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Nonlinear Dynamic Susceptibilities at the Spin-Glass Transition of Ag:Mn
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We have measured the ac nonlinear susceptibilities X3, Xs, and X7 of very dilute Ag:Mn spin-glasses
above and below the transition temperature T, as functions of frequency, temperature, and magnetic
field. In the static limit, these quantities display well defined critical singularities at 7. The nonlinear
susceptibilities can be fitted above T, by powers of frequency with weakly temperature-dependent ex-
ponents. While the effective exponents satisfy the relations imposed by static and dynamic scaling, the
observed temperature and frequency roundings suggest the presence of additional length scales.

PACS numbers: 75.30.Cr, 64.60.—i, 75.30.Hx, 75.30.Kz

Metallic spin-glasses consist of magnetic impurities di-
luted in a noble metal (e.g., Mn, S =3 in Ag). As a re-
sult of their positional disorder, their exchange interac-
tion J which is mediated by the conduction electrons is
random. Impurities separated by distances R < 35 A in-
teract more strongly through the preasymptotic correc-
tions! to the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction ~cos(2kgR)/R3. In addition to the ex-
change forces, the spin-orbit scattering of the conduction
electrons by impurities gives rise to a random anisotropy
D (Dzyaloshinsky-Moriya), measured to be ~9x10 ™2
times smaller than the exchange.? The dependence of
the susceptibility of these alloys with temperature exhib-
its a sharp cusp [Fig. 1(b)], which may be associated ei-
ther with a gradual freezing of the spins or a genuine
phase transition. The existence of a true singularity in
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the free energy at the spin-glass transition temperature
T, should be manifest in the power-law divergence of all
nonlinear magnetic susceptibilities,3 and their observa-
tions should be considered as convincing experimental
evidence of a phase transition.*> Dynamical studies
have been limited so far to the linear susceptibility.® We
report for the first time a complete spectroscopic study
of the nonlinear susceptibilities at ultra-low frequencies
(from 10 73 to 10 Hz) above and below the transition.

In the vicinity of T,, the nonlinearities are easily
detected in the magnetization response M (Q,t) =Y {6;
xcos(k Qt)+6;sin(k Q¢)} to a harmonic magnetic
field A cos(Q¢) [Fig. 2(a)l. The nonlinear susceptibili-
ties X2, +1 parametrize the expansion of M in odd powers
(by virtue of time-reversal invariance) of 4.7 In general,
each amplitude 6 contains contributions from all sucep-
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FIG. 1. (a) Frequency dependence of — 63~ — X3k 3/4 above T, for several reduced temperatures 7. The slope above 10 ~2 Hz is
—y/(zv). The dashed line qualitatively shows the shift of Q, as a function of 7 expected from dynamic scaling. (b) Frequency
dependence of Xi above and below T,. Below Ty, the decrease of X| is nearly logarithmic at frequencies above 10 2 Hz.
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tibilities X,, p = k. As the spin-glass transition is ap- 80 T T ‘ T T T —
proached, Xs diverges faster than X3, and 63 is no longer + (a) .
proportional to X3. In the absence of a static field, the
nonlinear susceptibilities X3,+; should be computed in
the static limit (Q — 0) by truncating the infinite linear
system 40~

01 =Xih+ $ X3h3+ § Xsh°+. ..,

60—

X 100

hgc= 3 GAUSS |

with a SQUID (superconducting quantum interference
device) susceptometer arranged in an astatic configura-
tion. A small current can be injected in the center of the 400
modulation coil to subtract a constant value from the

m 20~ Hyc = O GAUSS |
03= X3k + Xk +. .., 05=(X5/16)R°+. .. L |
B
at the highest measurable amplitude 63, +,. s O v n
The time-dependent response M (Q,t) is measured 3 600
5
=

. oy s . . . X 200
linear susceptibility. In this way, it is possible to
O . . 200} Nac=3 GAUSS
suppress the contribution coming from the linear suscep- ac
tibility by more than two orders of magnitude. The sus- r Hgc =10 GAUSS

ceptometer is enclosed in a superconducting tin shield to
expel the earth’s magnetic field or to trap a static mag-
netic flux. The samples [Ag:Mn(0.5 at.%) (T, =2.945 i
K) and Ag:Mn(0.2 at.%) (T, =1.225 K)] are mounted 200k
on a sapphire rod thermally anchored to a *He cryostat,

whose temperature is regulated to a part in 10% The
SQUID output is synchronously digitized during an in-
teger number of cycles (~20). Upon fast Fourier trans-
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FIG. 2. (a) Fourier-transform spectrum of the magnetiza-
tion response to a 0.1 Hz field at 7. The intensity of the fun-

