn. 27, 839 (1969).

6P. M. Levy, C. Morgan-Pond, and A. Fert, J. Appl. Phys. 53,
2168 (1982).

7M. B. Salamon and R. M. Herman, Phys. Rev. Lett. 41, 1506
(1978).

8M. B. Salamon, Solid State Commun. 31, 781 (1979); J. Magn.
Magn. Mater. 15-18, 147 (1980).

9M. Zomack, K. Baberschke, and S. E. Barnes, Phys. Rev. B 27,
4135 (1983).

10A, P. Malozemoff and S. C. Hart, Phys. Rev. B 21, 29 (1980).

HE, D. Dahlberg, M. Hardiman, R. Orbach, and J. Souletie,
Phys. Rev. Lett. 42, 401 (1979).

12p, M. Levy, C. Morgan-Pond, and R. Raghavan, Phys. Rev.
Lett. 50, 1160 (1983).

13w, M. Saslow, Phys. Rev. Lett. 48, 505 (1982).

14K, W. Becker, Phys. Rev. B 26, 2394 (1982); 26, 2409 (1982).

I5R. V. Chamberlin, M. Hardiman, and R. Orbach, J. Appl.
Phys. 52, 1771 (1981).

16B. Henderson and G. V. Raynor, J. Phys. Rad. 23, 685 (1962).

17R. V. Chamberlin, M. Hardiman, L. A. Turkevich, and R. Or-
bach, Phys. Rev. B 26, 6720 (1982).

18E, D. Dahlberg and S. A. Dodds, Rev. Sci. Instrum. 52, 472
(1981).

19W. N. Hardy and L. A. Whitehead, Rev. Sci. Instrum. 52,
213 (1981).

20M. Peter, D. Shaltiel, J. H. Wernick, H. J. Williams, J. B.
Mock, and R. C. Sherwood, Phys. Rev. 126, 1395 (1962).

213, Owen, M. E. Browne, V. Arp, and A. F. Kip, J. Phys.
Chem. Solids 2, 85 (1957).

22George Mozurkewich, H. 1. Ringermacher, and D. 1. Bolef,
Phys. Rev. B 20, 33 (1979).

23See, for example, the review article by S. E. Barnes, Adv.
Phys. 30, 801 (1981).

247, P. Malozemoff, L. Krusin-Elbaum, and R. C. Taylor, J.
Appl. Phys. 52, 1773 (1981).

25A. Deville, C. Arzoumanian, B. Gaillard, C. Blanchard, J. P.
Jamet, and H. Maletta, Physica 107B, 641 (1981).

268, Viticoli, D. Fiorani, M. Nogués, and J. L. Dormann, Phys.
Rev. B 26, 6085 (1982).

27D. L. Huber, Phys. Rev. B 6, 3180 (1972).

28Mohindar S. Seehra, J. Appl. Phys. 42, 1290 (1971).

29D. Davidov, C. Rettori, R. Orbach, A. Dixon, and E. P.
Chock, Phys. Rev. B 11, 3546 (1975).

30p, R. Elliston, Phys. Status Solidi A 3, 111 (1970), and refer-
ences therein.

31(a) A. M. Stewart, Austr. J. Phys. 33, 1049 (1980). (b) We are
indebted to several persons, especially P. Monod and K. Ba-
berschke, for emphasizing this point.

32W. Kinzel and K. Fischer, Solid State Commun. 23, 687
(1977).

33p, M. Levy (private communication).

34Christopher L. Henley, H. Sompolinsky, and B. I. Halperin,
Phys. Rev. B 25, 5849 (1982).

35B. 1. Halperin and W. M. Saslow, Phys. Rev. B 16, 2154
(1977).

36We use the formalism of Ref. 13 with the dissipative coeffi-
cients E’ and F equal to zero. The resulting pair of differen-
tial equations is linearized, and solved under the simplifying
assumption of a narrow line.

37A. Abragam, Principles of Nuclear Magnetism (Oxford,
University Press, London, 1961), pp. 441—447.

38Combined with an approximate Curie Law for the susceptibili-
ty,"” this implies K « T~! for T > Ty, in conflict with the in-
terpretation of Ref. 2.

393, M. Machado da Silva and H. Abe, J. Magn. Magn. Mater.
31-34, 1351 (1983).

40V, Canella and J. A. Mydosh, Phys. Rev. B 6, 4220 (1972).

411t should be noted that our Lorentzian line shapes at low T, at
least for the x=2.6 at. % series, do not in themselves prove
that the extreme motional-narrowing regime applies, for in
the dilute limit the rigid-lattice line shape should itself be
Lorentzian.