. ) . damental measures the linear susceptibility minus a fixed sig-
form, the coefficients 62,+, appear as the amplitudes of nal. The resultant amplitude is about —5% 10 =3 of the linear

the peaks in the real part of the spectrum. The presence susceptibility. The magnified signal in the upper trace shows
of the 3rd, 5th, ..., 11th harmonics in Fig. 2(a) reflects the 5th, 7th, 9th, and 11th harmonics. (b) With a static field
the importance of multispin (at least twelve in this in- of 10 G, even harmonics are also observed.
stance) correlations in the vicinity of the transition and
signals the divergence of the correlation length 77"
where t= 1 (T —T,)/Ty is the reduced temperature.
At all temperatures above T, no significant frequency dependence of the nonlinear susceptibilities is observed below
10 =2 Hz [Fig. 1(a)]. In this regime we analyze their divergence in terms of static critical exponents. The maximum of
X3 which coincides with the maximum of X; [Fig. 1(b)] at the lowest frequency (10 ~3 Hz) defines T,. The nonlinear
susceptibility X3 reduces in the static limit to the usual spin-glass susceptibility® Xsg and diverges as 7 ~7. We assume
that any temperature (7) or field (h — H/T,) deviation from the critical point have the same effects on a singular part
of the susceptibility when measured on comparable scales, i.e.,

]

M/H =X, = tPf (h*/7*) = X3h 2P ™0+ Xsh 4 tP~ 2+ X1h 0P 730+ | (2
with the exponent ¢ =g+ y and where B measures the |
growth of the order parameter g =[(S;)?],y<7? below y=2.1+0.1. This value agrees well with recent mea-
T,. From Eq. (2), we conclude that X5 and X; should surements performed in low magnetic field,> but
diverge as r~B+20) and ¢~ @37 respectively. Alter- disagrees with earlier estimates obtained from the high-

natively, |X5/X3| and |X3/X5| are proportional to field behavior of the susceptibility.® In agreement with
| 251 Y*#/7 in the critical region. This test of scaling is  the scaling assumption [Eq. (2)], we also find that the

independent of the value of T, which otherwise enters in ratios | X3/X5| and |X$/X3| scale as a function of |X3|
the determination of y. The susceptibilities shown in with the same exponent 1+8/y=1.45%0.1 (Fig. 3).
Fig. 3 were obtained from the amplitudes 6; measured in From this we infer that $=0.9 £0.2. The same value of
the Fourier spectrum [Fig. 2(a)] with use of the pro- the static critical exponents were found with the 0.2 at. %

cedure outlined in Eq. (1). X3 grows by more than two sample. At Ty, M/H —X; should scale as H*?. The ex-
orders of magnitude in the reduced-temperature range ponent § may be obtained from the scaling relation
[10 72,10 '] but rounds off within 1% of T,. From the = §=1+y/8=3.3+0.2. Similarly, the hyperscaling rela-
slope log10(X3)/log1o(z) in the linear region, we obtain  tion dv=2B+y gives the critical exponent v=1.31+0.2
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FIG. 3. Temperature dependence of —2X3 (vertical axis)
above Ty measured at 10 ~2 Hz in static fields of 0 (open cir-
cles) and 90 G (solid circles) as a function of reduced tempera-
ture 7 (lower axis). The slope is — y. Plot of the susceptibility
ratios —Xsh?/X3, —X7h?/X5 (top axis) as a function of —X}
(vertical axis) in zero field. The slope is 1+ /7.

for the correlation length & (d =3, the space dimension).
If we associate the rounding observed in the nonlinear
susceptibilities for 7 <1,~1072 with a cutoff of the
correlation length at very long length scales, we estimate
the average cutoff length &, from £=xlo7 ", where /g is
the characteristic distance between impurities and x is a
nonuniversal constant found to be of order unity in
Monte Carlo simulations of Ising spin-glasses.® For the
0.5 at.% sample, /o=5.8 A.'° From the divergence of
the nonlinear susceptibilities, we conclude that the corre-
lation length & is the only relevant length scale in the
static behavior, until £ =¢, is of the order of 0.2 um. At
this point, the correlation volume contains about 108
spins!

In static magnetic fields up to 100 G, the maximum of
X3 remains at the same temperature T, as in zero field
whereas the maximum of X shifts toward lower temper-
ature. Since the static field H can now interfer with the
ac field h, the magnetization response contains even and
odd harmonics as shown in Fig. 2(b). With the addition
of a static field, an analysis similar to that outlined in
Eq. (1) shows that the divergences of X3 and X5 remain
well described by the critical exponents measured in zero
field (Fig. 3).

Below T, the nonlinear susceptibilities X3,X5,X7 de-
crease rapidly with decreasing temperature at all fre-
quencies. At a frequency of 3% 10 ~2 Hz, X} decreases to
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FIG. 4. (a) Temperature dependence of X3 measured at
3x1073 Hz below T,. (b) Frequency dependence of X3 just
below Ty for several reduced temperatures.

a few percent of its critical value at 0.3%T,, while Xs
and X7 could not be detected. In zero dc field, no static
limit could be identified down to 10 ™3 Hz. Above 80 G
the frequency dependence softens significantly [Fig.
4(b)] and an analysis in terms of static critical exponents
may be possible. From the data shown in Fig. 4(a), we
estimate that the effective exponent y’ is close to 2,
which is consistent with scaling (y'=7).

In a very small ac field and zero dc field, 63«<X;
(30,20,Q) measures directly the frequency dependence
of X3. At frequencies higher than 10 ~2 Hz, this quantity
diverges as a power law of frequency [Fig. 1(a)l. With
the assumption that in this range the relaxation time of
order parameter, t*«<7 %", is the only relevant time
scale (dynamical scaling),!! the nonlinear susceptibilities
X3 and Xs should scale with frequency as

X3= Q ""gy(Qr*),

3)
Xs=Q —(2y+ﬂ)/zvg5(nt# ).

As T — T,, the slopes log0(X3)/log10( Q) and log;o(X5)/
log1o(©2) should therefore approach —7y/(zv) and
—Qy+pB)/(zv), respectively. At frequencies greater
than 1072 Hz and close to T, their measured values
[Fig. 1(a)] 0.30+0.02 and 0.69 £0.07 give the same
value of the effective exponent zv=7 * 0.6, in agreement
with dynamic scaling. A variation in the slope of X3(Q)
with temperature reflects the shape of the scaling func-
tion. As long as & <¢&,, the relaxation time of a correlat-
ed region of size £ is of order Q; '=1¢(&//¢)? where 1,
is a microscopic relaxation time of the order of 10 ~!!*!
s. Since frequencies below €, probe length scales
greater than ¢, the nonlinear susceptibilities should satu-
rate when Q < Q. This behavior is qualitatively ob-
served in Fig. 1(a) at reduced temperatures greater than
0.05. Although this value is higher than z,, the reduced
temperature at which the static nonlinear susceptibility
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stops growing, it is consistent with a large correlation
volume (10°-107 spins).

The frequency dependence of X3 below T is shown in
Fig. 4(b). We limited our measurements to the vicinity
of T, because of the severe drifts and aging effects
present in the low-temperature phase. Close to T, the
fit to a power law Q ~* gives the same value A=0.30
+0.10 as above T,. Although power laws are expected
in the critical regime, we also considered logarithmic
scaling [ —1log(Q17¢)] ~*. With the assumption that ¢ is
the microscopic time, the exponent u is =0.65 £ 0.1.

It is instructive to compare the critical exponents of
this RKKY spin-glass (presumably of Heisenberg type
with weak Dzyaloshinsky-Moriya anisotropy) with those
obtained in Monte Carlo simulations of Ising systems’
(B=0.5, y=2.9, v=1.3, z=6). z and v are quite simi-
lar, whereas the differences in 8 and y seem to be signifi-
cant. Monte Carlo simulations of isotropic Heisenberg
RKKY systems'? have failed to observe a transition at a
nonzero temperature. While simulations assume a 1/R?
decay of the RKKY interaction most experiments are in
a concentration regime (> 107*) such that the pre-
asymptotic part of the interaction is dominant. The
long-range character of the interaction is then sufficient
to provide a transition but not enough for mean field
(y=1, B=1) to be valid.'?

In conclusion, the static and dynamic measurements
reveal long-range spin-glass correlations well explained
by a phase transition at T,. The rounding of the transi-
tion appears to be associated with a cutoff of the correla-
tion length.
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